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Preface

What a long strange trip it’s been.

–Jerome John (“Jerry”) Garcia (1970)

This book is a synthesis of our research on the northern (a.k.a. purple pitcher
plant Sarracenia purpurea viewed through the conceptual lens of scale. Before
we begin, it is worth telling the story of how we started working on this most
engaging plant.

In the mid-1990s, we were both newly-tenured faculty members—Aaron at
Mount Holyoke College in western Massachusetts, Nick recently moved from
the University of Oklahoma to the University of Vermont—with ongoing but un-
related research programs in population and community ecology, statistics, and
modeling. Aaron was working on mangroves and their associated marine inver-
tebrates in Belize (Ellison and Farnsworth 2001) and introducing ecologists to
Bayesian statistics (Ellison 1996). At the same time, Nick was studying ant-lion
ecology in Oklahoma (Gotelli 1997) and developing new methods of null-model
analysis (Gotelli and Graves 1996). Our field work was taking each of us far from
home, and we were both, independently, thinking about focusing more of our re-
search efforts on ecological phenomena in New England.

In 1994, Aaron hired three Mount Holyoke undergraduates—Sybil Gotsch,
Shannon LaDeau, and Francesca Meier—to help him find a new system in New
England with which to study assembly of communities and food webs. Of the
three, Sybil’s work with the pitcher plant system at Mount Holyoke’s Hawley Bog
seemed especially promising. Within a single field season, several new pitcher-
plant leaves would emerge and mature, and complete food webs would begin as-
sembling in each vase-shaped leaf as soon as it started to collect rain water. Both
the plant and its food web could be monitored regularly and non-destructively, and
manipulated in replicated lab and field experiments. Sybil completed her senior
thesis on the germination ecology of Sarracenia purpurea (Gotsch and Ellison

xi
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1998). The data she and the rest of the field crew collected that summer convinced
Aaron that long-term experimental studies aimed at understanding community and
food-web assembly in the temporally dynamic Sarracenia microecosystem would
be feasible.

In 1995, Aaron and Nick corresponded briefly about the first (1995) edition of
Nick’s new textbook, A Primer of Ecology. We met at a poster session at the 1996
ESA meeting in Providence, Rhode Island, and agreed to set up reciprocal semi-
nar visits. In the spring of 1997, Nick visited Mt. Holyoke, and Aaron pitched the
idea of studying community assembly in pitcher plants. In the fall of 1997, Aaron
visited the University of Vermont, and we spent a memorable hour sketching out
a series of models, hypotheses, and experiments for the Sarracenia microecosys-
tem. That conversation formed the road map for our first joint proposal to the US
National Science Foundation (NSF). We have been collaborating ever since.

Over the past 22 years, we have explored many facets of the genus Sarracenia,
the S. purpurea microecosystem, and the larger poor-fen and bog ecosystems in
which Sarracenia grows. Each of these projects has been driven by a general the-
oretical model or central questions and hypotheses that are system-independent.
At the same time, we have always been inspired by the unique biology and natural
history of Sarracenia, its inquilines, its prey, its herbivores, and its place in the
bog ecosystem.

We have now spent a good part of our careers focused on a single study organ-
ism whose beauty and natural history continue to enthrall us. Perhaps unsurpris-
ingly, we were initially focused on the basic ecology and evolution of Sarracenia,
not on the pressing problems of human impacts, which seemed far away away
from the isolated—and seemingly pristine—bogs of New England. But once we
dug into the biological details, we discovered important influences of nutrient en-
richment, habitat loss, and climatic change all around us, and we could see im-
portant connections between the biology of Sarracenia and the pressing environ-
mental problems of the 21st century. Looking beyond Sarracenia, we have always
found it easy to generalize from our work to other systems. In short, we continue
to be motivated to “scale” Sarracenia and apply its lessons to other systems.

Structure
This book is organized in six parts. The two-chapter introduction begins with a
discussion of scale and scaling (chapter 1). Because ecologists use “scale” to
mean many different things, it is important to be clear about how we are using
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these terms. In chapter 2, we present the natural history of the S. purpurea mi-
croecosystem and the scales at which we work with it.

The next four parts each consist of three chapters. In each part, the first chap-
ter lays out a theoretical context, a basic research question, and one or more real-
world applications; the second chapter presents relevant observational and experi-
mental data from (mostly) our own research into the question; and the third chap-
ter “scales it up”—or occasionally down—to different spatial and temporal grains
and different levels of biological organization. The broad themes of the four sec-
tions are [1] nutrient dynamics and stoichiometry (chapters 3–5); [2] demography
and extinction (Chapters 6–8); [3] community assembly and food-web dynamics
(chapters 9–11); and [4] tipping points and alternative states in ecological sys-
tems (chapters 12–14). The final section (chapter 15) suggests a research agenda
to guide future syntheses and extensionbs of population and community ecology.

Permissions, documentation, and reproducibility
The US Fish and Wildlife Service, the USDA Forest Service, the Nature Con-
servancy chapters in all six New England States, the Connecticut Department
of Environmental Conservation, the Maine Department of Inland Fisheries and
Wildlife, Katahdin Forest Management LLC, the Maine Coastal Heritage Trust,
the Massachusetts Audubon Society, the Massachusetts Department of Environ-
mental Protection, the Massachusetts Department of Fish Hatcheries, the Mas-
sachusetts Division of Conservation and Recreation, the Massachusetts Natural
Heritage and Endangered Species Program, the New Hampshire Division of Re-
source and Economic Development, the Rhode Island Department of Environ-
mental Protection, the Vermont Department of Fish and Wildlife, Five Colleges,
Inc., Harvard Forest, the Trustees of Reservations, and the University of Vermont
allowed us access to bogs and provided necessary collecting permits. Copies of
all collecting permits, along with original datasheets and data notebooks, maps,
and other written or printed documents are stored in the Document Archives of
the Harvard Forest, located in Petersham, Massachusetts. Voucher specimens of
associated fauna are accessed in the Museum of Comparative Zoology, Harvard
University.

The Harvard University Botany Libraries and the Harvard University Herbaria
provided scans of, and permission to reproduce, figures 2.3–2.5. Robert R. F. C.
Naczi and Oxford University Press permitted reproduction of figure 2.2. Hannah
L. Buckley and John Wiley & Sons, Inc. provide permission to reproduce figure
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2.10. License to reproduce figure 9.1 was obtained from the Tate Museum, Lon-
don. All other figures are original to this book and are copyright of the authors and
Princeton University Press, from whom permission should be obtained for future
reproduction.

All data presented in this book, together with the associated R code used
for analysis and modeling are available digitally from the Harvard Forest Data
Archive and the Environmental Data Initiative (Table 2). The URLs and DOIs
were active and accurate as of the date of publication.
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Table of Abbreviations

Table 1: Abbreviations used in the book

Abbreviation Meaning Units
[ ] Concentration g-1 or L-1

A Network ascendency flux (e.g., time-1)
A Demographic transition matrix entries aij = P(ni→ nj)
Aarea Area-based photosynthetic rate µmol CO2 ·m−2 · s−1

Amass Mass-based photosynthetic rate µmol or
nmol CO2 ·g−1 · s−1

ATP Adenosine triphosphate —
BSA Bovine serum albumin —
C Connectance of a network individual-1

C Carbon —
CO2 Carbon dioxide —
DIN Dissolved inorganic nitrogen —
K Potassium —
Kmass Mass-based potassium concentration mg g−1

KEGG Kyoto Encyclopedia of Genes and Genomes —
kya Thousands of years (ago) years
λ population growth rate individuals/time
L Number of edges or links in a network individuals
LD Average link density in a network —
LDe Effective link density in a network —
LMA Leaf mass area g m−2

LTRE Life-table response experiment —
Mya Millions of years (ago) years
n Sample size or number of individuals individuals
n column vector in a demographic model entries nij

N Number of nodes in a network individuals
N Nitrogen —
NADP National Atmospheric Deposition Program
Nmass Mass-based nitrogen concentration mg g−1

NH4 Ammonium —
NO2 Nitrite —
NO3 Nitrate —
NOx Nitrous oxides —
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Abbreviation Meaning Units
OTU Operational taxonomic unit —
P Phosphorus —
Pmass Mass-based phosphorus concentration mg g−1

PAR Photosynthetically active radiation µmol ·m−2 · s−1

PNUE Photosynthetic nutrient-use efficiency nmol CO2 mg N−1 s−1

PO4 Phosphate —
POM Particulate organic matter —
r intrinsic rate of population increase individuals/time
rRNA ribosomal RNA —
S Number of species individuals
S Sulfur —
SDM Species distribution model —
SLA Specific leaf area mm2/mg
T-RFLP Terminal restriction fragment-length polymorphisms —
TD Trophic depth of a network —
TDE Effective trophic depth of a network —
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Table 2: Datasets and code for all analyses presented in the book.

Description Chapters Archive number1 DOI2

Prey spectra of carnivorous plants 2 HF111 doi:10.6073/pasta/cb95637eda0f96c3fdbd1a97e632c7b7
S. purpurea morphology and associated ants 2, 4 HF159 doi:10.6073/pasta/37ee70bbf38b3f95bc955dc555c63188
Prey additions and Sarracenia physiology 2, 5 HF109 doi:10.6073/pasta/f21842bb8875c40da89dc8d0140ac550
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Chapter 1

From Micro-ecosystems to
macrosystems: the importance of
scaling

Es gibt überall einen Makroksomos und einen Mikrokosmos, eine Welt
im Grossen und eine Welt im Kleinen, diese eben so wichtig, oft wichtiger
als jene.1

–Carl Kreil (1865: 2–3)

1.1 A sense of scale
Scale is central to many ecological studies (Levin 1992), but the word has many
meanings. There are literally dozens of definitions of scale derived from homonyms
and cognates rooted in Scandinavian, Germanic, and Romantic languages (OED
2017). These definitions include seven distinct roots and meanings of scale as a
noun and three as a verb. All of these variants have subsidiary definitions, rang-
ing from bowls, husks, huts, and balances, through horny coverings of insects,
fishes, and plants, to ladders and the scala naturae. Ecological definitions of scale

This chapter is modified and expanded from Ellison (2018).
1In this world, there are both large-scale macrocosms and small-scale microcosms; the latter

are at least as important as the former.
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4 From microecosystems to macrosystems

seem to be derived from the Latin scāla (a ladder or stairway), which entered En-
glish usage in the 17th or 18th century. Most ecological uses of scale reflect a
“common-sense” descriptor of spatial (big or small), or temporal (long or short)
dimension (Ellison 2018).

In his 1989 MacArthur Award lecture, Simon Levin asserted that “the prob-
lem of pattern and scale is the central problem in ecology, unifying population
biology and ecosystem science, and marrying basic and applied ecology” (Levin
1992: 1943). However, he argued that despite its unifying abilities, there is no
single natural scale at which ecological systems or phenomena should be studied
because different mechanisms operate at different spatial, temporal, biological, or
organizational scales. For this reason, patterns that are unique to a specific scale
will have unique causes and consequences. Levin also noted that the spatial scale
of an analysis rarely is motivated by a particular mechanism, but more typically
reflects an investigator’s perceptual bias or sampling constraints (i.e., the scale at
which we choose to observe a system).

At the other extreme, some ecologists have turned away from this scale-specific
view of nature, and instead have searched for scale-free patterns and processes
that operate in (nearly) identical ways at all spatial and temporal scales. Ecophys-
iologists, biomechanists, and macroecologists, among others, have followed the
lead of physical scientists who think of scale in terms of dimensionless ratios
that characterize processes or mechanisms. For example, the Reynolds number,
Re = uL/ν, where u is the velocity of a fluid (in m/s) with respect to an object, L
is the characteristic length of the object (in m), and ν is the kinematic viscosity of
the fluid (in m2/s), can be used to predict when turbulent flow will occur. Because
the Reynolds number is dimensionless (the units in [m

s
× m]/m2

s
cancel out), it

can be applied to objects of any size, from molecules to large airplanes, that are
moving in anything that acts like a fluid, including blood, water, and air. The re-
sult is a parsimonious, scale-independent understanding of physical processes and
mechanisms.

1.2 Time and space
Illustrations that reflect Levin’s approach to scaling are replete in the ecologi-
cal literature. Whether conceptual or quantitative, these graphs usually have three
axes (or two axes and the equivalent of contours of responses; Estes et al. 2018).
Two axes represent “time” and “space”, and third represents a response variable,
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sampling program, model, or level of inference (Figure 1.1; cf. figure 2 of Levin
1992).
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Figure 1.1: Different ecological phenomena are measured most commonly at different spatial and
temporal scales.

In our studies of the Sarracenia microecosystem, we implicitly adopted Levin’s
approach to scaling. We have studied ecophysiological processes of individual
plants (chapter 4) measured from seconds (e.g., photosynthesis; Ellison and Gotelli
2002, Ellison and Farnsworth 2005) to seasons (e.g., nutrient uptake, storage, and
re-translocation; Ellison and Gotelli 2002, Wakefield et al. 2005, Ellison 2006,
Butler and Ellison 2007, Butler et al. 2008, Karagatzides and Ellison 2009, Kara-
gatzides et al. 2009). We have documented and modeled demographic patterns of
populations from seasons to decades within and among the bogs where Sarrace-
nia grows (chapter 7; Gotelli and Ellison 2002, 2006b, Ne’eman et al. 2006). We
have studied the complex food webs that live within Sarracenia pitchers (chapter
10) at spatial scales ranging from individual pitchers (Gotelli and Ellison 2006a,
Butler et al. 2008, Peterson et al. 2008, Gotelli et al. 2011) to the North Ameri-
can continent (Buckley et al. 2003, 2004, 2010, Baiser et al. 2011, 2013), and the
temporal scales of their formation (Lau et al. 2018).
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As we have moved our research scale from the lower left to the upper right
of Figure 1.1, we also have traversed the different ecological subdisciplines that
typically represent these spatial and temporal scales: physiological and population
ecology, community ecology, ecosystem ecology, landscape ecology, macroecol-
ogy, and biogeography. Each of these subdisciplines has its own research cultures,
journals, and meetings, and interact less often than might be expected. These sepa-
rate scales of inference and distinct subdisciplines reinforce Levin’s argument that
there is no single or natural process, equation(s), or dimensionless number(s) with
which to examine ecological phenomena or at which ecological processes operate.
However, there might be characteristic equations within each of these scales that
could be coupled across scales.

1.3 Genes to ecosystems
An alternative interpretation of scale describes the hierarchical levels of biological
organization: from genes and genomes to organisms, populations, and ecosystems.
This scale has both parallels and some overlap with the time-and-space scales of
Figure 1.1. The boundaries set by different scales of biological organization also
are manifest in the structuring of academic departments and define in large mea-
sure the different programs, divisions, and directorates at the NSF. These structural
constraints, along with differences in the technical skills, language, and concep-
tual frameworks (e.g., reductionism, holism, emergence), have made it challeng-
ing to explore and transcend boundaries of biological scales. Mechanistic expla-
nations that cross biological scales often move in a linear reductionist chain (e.g.,
selfish genes drive individual behavior, which in turn affects population-level dy-
namics). However, some explanations jump scales in a more complex sequence
(e.g., nutrient inputs affect pitcher-plant growth, which in turn influences food-
web development). https://www.overleaf.com/project/5d35b4d94118812221dbe85a
Ecological modeling provides other ways to cross scales (figure 1.2). Although
some models capture processes and dynamics of multiple scales of space, time,
or biological organization, there is as yet no unified ecological process model that
encompasses all of these scales. And perhaps there will never be. If, as Levin
(1992) argued, there is no single natural scale at which ecological systems should
be studied, and if different mechanisms operate at different scales, a single unify-
ing model will not be possible.
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Figure 1.2: Different types of models can cross scales of time, space, and biological organization.
Figure inspired by a 2017 presentation by Scott Doney (University of Virginia) and concepts pre-
sented in Gruber and Doney (2009). Figure redrawn from Ellison (2018) and reproduced under
terms of the Creative Commons Attribution License (CC-BY).

1.4 Metabolic theory and macroecology
Metabolic theory and its extensions into macroecology offer an important alter-
native to scale-specific frameworks (e.g., West et al. 1997, Enquist et al. 2003,
Brown et al. 2004, Shade et al. 2018). The emphasis in macroecology is on mea-
suring one or more aspects of organismal body size and exploring the functional
and mathematical relationships among them. Such dimensional analyses might
yield a general process equation for multiple spatio-temporal scales (sensu figure
1.1) or provide links to the processes operating between different scales.

The metabolic theory of ecology also (re)-introduced ecologists to the ideas
of allometry—differential growth rates of different body parts—and allometric
scaling (a.k.a. power laws)—linear relationships between two variables plotted
(usually) on a log-log scale (West et al. 1997). For many decades, allometry and
allometric analysis have been standard tools for studying the growth of organs
and organisms, the functional morphology of the size and shape of body parts



8 From microecosystems to macrosystems

(dating at least to Thompson 1917), and the evolution and ontogeny of morpho-
logical diversity (e.g., Gould 1977). Until the emergence of metabolic theory and
macroecology, these tools had fallen out of favor with many ecologists, who were
focused less on physiology or autecology, and more on populations, communities,
and ecosystems.

West et al.’s (1997) starting point was the assertion that biological diversity is
essentially a reflection of body size (mass), which ranges over more than 20 or-
ders of magnitude from the smallest virus or prokaryotic cell to the largest whale,
redwood, or dinosaur. West (2017) expanded this range by yet another 10 orders
of magnitude, stretching from metabolic molecules and DNA bases to ecosys-
tems and cities. To bring this range of magnitudes into human focus, West (2017)
pointed out that the 18 orders of magnitude by which the mass of Earth differs
from that of our entire galaxy is equivalent to the difference between the mass of
an electron and a mouse.

West et al. (1997) subsequently used the general allometric (i.e., power law)
equation, Y = Y0M

b, to relate body mass (M ) to a diversity of physiological and
metabolic variables (Y ), including metabolic rate, lifespan, cross-sectional area of
vessels, and the like. West et al.’s (1997) key observation was that the exponent b
in the general allometric equation tended to be a multiple of±1

4
; their fundamental

scientific contribution was to propose a common mechanism for this quantitative
pattern involving transport of materials through space-filling, fractal networks.

Macroecologists have now documented many examples of allometric scal-
ing of ecological phenomena. Of particular interest are systemic differences be-
tween sublinear scaling (b < 1 in the power-law equation) and superlinear scaling
(b > 1). Phenomena that scale sublinearly show efficiencies of scale, and many
biological scaling relationships are sublinear—a familiar example is that larger
animals need fewer calories per day per unit of mass to survive, and have lower
metabolic rates per unit of mass than do smaller animals. In contrast, phenom-
ena that scale superlinearly are more productive at larger scales. Examples of su-
perlinear scaling relationships are rare—West (2017) finds them mostly in cities,
companies, and other human organizations—but they may be emergent properties
of particular kinds of networks, including ecological ones (Zhang et al. 2015).

The Holy Grail of metabolic theory and macroecology is the identification of
a single underlying mechanism for the wide range of ecological patterns char-
acterized by scaling laws. Common patterns such as quarter-power scaling for
physiological processes suggest common mechanisms, but Levin’s observation
that “correlations are no substitute for mechanistic understanding” (Levin 1992:
1960) bears repeating.
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1.5 Mechanisms at scales
By defining function in terms of relationships between levels of organization,
Farnsworth et al. (2017) highlighted the role of interactions—and the importance
of networks of interactions—as a proximate cause (i.e., a one-level-lower mecha-
nism) of many ecological phenomena. They suggested that experimental manip-
ulations that distinguish effects of network structure (emergent, community-level
effects) from effects of traits (organism-level effects) could provide new insights
into emergent properties of ecological communities and entire ecosystems. Our
experimental manipulations of the Sarracenia microecosystem (chapters 10, 13)
illustrate the power of this approach.

Deviations from the general quarter-power scaling law predicted by the meta-
bolic theory of ecology (West et al. 1997, West 2017) have been found in many
organisms and systems (Price et al. 2012), but they often vary within species and
populations (Anderegg et al. 2018). However, it is important to recognize that
quarter-power scaling laws were intended to apply across very large scales of
space and time and levels of biological and social organization. The fact that they
may not apply across a more limited range of scales is not necessarily fatal to the
underlying theory or to the utility of applying universal scaling laws to particu-
lar systems. But as always, the devil resides in the details—the idiosyncrasies of
evolved organisms and co-evolved systems.

Our studies of tipping points in the Sarracenia microecosystem (chapters 13–
14; Sirota et al. 2013, Northrop et al. 2017, Lau et al. 2018) explicitly take ad-
vantage of dimensionless (i.e., scale-independent) variables. We have also used
comparative studies of carnivorous plants, including species in the genus Sar-
racenia (Farnsworth and Ellison 2008), to explore taxon-specific divergence from
the quarter-power, macroecological scaling laws for leaf traits (West et al. 1997,
Wright et al. 2004; chapter 5). The deviations from general scaling exponents de-
tected in these and other counter-examples tend to disappear, or at least regress to
the mean, when aggregated data are plotted on a double-log scale.

1.6 Organisms as model systems
A final, perhaps less-intuitive, approach to scaling is the use of model systems
in biological research. A handful of species—the bacterium Escherichia coli (Mi-
gula), brewer’s yeast Saccharomyces cervisea Meyen ex E. C. Hansen, the cellular
slime mold Dictyostelium discoidium Raper, the roundworm Caenorhabditis ele-
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gans (Maupas), the fruit-fly Drosophila melanogaster Meigen, the house-mouse
Mus muculus L., and the mouse-eared cress Arabidopsis thaliana (L.) Heynh.—
have been developed as “model organisms” by geneticists and molecular, cell, and
developmental biologists. These species were not chosen for particular properties.
Rather, their utility for answering a broad range of questions that span levels of
biological organization emerged over time for a variety of reasons: ease of breed-
ing, rearing, and cultivation in the laboratory, short generation times, and early
attention to their underlying genotypes (and later, genomes), genetic mutations,
and phenotypic variants that could be maintained in stock cultures. Each of these
model organisms also had a “champion,” an individual scientist who, along with
their students and colleagues, developed research networks based on the species
and encouraged the sharing of cultures, genotypes, phenotypes, and data to ad-
dress theoretical questions of general interest (Fields and Johnston 2005).

For at least three reasons, ecologists rarely have used these taxa for their re-
search. First, most ecologists are drawn to experimental or observational work in
the field. Model organisms have been bred and optimized for work done in labo-
ratories, growth chambers, or greenhouses, and populations of most model organ-
isms are difficult to find in the field (but see Buss 1982, Ellison and Buss 1983,
Ellison et al. 1994). Second, with the exception of Drosophila, relatively little is
known of these organisms’ basic natural history, their geographic distribution, or
their interactions with other organisms (Yu et al. 2016). And third, ecologists have
a social culture that, until recently, has rewarded individuals who study distinctive
taxa in more-or-less pristine sites.

However, that culture is changing: 21st-century ecology is becoming more a
product of large collaborative groups than of solitary individuals working at their
field sites. These collaborative groups, exemplified by NSF’s “Research Coordi-
nation Networks,” more often collate, synthesize, and analyze existing data than
collect new data in the field. Existing and emergent networks of field studies and
sites—the Long-term Ecological Research (LTER) network, the Nutrient Network
global research cooperative (NutNet), the International Tundra network (ITEX)
and many others—tend to be focused on common processes, not common taxa or
model organisms.

Compared to other biological disciplines, we think that ecology has suffered
for want of explicit model organisms and model systems. Nevertheless, a number
of taxa and systems have been studied by eolutionary ecologists for many years,
emphasizing processes and dynamics at specific scales. Textbook examples in-
clude: decades of work on Mytilus californianus Conrad and Pisaster ochraceus
(Brandt) on Tatoosh Island in Puget Sound that focused on trophic dynamics and
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the role of keystone species (e.g., Paine 2002, Wootton 2010, Logan et al. 2012);
long-term studies of phenology and pollination in alpine meadows at Rocky Moun-
tain Biological Laboratory (e.g., CaraDonna and Inouye 2015, Wright et al. 2015);
detailed studies of social behavior of Pogonomyrmex barbatus Smith ants in Ari-
zona (e.g., Gordon 2010), and of course, food-web dynamics of the inquilines of
the phytotelmata of Sarracenia purpurea L., Nepenthes Dumort. spp., and a va-
riety of bromeliads (e.g. Frank and Lounibos 1983, Kitching 2000, Ellison et al.
2003, Srivastava et al. 2004).

As we hope to show in this book, attention to general theories combined with
detailed natural history knowledge of a small number of intimately interacting
taxa suggests that the Sarracenia microecosystem could be an excellent model
system for ecological research at a variety of scales, however they may be con-
strued.

1.7 Summary
“Scale” has been a defining concept of ecological research for nearly 30 years,
but it is used in many different ways. Most ecologists use a common-sense defi-
nition of scale to mean the extent and grain of spatial and temporal phenomena,
and aspects of size, morphology, and life history of organisms. These standard
usages of scale intersect with different levels of biological organization to pro-
vide a framework through which ecological phenomena can be viewed. None of
these different scales of study or observation has primacy, but different processes
operating at different scales may be linked by conceptual models or process equa-
tions. An alternative scaling framework uses dimensionless ratios to characterize
processes or mechanisms independent of space or time. This approach to scaling
is characteristic of the metabolic theory of ecology and macroecology. We use all
these ways of scaling to synthesize our work with the Sarracenia microecosystem
and illuminate how it might be used effectively as a model system for studying
pressing questions that span multiple levels of biological and ecological organiza-
tion.
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Chapter 2

The natural history of Sarracenia
and its microecosystem

Study nature, not books.

–attributed to Louis Aggasiz

Before we scale Sarracenia, we need to understand this interesting plant and
its associated microecosystem. What is Sarracenia’s taxonomy, systematics, and
evolutionary history? What is the plant’s growth form, morphology, life history,
and natural history? What are its associated organisms and their ecological rela-
tionships? And what is Sarracenia’s place in landscapes both real and figurative
(figure 2.1)? For more than 20 years, our efforts to study Sarracenia across differ-
ent scales of temporal, spatial, and biological organization, have been guided by
fundamental natural-history observations that answer these questions.

13
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Figure 2.1: The Sarracenia purpurea microecosystem includes pitcher plants (center), an aquatic,
detritus-based food web within each pitcher (top left), moth larvae that feed on rhizomes, pitchers,
and seeds (top right), and ants that nest in old pitchers (bottom right) that are the primary prey of
the plant (and the detrital input for the food web). Pitcher plants occur in individual bogs, which
are isolated features of larger landscapes (bottom left). Original photographs and photomontage
©Aaron M. Ellison and used with permission.
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2.1 Taxonomy and systematics
Sarracenia purpurea L. is one of 11 species of North American pitcher plants in
the genus Sarracenia L., which is one of three genera in the Occidental plant fam-
ily Sarraceniaceae Dumort. (Mellichamp and Case 2009, Naczi 2018). Sarrace-
niaceae is placed within the Asterid order Ericales (APG 2016); it evolved inde-
pendently of the other two families of carnivorous pitcher plants (Cephalotaceae
Dumort. [Oxalidales; Rosids] and Nepenthaceae Dumort. [Caryophyllales; core
Eudicots]) (Fleischmann et al. 2018).

All the ≈35 species in the Sarraceniaceae are long-lived, perennial, often ev-
ergreen, carnivorous herbs. Their leaves are modified into tubular “pitchers” (Ar-
ber 1941), which function as traps that attract, capture, and digest prey (mostly
insects and other small arthropods; Ellison and Gotelli 2009). Prey digestion re-
leases nutrients that are absorbed directly by the pitchers. The leaves are arranged
in rosettes or emerge along linear, branching rhizomes. The root systems of all
Sarraceniaceae are comparatively small and contribute relatively little to the total
nutrient budget of the plant (Chapin and Pastor 1995, Butler et al. 2008).

Darlingtonia Torr., Sarracenia, and Heliamphora Benth. are the three geo-
graphically disjunct genera within the Sarraceniaceae (figure 2.2). The ancestral,
monospecific California cobra lily (Darlingtonia californica Torr.) grows in ser-
pentine fens in the Siskyou Mountains of southwestern Oregon and southward
into the northern Sierra Nevada Mountains of California. The other two genera in
the family diverged from Darlingtonia ≈25–44 million years ago (Mya; Ellison
et al. 2012) and Sarracenia diverged from Heliamphora ≈14–32 Mya. The South
American sun pitchers (Heliamphora Benth. spp.) grow on the isolated sandstone
massifs (tepuis of the Guayana Highlands of northern South America), whereas
Sarracenia spp. grow in nutrient-poor, well-lit bogs, poor fens, seepage swamps,
and outwash sandplains. Sarracenia is the most derived genus in the family, and
began to diversify only recently, ≈2–7 Mya (Ellison et al. 2012).

2.1.1 Early descriptions of Sarracenia
A Sarracenia species (which appears similar to either S. minor Walt. or S. flava L.)
was first named (Thuris limpidi) and illustrated by Pena and L’Obel (1576; figure
2.3). What we now know as S. purpurea was first named Limonium peregrinum
by Clusius (1601; figure 2.4), who only observed a dried, flowerless specimen of
unknown geographic origin (Cheek and Young 1994). Clusius noted that its leaves
had the form of an Aristolochia L. (pipevine) flower.
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Figure 2.2: Geographic distribution of the Sarraceniaceae Redrawn from Naczi (2018) with per-
mission of the author and Oxford University Press.

Like Clusius, people seeing Sarracenia and other pitcher plants for the first
time often mistake their leaves for flowers. Others have mistakenly identified Aris-
tolochia as carnivorous because many species are pollinated by flies that are lured
to the flowers by secondary compounds that stink like dead and decomposing in-
sects. But Aristolochia does not kill its pollinators. Rather, the flies are led to the
hidden anthers and stigmas by downward pointing hairs (similar to those which
discourage captured prey from escaping pitcher plants), temporarily held within
the flower, and then released after pollination is complete (González and Pabón-
Mora 2015, Oelschlägel et al. 2009, 2015).

In 1700, Joseph Pitton de Tournefort re-named Clusius’s Limonium peregrinum
as Sarracena canadensis; the name of the genus honored the Canadian botanist
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Michel Sarrazin de l’Etang, the King’s physician in “New France,” (the French
colonies of North America) who had sent live plants to Tournefort in Paris (fig-
ure 2.5; Tournefort 1700). Linneaus retained the genus Sarracenia in his Species
Plantarum (1753), and described two species, S. purpurea (the Limonium pere-
grinum of Clusius and the S. canadensis of Tournefort) and S. flava (the Thuris
limpidi of Pena and L’Obel).

2.1.2 Biogeography of the genus
All but one of the 11 species of Sarracenia are native to the southeastern United
States, where they often grow in small, isolated populations. In contrast, the ge-
ographic range of the northern (a.k.a. purple) pitcher plant, S. purpurea, is vast
(figure 2.2). The range of this single species (sensu stricto, thus excluding S.
rosea Naczi, Case, & Case) spans 30 degrees of latitude (from northern Florida
to Labrador) and 70 degrees of longitude (from Newfoundland to eastern British
Columbia; Naczi et al. 1999, Naczi 2018). This remarkable geographic range con-
tributes substantially to our ability to study S. purpurea at different spatial scales.

2.1.3 Taxonomic circumspection
Although all Sarracenia species share a common baüplan, there is substantial
within- and between-species variation in the size, shape, and color of their pitch-
ers and flowers. This variation is the result of the very recent diversification of the
genus (Ellison et al. 2012); extensive hybridization between species (Mellichamp
and Case 2009, Ellison et al. 2014, Naczi 2018); mutations, selection, and ge-
netic drift (Godt and Hamrick 1996, 1998, Sheridan and Mills 1998, Sheridan
and Karowe 2000); and phenotypic responses to local environmental conditions
(Ellison et al. 2004, McPherson and Schnell 2011). Because the early taxonomy
was based on pitcher morphology and color, the substantial geographic and mor-
phological variation in Sarracenia has been a source of taxonomic confusion. This
problems has been compounded because horticulturists have bred, hybridized, and
named plant variants for marketing to florists, gardeners, and hobbyists (Ellison
et al. 2014, Naczi 2018).

Morphological and molecular data have resolved some of the confusion (Mel-
lichamp and Case 2009, Ellison et al. 2012), but ambiguities remain, especially
in the S. rubra Walt. and S. purpurea species complexes. Within the S. rubra
complex (McDaniel 1971, Case and Case 1976, Mellichamp and Case 2009), tax-
onomic consensus is further complicated by listings of two subspecies under the
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Endangered Species Act (US Fish and Wildlife Service 1988, 1989) that are now
recognized as distinct species (Mellichamp and Case 2009).

Sarracenia purpurea is a common and widespread species that grows in om-
brotrophic (“rain-fed”) bogs, poor fens, nutrient-poor streamside wetlands, coastal
sandplains, and seepage swamps. Uniquely among all species of Sarracenia, the
pitchers of S. purpurea fill with rainwater or snow melt; the hoods of the other
species cover the pitcher opening and digestive fluid produced by the plant fills
their pitchers. The geographic range of S. purpurea extends from Newfoundland
and Labrador west across Canada to eastern British Columbia, south along the
eastern seaboard of United States to Florida and Mississippi, and west within
the US into Ohio, Illinois, Iowa, and northern Indiana (figure 2.2). The large ge-
ographic range of this species and its substantial morphological variation have
led many researchers to identify two subspecies, along with several varieties and
forms.

Schnell (1979) divided S. purpurea into two subspecies, S. purpurea ssp. pur-
purea (Raf.) Wherry and S. purpurea ssp. venosa (Raf.) Wherry. Sarracenia pur-
purea ssp. purpurea, the “northern” pitcher plant, grows as far south as Maryland,
whereas S. purpurea ssp. venosa, the “southern” pitcher plant, occurs from Mary-
land (and possibly New Jersey) southward. These two subspecies of S. purpurea
historically co-occurred in southern Maryland and northern Virginia (Wherry 1933),
but recent field observations on the degree of sympatry are lacking. Schnell later
subdivided S. purpurea ssp. venosa into three varieties: S. purpurea ssp. venosa
var. venosa (Raf.) Fernald, which occurs on the Atlantic coastal plain; S. purpurea
ssp. venosa var. montana Schnell & Determann, which occurs in the southern Ap-
palachian Mountains of Georgia and the Carolinas; and S. purpurea ssp. venosa
var. burkii Schnell, which grows only on the coastal plain of the Gulf of Mexico
from the Florida panhandle westward into Louisiana (Schnell 1993, Schnell and
Determann 1997).

Gleason and Cronquist (1991) rejected the subspecific and varietal designa-
tions of Schnell (1979), and recognized only two varieties of S. purpurea: the
“northern” or “purple” pitcher plant, S. purpurea var. purpurea and the “south-
ern” pitcher plant, S. purpurea var. venosa. However, Reveal (1993) pointed out
that if Gleason and Cronquist’s taxonomy were to be accepted, the correct name
for the northern pitcher plant would be S. purpurea var. terrae-novae de la Py-
laie, and that of the southern pitcher plant would be S. purpurea var. purpurea.
But Gleason and Cronquist’s (1991) proposed lumping has not been accepted in
subsequent taxonomic treatments.
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Subsequent investigations using isozymes (Godt and Hamrick 1998b) sup-
ported the subspecific designations proposed by Schnell (1979), and morpholog-
ical analysis was used to elevate S. purpurea ssp. venosa var. burkii to species
status—as S. rosea (Naczi et al. 1999). In their treatment for the Flora of North
America, Mellichamp and Case (2009) recognized S. rosea as a distinct species,
maintained the subspecific identities of S. purpurea ssp. purpurea and S. purpurea
ssp. venosa, but did not distinguish S. purpurea ssp. venosa var. montana as a sep-
arate variety.

Molecular taxonomies of Sarracenia based on nuclear DNA have consistently
separated S. rosea from the rest of the S. purpurea complex (Neyland and Mer-
chant 2006, Ellison et al. 2012) with bootstrap support of > 99%. However, boot-
strap support for further separation of geographic accessions of S. purpurea has
ranged from only 82–88%, suggesting that currently-recognized subspecies of S.
purpurea might reflect poorly-sampled clinal variation (Schnell 1978, 1979, El-
lison et al. 2004). Analyses of both plastid and mitochondrial DNA supported a
separation of S. rosea from the rest of the S. purpurea complex, whereas analysis
of plastid DNA implied that S. purpurea ssp. venosa var. montana is more closely
related to S. oreophila Wherry than to any other Sarracenia species (Ellison et al.
2012). An ancestral hybridization event may have led to S. purpurea ssp. venosa
var. montana inheriting its plastid genome via chloroplast capture from sympatric
S. oreophila or other species in its clade (i.e., S. alabamensis Case & R. B. Case).
However, more research on natural hybridization in Sarracenia is needed to sup-
port this hypothesis (Naczi 2018).

When discussing the Sarracenia microecosystem in the remainder of this book,
we draw on data collected across the entire S. purpurea complex (including S.
rosea). We specify geographic, subspecific, or varietal distinctions only when
these could help to explain observed patterns.
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Figure 2.3: The first known illustration of a Sarracenia plant, named Thuris limpidi by Pena and
L’Obel (1576) and renamed Sarracenia flava by Linneaus. Image courtesy of the Botany Libraries,
Harvard University.
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Figure 2.4: The first known illustration of Sarracenia purpurea, named Limonium peregrinum by
Clusius (1601). Image courtesy of the Botany Libraries, Harvard University.

Figure 2.5: The first taxonomic description of Sarracenia purpurea (as S. canadensis). From
Tournefort (1700). Image courtesy of the Botany Libraries, Harvard University.
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2.2 The botany and autecology of Sarracenia pur-
purea

Our generation of community ecologists learned of Sarracenia purpurea through
Addicott’s (1974) classic experimental study of larvae of the pitcher-plant mosquito
(Wyeomia smithii (Coq.)). Addicott (1974) set out to test whether W. smithii acted
as a keystone predator (sensu Paine 1966), but he found that it did not increase
diversity of lower trophic levels by selectively feeding on dominant competitors.
Rather, W. smithii reduced the diversity of co-occurring invertebrate prey by filter
feeding (see also Błędzki and Ellison 1998). In the last half-century, this food web
has become a well-studied model system for experimental studies of succession
and top-down versus bottom-up controls on food web dynamics (chapters 10–11;
Miller et al. 2018). But the basic botany and plant (aut)ecology of S. purpurea are
less familiar to ecologists. We review this rich history of the plant before turning
to studies of its inquiline food web.

Plant evolutionary biologists, anatomists, morphologists, and physiologists
have focused on the “carnivorous syndrome” (sensu Ellison and Adamec 2018) of
S. purpurea: its adaptations for attracting, capturing, and digesting animal prey,
and for absorbing the released or mineralized nutrients. These adaptations re-
flect morphological canalization and evolutionary cost-benefit trade-offs between
adaptations for prey capture and digestion on the one hand, and physiological re-
quirements of photosynthesis on the other (Givnish et al. 1984, 2018, Ellison and
Farnsworth 2005).

2.2.1 Anatomy and morphology
Pitchers. The unusual morphology of Sarracenia pitchers were the focus of de-
tailed anatomical and morphological study from the late 19th through the mid-20th

centuries. Research by Baillon (1870), Shreve (1906), Troll (1932, 1939), Arber
(1941), and Franck (1976) is the basis of currently accepted interpretations of Sar-
racenia leaf morphology. Briefly (figure 2.6), the pitchers of Sarracenia (and of
other carnivorous pitcher plants) are unifacial (“one-sided”; sensu Goebel 1891,
Arber 1921), “epiascidate” leaves: i.e., foliar organs whose ventral (adaxial, or
“top”) surface is in the inside of a tube (Franck 1976). Leaves emerge from a
small underground rhizome, and the plant gradually takes on a rosette shape as
new pitchers are produced each year.
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Sarracenia pitchers are peltate (i.e., the leaf petiole attaches to the leaf lamina
in a position other than the leaf base); in Sarracenia the petiole has been modified
into a solid rib that runs up and along the back of the pitcher from its bottom
to the base of the lid. The pitcher itself is a modified leaf; the broad bottom of
the pitcher is homologous to the base of “normal” leaves of other angiosperms.
The “keel” is an autapomorphic outgrowth of the ventral side of the leaf, and the
“hood” is an autapomorphic extension of the leaf lamina (Franck 1976). In many
species of Sarracenia, the pitcher body can become much reduced, leaving only
an expanded keel manifest as a broad phyllode (chapter 4).

In all species of Sarracenia other than those of the S. purpurea complex, the
hood is reflexed: it covers the “mouth” of the pitcher, preventing rain from filling
the pitcher, and limiting evaporation of the pitcher’s “digestive fluid.” In contrast,
the hood of S. purpurea is upright, allowing rain to fill (and sometimes overflow)
the pitcher. Desiccation of S. purpurea pitchers declines with pitcher size (King-
solver 1976). The peristome around the mouth of the pitcher is replete with ex-
trafloral nectaries (Lloyd 1942, Płachno and Muravnik 2018) that secrete sugary
compounds to attract prey (primarily ants; Bennett and Ellison 2009, Ellison and
Gotelli 2009). Other extrafloral nectaries are present on the colored veins on the
outer surface of the pitcher, the pitcher hood, and all over the smooth, upper part
of the pitcher (the so-called “attractive” zone; figure 2.6).

The inside of the pitcher is divided into three zones. Just below the peristome
is a slippery area covered with waxy crystals that make it difficult for insects
and other prey to maintain their footing. This region also is covered with many
downward-pointing hairs that limit the ability of prey to climb back out of the
pitcher (Juniper et al. 1989, Bauer et al. 2018). Below the slippery area, diges-
tive glands cover the inner surface of the pitcher. Finally, the very bottom of the
S. purpurea pitcher is a smooth, gland-free zone whose function has yet to be
determined.

Flowers and fruits

A mature S. purpurea individual produces a single flower on a stalk that extends
well above the top of the pitchers (figure 2.7). The bud is set at the end of the grow-
ing season in late summer, and commences growth in early spring before pitchers
are produced (Shreve 1906). The downward pointing flowers have a characteris-
tic “umbrella” shape with five sepals and five drooping petals. What appears as
the base of the flower (or the top of the umbrella) is, in fact, an expanded style
onto which pollen falls; bees and flies are the primary pollinators (Ne’eman et
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al. 2006). Although Sarracenia species are self-compatible, the location of the
stigmas at the tips of the upturned style tend to prevent selfing. After the flower
is pollinated, the fruit takes the rest of the summer to mature. The fruit is a de-
hiscent, loculicidal capsule (Shreve 1906) that contains hundreds to thousands of
1–3-mm-long, hydrophobic seeds (Ellison 2001).

2.2.2 Physiology
Two aspects of Sarracenia physiology are important for our subsequent discus-
sions of scaling of leaf traits (chapters 4, 5): the digestion and absorption of nutri-
ents from captured prey, and the photosynthetic characteristics of pitchers.

Digestion and absorption of nutrients

Although Sarracenia was first described in the 17th century, nearly 300 years
elapsed before experiments revealed that it actually obtained nutrients from the
insects decomposing in its pitchers. Bartram (1793: xii-xiii) noted that all four
Sarracenia species he observed were “insect catchers,” but he doubted that “the
insects caught in their leaves, and which dissolve and mix with the fluid, serve
for aliment or support to these kinds of plants.” Macbride (1818) similarly noted
vast quantities of dead insects in S. flava, but commented (p. 51) “[w]hat purposes
beneficial to the growth of these plants may be effected by the putrid masses of in-
sects, I have never ascertained.” In Insectivorous Plants, Darwin (1875) presented
extensive experimental data on nutrient uptake from decomposed or digested prey
by Drosera L. and a few other species of carnivorous plants, but he did not discuss
Sarracenia at all. However, Darwin’s notes and letters (available online through
the Cambridge Digital Library1) reveal that although he was interested in deter-
mining whether Sarracenia could obtain nutrients from captured prey, he failed to
obtain convincing data.

Mellichamp (1875) referred to the decomposed insects within pitchers of Sar-
racenia variolaris Michx. (= S. minor) as “liquid manure.” He gave exquisite de-
scriptions of the natural history of prey capture, pollination, and inquilines of this
species, but he did not present any evidence that this liquid manure was actually
used by the plant. However, he did note that “after these animal juices have been
partially or entirely absorbed by the plant. . . the remaining portion [of the car-

1https://cudl.lib.cam.ac.uk

https://cudl.lib.cam.ac.uk
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casses] commences to dry, until only the backs and legs and shells of the various
insects remain.”

In the same volume, Canby (1875) described similar mechanisms of prey at-
traction and capture by Darlingtonia californica. The western field naturalist Re-
becca Austin also observed that digestive fluid in D. californica was produced
after the plants were fed raw or cooked meat (cited in Ames 1880) or had cap-
tured insects (cited in Gray 1876).

These observations led to numerous experiments in the late 19th and early 20th

centuries demonstrating that various species of Sarracenia, including S. purpurea,
could absorb nutrients (reviewed in Hepburn et al. 1927a, 1927b), and that nitro-
gen was absorbed preferentially relative to phosphorus (Hepburn et al. 1927b, but
see Wakefield et al. 2005 and chapter 4). Hepburn and Jones (1927) also docu-
mented the presence of proteases in Sarracenia spp. and Darlingtonia. Hepburn
and St. John (1927) demonstrated that new (i.e., unopened) pitchers were sterile,
but they found many bacteria in opened pitchers that had already collected rainwa-
ter or captured prey. They concluded that bacteria could play a role in prey diges-
tion and mineralization, especially in species that had little (i.e., S. purpurea) or
no (i.e., D. californica) protease expression. This conclusion would later be sup-
ported by observations that S. purpurea produces proteases for only a few weeks
after pitchers have opened (Gallie and Chang 1997), and that bacterial mineraliza-
tion of prey accounts for virtually all of the nitrogen budget of S. purpurea (Butler
et al. 2008).

Photosynthesis

Carnivorous plants like S. purpurea have evolved elaborate traps to catch prey, and
most of these traps are modified leaves (Fleischmann et al. 2018). The morpho-
logical and structural modifications necessary to attract, capture, digest, and ab-
sorb prey are thought to come at the expense of photosynthetic performance (e.g.,
Givnish et al. 1984, 2018, Ellison and Gotelli 2002, Ellison and Farnsworth 2005,
Farnsworth and Ellison 2008). Indeed, photosynthetic rates in carnivorous plants
are typically much lower than are found in other perennial herbaceous plants (Elli-
son 2006; figure 2.8). For example, measured mass-based rates of photosynthesis
(Amass) in Sarracenia rarely exceed 40 nmol · CO2 g−1 · s−1 (Farnsworth and El-
lison 2008), which is comparable to measured rates in slow-growing evergreen
trees and shrubs (figure 2.8; Ellison 2006).
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2.2.3 Life history
Like all Sarracenia species, S. purpurea is a long-lived perennial plant. In the
field and in cultivation, individuals can live for decades, perhaps even a century or
more. Under optimal growing conditions in a greenhouse, plants may flower after
3–5 years, but in the field, most flowering plants that we have seen are at least 10
years old.

Whether an individual flowers in a given year, however, is determined at the
end of the previous growing season. Buds of S. purpurea and other species of Sar-
racenia are developmentally “preformed:” they are set late in the growing season
of the year before they develop into flowers (Shreve 1906). It appears that buds are
set depending on how much prey (i.e., nutrients) is obtained during the growing
season, which in turn is dependent on the number of pitchers a plant produces.
Our long-term observations of S. purpurea at Hawley Bog in northwestern Mas-
sachusetts and Molly Bog in northern Vermont suggest that plants with fewer than
six pitchers rarely flower (table 2.1).

Table 2.1: Reproduction of S. purpurea at Hawley and Molly bogs in year y + 1 as function of
number of leaves produced in year y.

Number in year y Number in year y + 1
Bog Leaves Plants Buds Flowers Fruits
Hawley 1 1 0 0 0

2 10 0 0 0
3 44 1 1 1
4 87 9 4 4
5 110 15 10 8
≥6 220 28 19 10

Molly 1 16 0 0 0
2 50 1 0 0
3 210 13 11 7
4 300 18 8 7
5 228 33 18 18
≥6 494 89 47 28

A further consequence for S. purpurea of the developmental preformation of
its buds is that flowers emerge early in the growing season, normally before new
pitchers are produced (Judd 1959). Early emergence of flowers likely limits the
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likelihood that pollinators will be captured as prey (see §2.3.3), because when
flowers develop and are receptive to pollinators, pitchers are not being produced.
However, in the northern part of S. purpurea’s geographic range, where the grow-
ing season is relatively short, the lag in pitcher production associated with flower-
ing means that a flowering plant rarely produces more than five pitchers (pitchers
are generated at roughly two-week intervals). The net result is that it is very un-
usual for an individual plant to flower two years in a row. We explore the effects
on pitcher-plant demography of all of these life-history characteristics in chapters
6–8.
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Figure 2.6: Morphology of Sarracenia purpurea. The plant grows as a rosette (bottom left) from
a small underground rhizome, and the individual leaves are modified into pitchers or phyllodia.
The dorsal “rib” of each leaf is a modified petiole, and the “keel” is an outgrowth of the ventral
side of the leaf. The “attractive zone” for prey consists of the vein-rich unreflexed “hood” and
the “peristome” surrounding the pitcher’s mouth that is replete with extrafloral nectaries. Original
drawings by Elizabeth J. Farnsworth.
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Figure 2.7: Flowers of S. purpurea at Hawley Bog. Photograph ©Aaron M. Ellison and used with
permission.
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Figure 2.8: Photosynthetic rates of Sarracenia, other terrestrial carnivorous plants, and aquatic
carnivorous plants relative to noncarnivorous terrestrial plant species. Data for carnivorous plants
from Farnsworth and Ellison (2008) and compilation in Ellison and Adamec (2011); data for
noncarnivorous terrestrial plants from the GLOPNET dataset (Wright et al. 2004).
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2.3 Animal-plant interactions
Sarracenia interacts with animals as a predator of insects (and occasionally small
vertebrates), as a host for a detritus-based (“brown”) food web of inquilines whose
resource base is the carcasses of captured prey, and as prey itself for a small num-
ber of specialist and generalist herbivores (2.1; Butler et al. 2008).

2.3.1 Pitcher-plant prey
As implied by the title of Darwin’s Insectivorous Plants (Darwin 1875), insects
account for most of the prey of pitcher plants and other terrestrial carnivorous
plants (Ellison and Gotelli 2009). Some of the earliest and most detailed studies
of prey capture in Sarracenia were done in the early 20th century by Frank Morton
Jones (summarized in Jones 1935).2 Other comprehensive studies of Sarracenia
prey capture include Wray and Brimley (1943), Judd (1959), Cresswell (1991),
dissertations by Gibson (1983) and Folkerts (1992), and in situ videography by
Newell and Nastase (1998).

All Sarracenia species are generalist insect predators, but ants are their most
common prey (table 2.2). Their diet also may include beetles, spiders, slugs, other
arthropods, and, on rare occasions, even small reptiles and amphibians (Jones
1935, Wray and Brimley 1943, Judd 1959, Gibson 1983, Cresswell 1991, Folk-
erts 1992, Heard 1998, Newell and Nastase 1883, Schnell 2002, Butler et al. 2005,
Bennett and Ellison 2009). However, the relative abundance of different species
of prey is proportional to their relative abundance in the local habitat, which can
vary among bogs. Prey relative abundance does not reflect prey specialization by
the genus Sarracenia (Ellison and Gotelli 2009), although at least one popula-
tion of S. purpurea preys disproportionately on spiders (Milne and Waller 2018).
There also is no evidence for niche adjustment and dietary specialization among
co-occurring Sarracenia species; in fact, there is usually more dietary overlap
between Sarracenia species than expected by chance (Ellison and Gotelli 2009;
table 2.3).

Even though pitchers are often replete with carcasses of ants and other prey,
video observations of prey capture by S. purpurea revealed that it is a relatively

2In 2006, Stephanie Day, then an undergraduate student at Howard University, worked with
us to digitize much of Frank Morton Jones’s writings and unpublished data that were in the
archives of the Department of Entomology at Yale University’s Peabody Museum. This small
digital archive is available at https://harvardforest.fas.harvard.edu/ellison/
current-research/Frank-Morton-Jones.

https://harvardforest.fas.harvard.edu/ellison/current-research/Frank-Morton-Jones
https://harvardforest.fas.harvard.edu/ellison/current-research/Frank-Morton-Jones
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Table 2.3: Niche overlap in prey use by congeneric Sarracenia spp. Each row is from a different
study, and gives the number of co-occurring species, the observed average pairwise niche overlap
(Pianka 1973) based on prey composition, the expected mean value of pairwise niche overlap based
on 1000 randomizations of the prey capture data, and the P value of the upper tail probability of
finding the observed value if the data had been drawn from the null distribution. Based on data
from Folkerts (1992) and analysis in Ellison and Gotelli (2009).

Niche overlap
Location Species Observed Expected P
Okaloosa County, Florida 5a 0.64 0.20 0.002
Santa Rosa County, Florida 2b 0.99 0.13 0.038
Turner County, Georgia 3c 0.63 0.24 0.013
Brunswick County, North Carolina 3d 0.98 0.13 0.001

aS. flava, S. leucophylla, S. rubra, S. purpurea, S. psittacina
bS. flava, S. psittacina
cS. flava, S. minor, S. psittacina
dS. flava, S. purpurea, S. rubra

inefficient predator:< 2% of ants visiting the plant actually were captured (Newell
and Nastase 1998). Other pitcher plants, including Darlingtonia californica (Dixon
et al. 2005) and Nepenthes rafflesiana Jack. (Bohn and Federle 2004, Bauer et al.
2008) also capture prey at low rates, at least in sunny and dry conditions. However,
when the pitcher lip (peristome) of N. rafflesiana is wetted by rain, condensation,
or nectar secreted by the extrafloral nectaries that line the peristome, it becomes
nearly frictionless. Under these conditions, nearly all foraging ants then slip off
the peristome and into the pitcher (Bauer et al. 2008).

As in Nepenthes, all Sarracenia have extrafloral nectaries around the peris-
tome (Vogel 1998, Płachno et al. 2007). Two centuries ago, Macbride (1818: 52)
described the peristome of S. flava as nearly frictionless: “[the peristome] is ei-
ther covered with an impalpable and loose powder, or that the extremely attenuate
pubescence is loose. This surface gives to the touch the sensation of the most per-
fect smoothness.” The wettable properties of the peristome of S. purpurea have
not been investigated, but they are probably similar to those of other pitcher plants
(Bauer et al. 2018).

Pitchers of S. purpurea are most effective at capturing prey during the first
month or so after they open (Fish and Hall 1978, Wolfe 1981, Cresswell 1991),
and new pitchers are produced every 10 to 14 days. Nutrients from prey captured
by the first pitchers of the season are used to produce subsequent pitchers (Butler
and Ellison 2007). Nutrients remaining in senescent leaves at the end of the grow-
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ing season are stored in the overwintering, evergreen leaves and in the rhizome.
These stored nutrients are mobilized in the following spring to produce the first
pitchers of the year (Butler and Ellison 2007).

2.3.2 The inquiline food web
All pitcher plants that form a liquid-filled trap also have an associated inquiline
food web that develops in this specialized habitat. Most of these food webs have
been poorly studied (but see Naeem 1988 and Nielson 1990 for Darlingtonia cal-
ifornica), but they appear to be less complex than the S. purpurea food web. We
discuss the organization of the S. purpurea food web in great detail in chapters
10–12; here we describe its general taxonomic diversity.

Captured prey are the resource base of the S. purpurea food web (Addicott
1974, Butler et al. 2008, Miller et al. 2018; figure 2.9). The drowned prey are
first shredded by larvae of the chironomid midge, Metriocnemus knabi Coq. and
early instars of the sarcophagid fly Fletcherimyia fletcheri (Aldrich). The shredded
detritus is then decomposed further by bacteria. These in turn are fed on by proto-
zoa, bdelloid rotifers (especially Habrotrocha rosa Donner), and larvae of pitcher-
plant mosquito, Wyeomyia smithii (Addicott 1974, Heard 1994). Other prominent
members of this food web include the histiosomatid mite Sarraceniopus gibsoni
(Nesbitt) and later instars of F. fletcheri, which also are cannibalistic.

There are relatively few taxa of macroinvertebrates and protozoa in the food
web of an individual S. purpurea leaf (figure 2.9). Although a few protist gen-
era (Bodo Ehrenberg, Colpidium Stein, Colpoda O. F. Müller) and the dominant
macroinvertebrates (F. fletcheri, W. smithii, M. knabi, S. gibsoni, Habrotrocha
rosa) occur in most pitchers sampled throughout the range of S. purpurea (Judd
1959, Błędzki and Ellison 1998, Buckley et al. 2003, 2010, Baiser et al. 2012),
many more taxa occur less frequently. Addicott (1974) listed 16 flagellates and
at least 23 ciliates collected from pitchers in three bogs near the University of
Michigan Biological Station. Błędzki and Ellison (2003) collected six species of
rotifers from 31 bogs in Massachusetts, Vermont, and Connecticut. Jones (1935)
noted the occurrence of spiders that spin webs over the mouths of Sarracenia, and
Milne (2012) discussed the use of older, senescent S. purpurea pitchers as ovipo-
sition sites for five spider species in Virginia and North Carolina. Throughout New
England, the ant Dolichoderus pustulatus Lund builds carton nests in dead or dy-
ing leaves of S. purpurea (A. Ellison and N. Gotelli, field observations; see lower
right inset of 2.1). In the same region, other ant species, including Myrmica lob-
ifrons Pergande, M. alaskensis Wheeler, and Formica subaenescens Emery, nest
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Figure 2.9: Main components of the Sarracenia purpurea food web. Captured prey is shredded
by Metriocnemus knabi and Fletcherimyia fletcheri larvae into particulate organic matter (POM)
and directly decomposed by bacteria. Sarraceniopus gibsoni and Habrotrocha rosa feed on POM.
Bacteria are consumed by protozoa and H. rosa, and all three are preyed upon by the top predators
in the system: larvae of Wyeomyia smithii and first- and second-instar W. smithii larvae.

Table 2.4: Ants found associated with S. purpurea in the six New England states: Maine, New
Hampshire, Vermont, Massachusetts, Connecticut, and Rhode Island.

ME NH VT MA CT RI
Ponera pennsylvanica Buckley X
Dolichoderus mariae Forel X
Dolichoderus pustlatus Mayr X X X X X X
Tapinoma sessile (Say) X X X X X X
Camponotus herculeanus (L.) X X
Camponotus nearcticus Emery X
Camponotus novaeboracensis (Fitch) X
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ME NH VT MA CT RI
Formica argentea Wheeler X
Formica aserva Forel X
Formica neorufibarbis Emery X
Formica subaenescens Emery X X X X X X
Formica subsericea Say X
Lasius aphidicolus (Walsh) X
Lasius americanus Emery X X
Lasius neoniger Emery X
Crematogaster cerasi (Fitch) X
Leptothorax canadensis Provancher X
Myrmica fracticornis Forel X X
Myrmica incompleta Provancher X
Myrmica latifrons Stärcke X
Myrmica lobifrons Pergande X X X X X

around the base of S. purpurea rosettes, but this association more likely reflects
local environmental conditions rather than a host-specific association (table 2.4).

Fletcherimyia fletcheri, Wyeomyia smithii, and Metriocnemus knabi are known
only from S. purpurea, but larvae of nine other sarcophagid fly species (in the gen-
era Sarcophaga Meigen and Fletcherimyia Townsend) have been collected from
southeastern Sarracenia species (Dahlem and Naczi 2006). Another species of
midge, Metriocnemus edwardsi Jones, feeds on captured prey in Darlingtonia
californica (Naeem 1988). The chloropodid flies Aphanotrigonum darlingtoniae
(Jones) and Tricimba wheeleri Mlynarek have been described, respectively, as
inquilines in Darlingtonia californica and in two species of Sarracenia in the
southeast US (Jones 1916, 1920, Folkerts 1999, Mlynarek and Wheeler 2018).

Sarraceniopus Fashing & OConnor mites occur only in Sarraceniaceae pitch-
ers, and they have been collected from Darlingtonia californica (the eponymous
Sarraceniopus darlingtoniae Fashing & OConnor; Fashing and OConnor 1984),
all species of Sarracenia, and several species of Heliamphora (R.F.C. Naczi, per-
sonal communciation).

In contrast to the modest species diversity of inquiline macroinvertebrates, the
diversity of microbes in the pitchers of S. purpurea is very high. Only a hand-
ful have been successfully cultured (e.g., Cochran-Stafira and von Ende 1998,
Miller and terHorst 2012), but molecular probes have revealed large numbers of
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microbial OTUs. For example, Peterson et al. (2008) sequenced and analyzed T-
RFLPs of 16S rRNA from three New England bogs. They identified 133 gene
fragments, mostly representing rare and unidentifiable microbial taxa, but the few
common and identifiable OTUs included Craurococcus roseus Saitoh et al. and
the enteric bacteria Citrobacter freundii (Braak) Werkman & Gillen, Hafnia alvei
Møller, Pantoea agglomerans (Ewing and Fife) Gavini et al., Rahnella aquatlis
Izard et al., Serratia fonticola Gavini et al., S. plymuthica (Lehmann and Neu-
mann) Bergey et al., and an unidentified Serratia Bizio. Paise et al. (2014) and
Canter et al. (2018) assayed community structure of Archaea and Bacteria from S.
rosea growing in the Apalachicola National Forest in Florida using iTag sequenc-
ing of 16S rRNA genes. These communities included > 1000 OTUs, doinated by
gene fragments assignable to the phyla Proteobacteria and Bacteriodetes (Paise et
al. 2014, Cantner et al. 2018). Peterson et al. (2008) and Boynton et al. (2019)
cultured various yeasts, including Candida pseudoglaebosa M. Suzuki & Nakase,
Moesziomyces aphidis (Henninger & Windisch) Q.M. Wang, Begerow, F.Y. Bai &
Boekhout, and Rhodotorula babjevae (Golubev) Q.M. Wang, F.Y. Bai, M. Groe-
new. & Boekhout from S. purpurea.

The bacterial assemblages in other species of Sarracenia other than S. pur-
purea are easily as diverse (Koopman et al. 2010, Koopman and Carstens 2011,
Satler et al. 2016), and the food web of Darlingtonia californica similarly includes
flagellates, ciliates, and hundreds of bacterial OTUs (Armitage 2016, 2017).

2.3.3 Herbivores and pollinators
The herbivores and pollinators of S. purpurea have been studied much less than
the inquiline food web. They are important to understand because there should be
strong selection for carnivorous plants to evolve effective mechanisms not only
to capture prey, but also to avoid trapping their pollinators (Givnish 1989, Ellison
and Gotelli 2001, Cross et al. 2018). On the other hand, herbivores need to avoid
being trapped as prey while grazing the plant.

Herbivores

Moth larvae are among the few organisms that feed on Sarracenia tissue (Rymal
and Folkerts 1982). Papaipema appassionata (Harvey) is a specialist root-borer
that kills entire plants. Its larvae bore into the rhizomes of both S. purpurea and
S. flava, killing entire S. purpurea plants or large clumps of S. flava (Jones 1908,
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Atwater et al. 2006). As the larva feeds, a characteristic pile of frass accumulates at
the center of the S. purpurea rosette. The plant wilts, and the pitchers turn yellow
and then black as the plant dies within a single field season (Atwater et al. 2006).
Larvae pupate in late summer at the base of the plant and adults emerge that same
summer and oviposit single eggs on other plants (Bird 1903, Brower and Brower
1970). Papaipema appassionata is patchy and rare in New England, but it can be
an important source of mortality when it appears in a population.

Three species of the leaf-mining genus Exyra Grote feed on Sarracenia leaves.
Exyra fax Grote feeds on S. purpurea throughout its range; E. ridingsii Riley feeds
on S. flava and occasionally S. minor; and E. semicrocea Guenée, which has the
broadest range of host-plants, feeds on S. alata (Wood) Wood, S. leucophylla Raf.,
S. minor, S. psittacina Michx., and S. rubra (Jones 1921, Folkerts and Folkerts
1996). The adults of E. ridingsii and E. semicrocea lay a single egg on the in-
ner wall of a pitcher, whereas E. fax lays multiple eggs in a S. purpurea pitcher.
Newly-hatched larvae E. fax disperse among the pitchers of a single rosette so
that only one larva occurs in each pitcher (Jones 1921). Each larva then girdles or
chews a drainage hole at the base of its pitcher. The damaged leaf cannot capture
prey or, in the case of S. purpurea, host a food web, but Exyra does not kill the
plant outright (Fish 1976, Rymal and Folkerts 1982, Folkerts and Folkerts 1996).
After draining the pitcher, the larva seals the top of the leaf either with a web of
silken threads or by girdling and closing the leaf just under the pitcher lip. The
larva then feeds on the interior surface of the pitcher wall (Jones 1921, Rymal
and Folkerts 1982, Folkerts and Folkerts 1996). Larvae overwinter as late instars,
emerge in the early spring to feed again on flowers or young pitchers, and then
pupate in the leaf tissue.

The larvae of the olethreutid moth Endothenia daeckeana (Kearfott) feed on
the developing carpels of S. purpurea flowers (Jones 1908, Hilton 1982). Adults
lay single eggs on flower bracts, and the first-instars burrow into the base of the
ovary, where they feed on the seeds either from within (first instars) or without
(second–fifth instars). Larvae then pupate and over-winter in the flower stalks.
Adults emerge in early spring, approximately when the plants are flowering. Hilton
(1982) mentions two ichneumonid parasitoids of E. daeckeana larvae and a Tri-
chogramma Riley species that parasitizes its eggs, but no detailed studies of either
the moth or its parasitoids have been published.

The Prostigmatid mite Leipothrix darlingtoniae Fashing was described from
individuals collected from above the fluid level of the inner walls of Darlingo-
nia californica pitchers (Fashing 1994). This genus of mites includes a number of
plant parasites and gall formers, some of which are considered pests; others are
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being investigated as biological control agents for nonnative plants. The mite’s im-
pact on Darlingtonia has not been studied, nor have other members of the genus
been reported from other Sarraceniaceae.

Pollination

Like virtually all other carnivorous plants (Cross et al. 2018), S. purpurea is pol-
linated by insects (Jones 1935, Ne’eman et al. 2006). Although all Sarracenia
species are self-compatible, self-pollination is rare (Mandossian 1965, Burr 1979,
Thomas and Cameron 1986). Inbreeding depression has been observed in S. flava
(Sheridan and Karowe 2000) and is associated with anthocyanin-free mutants in
many Sarracenia species, including S. purpurea (Sheridan and Mills 1998). Ag-
amospermy (parthenogenesis), however, has not been reported: an insect vector is
required to either self-pollinate or outcross the flowers.

The umbrella-shaped flowers (figure 2.7) present a curtain of downward-hanging
petals and upward-pointing stylar lobes. Pollinators must pass through this curtain
to obtain nectar and reach the anthers and stigmas. Large bumblebees (e.g., Bom-
bus vagans Smith, B. bimaculatus Cresson) and adults of Fletcherimyia fletcheri,
the sarcophagid fly whose larval stage is the top predator in the inquiline food web
of S. purpurea (Ne’eman et al. 2006) are the most commonly observed pollinators.

Sarracenia purpurea uses both spatial and temporal separation of flowers and
traps to minimize prey-pollinator conflict. As noted above (§2.2.3), S. purpurea
not only flowers before new pitchers are produced, it also holds its flowers well
above the tops of older pitchers (figure 2.7). Both of these traits minimize the
chances for accidental capture of pollinators in the trap.

2.4 Biogeography and landscape ecology
Sarracenia purpurea is a classic “sparse” species (sensu Rabinowitz 1981): Al-
though it grows in a very restricted range of environmental conditions, individual
populations can be large and dense. In the states along the southern and western
edges of its native range in the United States, S. purpurea is considered a species of
conservation concern. In the northern and eastern states, and throughout Canada,
the bogs and poor fens in which S. purpurea grows often are protected, and its
populations are considered secure. Carnivorous plant enthusiasts have introduced
S. purpurea into the western US and throughout Europe. In many European local-
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ities, it has become naturalized and is considered either a species of management
concern or an invasive species.

2.4.1 Continental biogeography of Sarracenia purpurea and its
inquilines

Among the ±11 species of Sarracenia, S. purpurea has by far the largest geo-
graphical range (figure 2.2), and is the only species in the genus found outside of
the southeastern United States. Its range encompasses > 3.5 × 106 km2 (figure
2.2; Naczi et al. 1999, Naczi 2018). Remarkably, the structure and composition of
the macroinvertebrates of the inquiline food web of S. purpurea is very consistent
across this entire geographic range (figure 2.10; Buckley et al. 2003, 2010, Baiser
et al. 2012). This constancy is in marked contrast with that observed for other
insect-plant associations, which usually vary in species composition across large
geographic ranges of a host plant (Agosta 2006). However, the microbiomes of
S. purpurea and other Sarracenia species are geographically less consistent and
tend to be more similar within than between bogs (Petersen et al. 2008, Gray et
al. 2012).

Throughout this broad range, however, S. purpurea and its obligate inquilines
are found only in isolated populations because their required habitats—bogs, poor
fens, seepage swamps, and nutrient-poor outwash plains—occur very patchily
across the landscape. Habitat suitability models (a.k.a. species distribution mod-
els, environmental niche models, and climate-envelope models; Guisan et al. 2017)
are a popular tool for forecasting future geographic range shifts. But most of these
models implicitly assume that species can move unimpeded across geographic
space in their tracking of climatic change. For genera like Sarracenia, this as-
sumption does not hold because the matrix of “natural” habitats (forests and fields)
and expanding areas of urbanized and planted land are unsuitable either for es-
tablishment or for stopovers by long-distance dispersers (Fitzpatrick and Ellison
2018).

2.4.2 Dispersal, establishment, and invasion
Since the end of the 19th century, plant biologists have been perplexed by the para-
doxical observation that many plant species that successfully re-colonized north-
ern latitudes following the last glacial recession ca. 14–ll kya, disperse poorly on
average, and lack obvious adaptations for effective long-distance dispersal (Reid
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Figure 2.10: Map showing the locations of 39 sites (circles) sampled by Buckley et al. (2010)
across the geographic range of Sarracenia purpurea (shaded area) in North America. The size
of each point represents the number of inquiline taxa occurring within pitchers at that site out
of the 90 encountered across all sites; larger points represent sites with a greater number of taxa.
Percentage similarity in species composition of all taxa is represented by the shading of the points:
sites with<70% similarity are white; those between 70 and 80% similarity are grey, and those with
> 80% are black. Reproduced with permission of the authors and John Wiley & Sons from Figure
1 of Buckley et al. (2010).

1899). The eponymous “Reid’s paradox” is ecologically important because plants
will need to disperse and successfully colonize new habitat patches rapidly if they
are to keep pace with ongoing climatic change and habitat fragmentation caused
by anthropogenic activities.

For trees with generalist habitat requirements, Reid’s paradox largely has been
resolved (Clark et al. 1998). Although the average dispersal distances of many tree
species may be short, the distribution of dispersal distances is “fat-tailed” and oc-
casional dispersal events of very long distance have allowed tree species to shift
their ranges very effectively in response to rapid changes in past climates (e.g.,
Clark, 1998; Higgins and Richardson, 1999). But it is unclear whether this mech-
anism applies to herbs, which typically have very short dispersal distances (Cain
et al.1998). For Sarracenia (and its associated inquilines), an added barrier to
successful long-distance dispersal is that its habitat is rare and patchily distributed
(Croizat 1952).

Sarracenia seeds are very small, and they have no obvious ornamentation,
elaiosomes, or other structures to attract potential long-distance dispersers. Long-
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distance dispersal of the hygroscopic Sarracenia seeds could occur by flotation,
but even then, the maximum dispersal distance recorded for water-dispersed herbs
rarely exceeds 4 m (Waser et al. 1982). If S. purpurea seeds have a similar maxi-
mum dispersal distance, or even one that is 1–2 orders of magnitude greater, they
are still unlikely to disperse easily between bogs separated by tens-to-hundreds of
kilometers. Thus, only very rare, long-distance dispersal events and subsequent
successful establishment can explain the broad range expansion of S. purpurea
since the end of the Pleistocene glaciation. Given the rapid pace of contemporary
climatic change, it is uncertain that these mechanisms will allow for successful ge-
ographic range shifts and prevent the extinction of S. purpurea populations over
the next century (Fitzpatrick and Ellison 2018).

Within a site, S. purpurea seedlings are observed commonly to cluster together
about the parent plant. Ellison and Parker (2002) studied seed dispersal of S. pur-
purea at Hawley Bog. They arrayed sticky seed traps in a regular pattern around
five spatially isolated focal plants, each of which bore a single maturing seed cap-
sule. Seed dehiscence occurred in mid-October, and dispersal continued through-
out the fall. As with many tree species, the seed-dispersal curve was relatively
long-tailed (figure 2.11): the mean dispersal distance was 12.8 cm from the par-
ent plant, but the median dispersal distance was only 5 cm from the parent plant.
These experimental results were mirrored by the distribution of all S. purpurea
individuals recorded growing in two 5 × 5 m plots at Hawley Bog. In both plots,
juvenile and adult S. purpurea plants were spatially clustered (Ellison and Parker
2002).

We estimated the establishment probability of seeds from grids of 100 seeds
planted just below the Sphagnum surface adjacent to our dispersal traps. We planted
500 seeds in the grids in Hawley Bog, but we recorded only 20 germinants after
two years of monitoring (Ellison and Parker 2002). Combined with observations
of fruit maturation and predation by Endothenia daeckeana, and early seedling
survival, we estimated that a plant flowering in one year would produce on aver-
age four established seedlings the following year. This estimate was used in our
demographic modeling of S. purpurea (chapter 7). Simulations of dispersal and
establishment of S. purpurea using our estimated parameters (median dispersal
distance = 12.8 cm, 4% establishment probability) yielded spatial distributions of
adult plants (expressed as distance-to-nearest-neighbors) that did not differ from
field observations (Ellison and Parker 2002).

Despite its short average dispersal distance, the population genetic structure
of S. purpurea suggests that long-distance dispersal events followed by establish-
ment and rapid population growth occasionally have occurred, and may have led
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Figure 2.11: Seed dispersal of Sarracenia (after Ellison and Parker 2002). Grey circles are raw
data from all seed traps and the line is the best-fit negative exponential curve (with 95% confidence
region).

to population diversification by isolation. The infraspecific taxa of S. purpurea
(§2.1.3) are distinguished morphologically (e.g., Schnell 1979, 1993, Schnell and
Determann 1997, Naczi et al. 1999, Ellison et al. 2004, Mellichamp and Case
2009), to a lesser extent by seed size and dormancy requirements (Ellison 2001),
and by isozymes (Godt and Hamrick 1998) and nuclear, plastid, and mitochondrial
DNA (Ellison et al. 2012). Rare long-distance dispersal events could have resulted
in the distributional pattern of infraspecific taxa of S. purpurea if diversification
occurred in peripheral bogs following dispersal.

Alternatively, far-north populations of S. purpurea could have recolonized
from nearby nunataks (unglaciated mountaintops) following glacial retreat (Croi-
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zat 1952). However, current evidence suggests that the closest ones were in Green-
land, not in eastern North America (Bierman et al. 2015). Either way, measure-
ments of finer-scale genetic differentiation of individual populations could help to
resolve the importance of founder effects in S. purpurea, especially in marginal
populations within S. purpurea’s native range and in isolated populations where it
has been introduced (Schwagerle and Schaal 1979).

For example, in the village of Buckeye Lake in Licking County, Ohio, USA,
several chunks of Sphagnum moss broke loose from the “Big Swamp” when the
current Buckeye Lake was created in 1830 by blocking the swamp’s drainage
stream during the construction of the Erie Canal. One of the larger islands is now
known as the Cranberry Bog State Nature Preserve. In 1912, a single S. purpurea
individual was planted onto this floating bog by Freda Detmers, a graduate student
in botany at Ohio State University. Ten years later, there were hundreds of pitcher
plants, and by the late 1970s, Kent Schwaegerle, another graduate student at Ohio
State, estimated that there were over 150,000 pitcher plants covering ≈1.2 ha of
this little bog (Schwaegerle 1983).

Sarracenia purpurea grows elsewhere in Ohio, so it is not considered a weed
or an invasive species in Cranberry Bog. This is not the case in other parts of
the world (e.g., Parisod et al. 2005, Adlassnig et al. 2010). Along with other
carnivorous plants, S. purpurea has been introduced into bogs and fens by well-
meaning scientists, horticulturalists, and avid plant collectors. Like the fictional
triffids (Whyndham 1951), populations of carnivorous plants grow rapidly, occa-
sionally escape from cultivation, and can become noxious, threatening weeds—or
new islands of biodiversity.

In Switzerland, S. purpurea were introduced by botanists in the late 19th cen-
tury. In the “Les Tenasses” peat bog, S. purpurea was planted around 1919; less
than 100 years later, they were growing at a density of over 40,000 plants per acre
(≈ 16,000 plants/ha) (Feldmeyer 1985), about the same density as in Ohio’s Cran-
berry Bog. At Les Tenasses, pitcher plants are considered a “véritable mauvaise
herbe” (“truly bad plant”) that are overrunning and outcompeting rare native plant
species (Parisod et al. 2005, Adlassnig et al. 2010).

Sarracenia purpurea was introduced into Ireland in the early 1900s (Walker
2014). Populations there, and elsewhere in the UK, are quite dense, and can ac-
count for > 50% of the vegetation cover in some peatlands (Foss and O’Connel
1985, Couwenberg and Joosten 2004). Since 2015, S. purpurea has been consid-
ered to be invasive in the UK (Cox et al. 2015), and eradication efforts are now
underway (Walker et al. 2016). Sarracenia purpurea also has been introduced suc-
cessfully in France, Germany, and Denmark, and flowering populations of S. flava
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are known from the Alsace, Franche-Comté, and Haute-Savoie regions of eastern
France (Adlassnig et al. 2010). None of these introductions as yet are are classi-
fied as a management concern, although in many European countries, Sarracenia
individuals outplanted by carnivorous plant enthusiasts are removed as soon as
they are found (Adlassnig et al. 2010).

Last, introduced pitcher plants (S. purpurea and S. flava) are being watched
closely in New Zealand (Hicks et al. 2001, Heenan et al. 2004), as Cape sundews
(Drosera capensis L.) and creeping bladderworts (Utricularia livida E.Mey.) there
already are modern-day triffids: “carnivorous weeds on the loose” (New Zealand
Department of Conservation, n.d.).

2.5 Summary
More than 400 years of observational and experimental research has illuminated
the basic natural history of Sarracenia purpurea and its associated macro- and
microfauna, its phylogeny and evolutionary history, anatomy, physiology, mor-
phology, life history, and reproductive biology. Used in concert with the concep-
tual frameworks laid out in chapter 1, this basic biological knowledge frames our
study of Sarracenia across different scales of temporal, spatial, and biological
organization.
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Chapter 3

Context: Nutrient limitation, the
evolution of botanical carnivory, and
environmental change

You are what you eat (plus a few ‰).

—Michael J. DeNiro and Samuel Epstein (1976: 834)

All organisms need to eat, and plants are no exception. Through photosyn-
thesis, plants combine carbon dioxide (CO2), water, and light to produce sugars
and starches, which are energy sources for biological activity. Through root up-
take, plants obtain mineral nutrients, including nitrate (NO−3 ), ammonium (NH+

4 ),
phosphate (PO−3

4 ), and potash (various K+-containing compounds). These min-
erals are the fundamental sources of the key “macro” nutrients—nitrogen (N),
phosphorus (P) and potassium (K)—that are used in a variety of biological pro-
cesses. Nitrogen is a building block of the amino acids, proteins, and enzymes that
are used in photosynthetic reactions; in the form of adenosine triphosphate (ATP),
P provides the energy to drive these reactions; and K is crucial for production of
ATP, regulation of stomatal activity, activation of enzymes, and maintenance of
ratios of cations and anions within cells. Other macronutrients, including calcium
(Ca), sulfur (S), and magnesium (Mg), and the “micro”nutrients boron (B), chlo-
rine (Cl), manganese (Mn), iron (Fe), zinc (Zn), copper (Cu), molybdenum (Mo),
nickel (Ni), and cobalt (Co) also are important for maintaining physiological func-
tion and homeostasis of plants (Welch and Shuman 1995).

Most plants absorb light and CO2, respectively, through the chloroplasts and
stomata of their leaves, and take up water and nutrients from the soil through their
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roots, either by diffusion or (less frequently) by active transport. Because of a con-
tinuous supply of solar radiation, light is not a limiting resource per se, but it can
become so when individual plants grow and shade one another. In contrast, the
supply of nutrients on Earth is finite. Except for minor changes from radioactive
decay, the quantity and ratios of the elements on the planet do not change. Al-
though nutrients are efficiently repackaged and reused through cycles of decom-
position, mineralization, and immobilization, the availability of nutrients varies
greatly across the planet at all spatial scales. Because plants rarely move from
their rooted locations (and even those with clonal growth don’t move very far),
soil nutrients within reach of their roots can and do limit potential plant growth.

3.1 Limiting resources
Plants growth and reproduction are affected by two kinds of limiting resources.
The first limits plant growth and reproduction when its absolute concentration is
too low for physiological processes to occur. The second limits plant growth and
reproduction depending on relative concentrations—stoichiometric ratios between
individual nutrients (Gusewell 2004).

3.1.1 Absolute resource limitation
For plants, light (Schmitt and Wulff 1993), water (Schenk and Jackson 2002), and
CO2 (Rogers et al. 1994) need to be available above a minimum amount because
they play central roles in photosynthesis and carbon fixation (Schimel 1995). All
other things being equal, plant growth responds to changes in the absolute con-
centration or availability of CO2 water, or light.

Insufficient light changes a plant’s growth form (e.g., etiolation), slows indi-
vidual growth, diminishes reproductive effort or success, and increases mortality
rates. Thus, plants have evolved a variety of adaptations to efficiently capture and
use light and to compete with neighboring plants for access to light. These adap-
tations include phototaxis, efficient photosystems, rapid growth, and large or flat
leaves, among others. Because of energetic constraints and trade-offs, all these
traits are never found in a single plant species. Instead, a diversity of plant growth
forms and life histories reflects different evolutionary solutions to the problem of
maximizing photosynthetic gain (Givnish 1979, 1986).

Without sufficient water, plants wilt and die. Water availability (determined
jointly by precipitation and temperature) varies widely across the Earth’s sur-
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face (Vicente-Serrano et al. 2013), and adaptations to water limitation are asso-
ciated with some of the most reliable morphological (e.g., wax-coated or reduced
leaves), physiological (e.g., stomatal conductance), and photosynthetic (C3, C4,
CAM pathways) differences among plant species (Díaz et al. 2016).

Finally, CO2 is essential for photosynthesis. Its concentration in the atmo-
sphere varied relatively little throughout the Holocene. However, since the onset
of the Industrial Revolution in the late 19th century (Petit et al. 1999), deforestation
and widespread burning of fossil fuels has increased the atmospheric [CO2] from
280 parts per million (ppm) to its current levels > 400 ppm, the highest they have
been in the past 800,000 years (Foster et al. 2017, NOAA 2018; figure 3.1). In
the absence of water or nutrient limitation, this increase in atmospheric [CO2] can
lead to increases in photosynthetic rate and growth (the “CO2 fertilization effect”;
Huang et al. 2007). Spatial variation in [CO2] at the Earth’s surface is relatively
small (Alkhaled et al. 2008).

3.1.2 Relative resource limitation and the Sprenger-Liebig Law
of the Minimum

Without sufficient nutrients, photosystems fail, biochemical cascades grind to a
halt, and plants succumb to a variety of classified maladies, including burning,
general and interveinal chlorosis (from lack of chlorophyll), necrosis, spotting,
and stunting. Evolution has also “solved” the nutrient acquisition problem in myr-
iad ways, including variable root morphologies, and obligate or facultative sym-
bioses with diverse partners such as fungi (mycorrhizae), bacteria (diazotrophs,
green sulfur bacteria, Azotobateria, rhizobia, or Frankia), mutualisms with ants
(myrmecotrophy), and botanical carnivory (e.g., Beattie 1989, Givnish 1989 Mayor
et al. 2015, Givnish et al. 2018, Tedersoo et al. 2018, Weile et al. 2018).

For many years, studies of nutrient limitation, like studies of light limitation,
focused on absolute quantities of available nutrients. However, farmers have long
known that crop growth could be enhanced not by adding any or all nutrients,
but rather by adding particular nutrients. This observation was first formalized
by Sprengel (1828), but is most often attributed to Liebig (1840). “Liebig’s Law
of the Minimum” (better named the Sprengel-Liebig Law of the Minimum; van
der Ploeg 1999) is the principle that plant growth is controlled by a single limit-
ing factor—the scarcest resource available (Tilman 1982). Because crop growth
is limited most often by N, P, or K, a great deal of effort has been invested in
developing methods to manufacture or extract NO3 NH4 (e.g., the Haber-Bosch
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process for artificial nitrogen fixation from gaseous N2; Razon 2018); PO4 (e.g.,
acidification of apatite from phosphate rock; Andersson et al. 2016); and potash
(mining and evaporation of brine; Talbot et al. 2009).

Nutrient limitation is evident in both agricultural systems and in natural plant
assemblages. However, plants that normally grow on infertile soils respond to nu-
trient additions differently from crop plants (Chapin et al. 1986, Ågren 2008).
Specifically, the growth of crop plants is enhanced more by changes in relative
nutrient concentrations, whereas the growth of plants from infertile soils is en-
hanced more by changes in absolute nutrient concentrations. Moreover, even when
all necessary nutrients are available in plentiful concentrations, some plants still
exhibit symptoms of nutrient limitation. This is because their stoichiometric ratios
may not be optimal.

Stoichiometry is based on standard physico-chemical laws, including the laws
of conservation of mass, constant composition, multiple proportions, and recipro-
cal proportions (Sterner and Elser 2002). Stoichiometric ratios of mineral nutrients
essential for plant growth are optimal when all available nutrients are used, and
there is neither too little nor too much of each. But if the quantities of available
nutrients are sthoichiometrically unbalanced, once all the nutrients are used in
proportion to their biochemical or physiological requirements, anything remain-
ing will be unusable and could contribute to nutrient toxicity.

Plant ecologists are most familiar with nitrogen and phosphorus stoichiometry,
for which the optimal stoichiometric ratio is≈ 15:1 (N:P). If N is added when N:P
is near-optimal, the N:P ratio increases. Phosphorus, not N, then becomes limiting,
and nutrient deficiencies will occur even if the absolute concentrations of P would
be considered sufficient for optimal plant growth (Ågren 2008). But stoichiometric
balance is essential for other mineral nutrients, too. For example, nutrient ratios
in plant fertilizers are carefully balanced, and the blends are varied for different
groups of plants and different soil conditions. Physiological and morphological
mechanisms for maintaining optimal stoichiometric ratios in natural conditions
are likely to be key evolutionary adaptations that reflect strong selective pressures.
Environmental changes can disrupt these conditions, leading to plant stress or
death. For example, when high levels of N are deposited in precipitation as fog
droplets (“acid rain”), Ca is leached from needles of red spruce trees (Picea rubens
Sarg.; Borer et al. 2005). This stoichiometric change increases the susceptibility
of the trees to drought (Borer et al. 2005) and frost damage (Lazarus et al. 2006).

Experimental manipulations of absolute concentrations of micro- and macronu-
trients that otherwise maintain their relative concentrations should have less effect
on plant growth and fitness than experimental manipulations of absolute concen-
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trations of resources like light, water, or CO2. However, the opposite pattern is ex-
pected when manipulating relative nutrient concentrations. Organisms that main-
tain strict internal homeostasis are predicted to maintain constant stoichiometric
ratios of their tissues regardless of the absolute or relative availability of resources
in the environment (Sterner and Elser 2002). On the other hand, tissue concentra-
tions of nutrients in organisms with no homeostatic control—the “you are what
you eat hypothesis” (Persson et al. 2010, Elser et al. 2010)—will mirror those of
the environment and should be affected little, if at all, by changes in total resource
availability that maintains constant stoichiometric ratios.

In reality, the distinction between absolute and relative resource limitation is
somewhat artificial, and reflects a strong agronomic bias: most crop plants are
grown under conditions of resource excess, so additional growth is controlled
more strongly by nutrient ratios. In contrast, plants in more natural settings may
experience chronically low concentrations of both kinds of resources, so their
growth will be more sensitive to absolute resource levels (Chapin et al. 1986).
When concentrations become high enough, all resources start to become toxic, so
a bell-shaped response curve should be apparent for any measure of plant perfor-
mance that is plotted against a sufficiently wide range of resource concentrations
(figure 3.2).

The agronomic perspective on nutrient limitation has overemphasized growth
or yield (Mueller et al. 2012), which are only two of the many possible response of
plants to enrichment. Other responses include shifts in above- and below-ground
growth or allocation of resources (Enquist and Niklaus 2002); changes in the size,
shape, or orientation of leaves, branches, or other structures (Gutschick 1999); and
increases in the production, sequestration, and exudation of plant secondary com-
pounds that discourage herbivores (Mithoefer and Boland 2012). These changes
ultimately translate into life-history transitions (growth, mortality, flowering, fruit-
ing, seed set) that determine population growth rate and the chances for long-term
persistence or local extinction (chapters 6–8).

The agronomic perspective also has led ecologists to focus on how environ-
mental changes in resource levels or availability modify plant physiology, growth,
or fitness. But causes and effects also may run the other way: activity of organisms
can determine observed resource ratios in the environment. Consider the most
famous example of ecological stoichiometry: the Redfield ratio of C:N:P in the
deep oceans. The Redfield ratio is a remarkably constant 106:16:1, and this ratio
reflects the biological activities of marine phytoplankton (Redfield 1934, Gruber
2008); the 16:1 fraction of N:P reflects the ratio of these elements in proteins
and rRNA of marine phytoplankton (Loladze and Elser 2011). However, analy-
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ses of plankton and organic matter in different parts of the ocean have revealed
stoichiometric patterns that depart from the expected Redfield ratio. For example,
there is a strong latitudinal gradient in particulate organic C:N:P from 195:28:1
in oligotrophic waters at low latitudes, through 137:18:1 in warm, nutrient-rich
upwellings, to 78:13:1 in cold upwellings at high latitudes (Martiny et al. 2013).

On land, prokaryotic and eukaryotic photosynthesis gradually increased at-
mospheric [O2] from virtually 0 to 20% over a period of 2.3 billion years (Wayne
1992). In the last 200 years, have led to an increase in the atmospheric concentra-
tion of CO2 from 0.028% to > 0.04% (figure 3.1; NOAA 2018). These, and many
other examples, show clearly the close coupling of biotic processes and stoichio-
metric dynamics, with cause and effect running in both directions between the
stoichiometry of the water, soil, and air, and the biological activities of organisms
(González et al. 2017).
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Figure 3.1: Examples of rapid environmental change that can have strong effects on plant
morphology or ecophysiology. (a) Global human population growth since 1900i; b) The Keeling
curve, a record of atmospheric CO2 concentration measured at the Mauna Loa observatory since
1958ii; (c) Global temperature anomalies since 1880. The baseline of 0 is the average global
temperature from 1951-1980iii; (d) Atmospheric deposition (mg/L) of NO3 (black line) and NH4
(grey line) at National Atmospheric Deposition Program (NADP) monitoring stations in Quabbin,
Massachusetts (1982–2016) and Underhill Vermont (1984–2016)iv;
ihttps://ourworldindata.org/world-population-growth
iihttp://scrippsco2.ucsd.edu/data/atmospheric_co2/primary_mlo_co2_
record
iiihttps://climate.nasa.gov/vital-signs/global-temperature/
ivhttps://nadp.slh.wisc.edu/data/

https://ourworldindata.org/world-population-growth
http://scrippsco2.ucsd.edu/data/atmospheric_co2/primary_mlo_co2_record
http://scrippsco2.ucsd.edu/data/atmospheric_co2/primary_mlo_co2_record
https://climate.nasa.gov/vital-signs/global-temperature/
https://nadp.slh.wisc.edu/data/
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Figure 3.2: Unimodal response curve of plant performance as a function of the concentration of a
resource. At low levels, resources are limiting, so plant performance increases as the concentration
increases. Beyond an optimal level, the resource becomes toxic at high concentrations, so plant
performance declines. Although the graph is depicted with the absolute resource concentration on
the x-axis, the shape of the curve for nutrient resources may depend on the relative concentration
and the ratios of limiting nutrients.
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3.2 Light, nutrients, and the evolution of plant car-
nivory

3.2.1 The economics of plant form and function
The combination of selective pressures to simultaneously maximize photosyn-
thetic gain and minimize the energetic costs of constructing and maintaining leaves,
shoots, and roots can be treated as a problem in cost-benefit analysis (Givnish
1986). Indeed, theoreticians have conceptualized plant form and function as a
consequence of trade-offs that could be expressed in economic terms (Givnish
and Vermeij 1976, Givnish 1986). The crucial premise of these cost-benefit mod-
els is that natural selection will act to maximize marginal gains in photosynthetic
rates or nutrient acquisition while simultaneously minimizing marginal costs of
the construction and deployment of leaves and roots.

Givnish and Vermeij (1976) developed and applied one of the earliest cost-
benefit models of plant form and function to explain the diversity of sizes and
shapes of leaves of tropical vines (lianas). The importance of their model lay not
so much in its exact predictions but rather in its derived expectations for leaf form
from first principles and physiological constraints that are well-understood. Thus,
the model is mechanistic, not phenomenological, and makes specific, quantitative
predictions that can be confronted with data. Similar models were developed by
Tilman (1982) for resource allocation based on relative concentrations of nutri-
ents (which he called “resource ratios”) and competition for limiting resources.
Whereas Givnish and Vermeij’s (1976) model predicted the sizes and shapes of
leaves that would be expected to evolve in environments characterized by dif-
ferent amounts of resources, Tillman’s (1982) model predicted the identities and
relative abundances of species that would be expected to coexist. Both models
emphasized that the ability of organisms to use varying ratios of resources would
determine their evolutionary or ecological “success” in different environments.

3.2.2 Global spectra of plant traits
Over 300,000 species of vascular plants have evolved since their first appearance
in the Silurian ( 420 Mya). However, evolutionary solutions to the ecological prob-
lem of limiting resources have resulted in only a limited palette of leaf and root
morphology and physiology. These solutions reflect the conditional optimizations
of photosynthetic rate, nutrient uptake, and transpiration. For vascular plants as
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a whole, much of the among-species variation in functional traits can be mapped
onto two major axes: an axis of body and seed size (ranging from small to large),
and an axis of leaf “construction costs” (ranging from cheap, fragile, highly pro-
ductive, and palatable leaves to costly, robust, low-productivity, and unpalatable
leaves; Wright et al. 2004, Reich 2014, Díaz et al. 2016; figure 3.3).

This “global spectrum of leaf traits” successfully explained much of the vari-
ation in patterns of growth and survival of plant species across gradients of re-
sources, differences in relative abundances of species, and the species composition
and trait distributions of local assemblages across environmental gradients (Reich
2014). Perhaps because of the role of evolutionary history and the potential for
morphological plasticity in plant growth and development, the global spectrum
of leaf traits has been less successful in explaining the placement of particular
species in multivariate trait space or patterns of intraspecific trait variation in lo-
cal assemblages (e.g., Zaoli et al. 2017, Fajardo and Siefert 2018, Osnas et al.
2018).

3.2.3 The cost-benefit model for the evolution of carnivorous
plants

Because of the high costs of constructing plant traps and the constraint of living
in very low-N environments, the placement of carnivorous plants in the trait spec-
trum provides instructive examples and counter-examples of the overall trends for
vascular plants (chapter 5; Ellison and Farnsworth 2005, Farnsworth and Ellison
2008; Karagatzides and Ellison 2009). Carnivorous plants, including S. purpurea,
have solved the evolutionary problem of maximizing carbon gain while minimiz-
ing costs of nutrient acquisition and leaf (and trap) construction differently from
other plants. Although the outcomes are different, the same rules apply. The over-
riding goal is to maximize the marginal, whole-plant carbon gain from photosyn-
thesis while minimizing the marginal costs of doing so (figure 3.4; Givnish et al.
1984, 2018).

Carnivorous traps supply crucial macro- and micronutrients obtained from
mineralization of captured prey. Traps are derived from leaves (§2.2.1) and their
production is accompanied by an evolutionary reduction in the size of their root
systems. For initial investments in trap construction, carbon gain increases as more
nutrients are captured and allocated to production of additional photosynthetic en-
zymes and plant growth (the “benefits” curves B1 and B2 in figure 3.4. However,
these benefits curves eventually level off because the C3 photosynthetic pathway
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used by all carnivorous plants becomes saturated. In contrast, the cost curve C
in figure 3.4 is linear because there are fixed “costs”—in terms of carbon, nutri-
ents, water—to producing each additional trap (Karagatzides and Ellison 2009)
and each trap captures only a finite amount of prey. In general, the linear cost
curve is expected to eventually surpass the asymptotic benefits curve. The differ-
ence between the absolute benefit and cost curves in figure 3.4 yields the marginal
benefit (or marginal cost) of carnivory. Carnivory as an evolutionary strategy is
favored only when the marginal benefits are maximized relative to other light-
and nutrient-gathering strategies (grey-shaded region in figure 3.4; Givnish et al.
1984, 2018).
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Figure 3.3: Global spectra of plant traits, showing relationships between mass-based leaf nitrogen
(Nmass), phosphorus (Pmass), and potassium (Kmass) content (all in mg/g); specific leaf area (in
mm2/mg); mass-based maximum photosynthetic rate (Amass in µmol · g−1 · s−1) and leaf lifespan
(in months). Data compiled from the TRY database (Kattge et al. 2011; details of the datasets we
used are discussed below and in chapter 5)
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Figure 3.4: The basic cost-benefit model for the evolution of botanical carnivory reflects trade-offs
between costs of producing traps and benefits accruing from them. Costs are assumed to increase
constantly with allocation to traps, whereas benefits increase and then level off when plants reach
their photosynthetic maxima. Carnivory is expected to evolve whenever the marginal benefits of
additional investments in carnivorous structures exceed the marginal costs of doing so (grey shaded
area). This occurs on the upward limb of the B curve, when C is small and dB/dx > dC/dx. These
conditions are most likely in sunny, moist, and nutrient-poor habitats. Modified from Givnish et
al. (1984, 2018).



62 Context

3.3 Anthropogenic activities alter resource availabil-
ity and fluxes

Contemporary cost-benefit models make predictions about form and function of
whole plants and individual plant organs—spectra of plant traits—based on a
combination of light availability, nutrient and water limitation, and stoichiome-
try. These models assume that the environmental conditions in the habitats where
specific plant traits evolved were roughly constant for many generations, allow-
ing stabilizing selection to fine-tune plant morphology and physiology for a wide
range of plant species. But anthropogenic forcing factors, including changes in
atmospheric carbon dioxide concentrations and nutrient deposition, have changed
the global environment and altered the habitats in which plants live (figure 3.1).

These environmental changes have happened very rapidly, over a period of
only decades or centuries. The morphology, physiology, and phenology of many
annual plants have evolved in tandem with these environmental changes (e.g.,
Chapin 1993, Ackerly et al. 2000, Franks et al. 2007, Anderson et al. 2012a,
2012b, Sardens and Peñuelas 2012). In contrast, many of these environmental
changes have happened within only a few generations of long-lived perennial
plants such as Sarracenia. Thus, most of the observed changes in the morphol-
ogy and growth form of perennial plants in novel environments reflect phenotypic
plasticity and morphological or physiological acclimation (e.g., Anderson et al.
2012a, 2012b, Murren et al. 2015). Because these environmental changes have
occurred so rapidly, there has not yet been enough evolutionary time for adapta-
tion to occur. If the changes are not too fast or too severe, perennial species can
acclimate to environmental change through morphologically or physiologically
plastic responses (Wadgymar et al. 2018), including stoichiometric shifts within
plant tissues (Leal et al. 2017). However, there is a limit to how much variation
can be tolerated by individual plants during their lifetimes. At the population level,
directional selection will lead to changes in genotypic and allelic frequencies in
new environments. But if the changes exceed the genetic variation present in local
populations, they will go extinct, rather than acclimate or evolve.

Anthropogenic environmental changes also affect human well-being. Legisla-
tion and international agreements have been crafted in an attempt to mitigate or
reverse these changes. For example, the US Clean Air Act (42 USC. §7401 et seq.)
has, in the short-term, reduced the deposition of S- and N-containing compounds
(“acid rain”) that damage plants, alter stoichiometric ratios, nutrient fluxes, and
ecosystem dynamics, and impact human health (e.g., Warren et al. 2017, Green-
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baum 2018). Monitoring changes to ecosystems to determine whether mitigation
strategies have been successful requires indicator taxa alongside direct measure-
ments of deposition rates and nutrient fluxes (e.g., Wolseley et al. 2008). Changes
in tissue stoichiometery (e.g., Tessier and Raynal 2003), plant physiology and
morphology (e.g., van der Heijden et al. 2000, Ellison and Gotelli 2002), and
species composition (e.g., Battarbee and Charles 1987) all have proven to be use-
ful indicators. The physiology and life history of S. purpurea make it especially
useful as an indicator of atmospheric N deposition (§4.1.1; Ellison and Gotelli
2002).

Most studies of the effects of atmospheric deposition on plants, animals, and
ecosystems have focused on N and S deposition, which the Clean Air Act regu-
lates (along with particulates and ozone [O3]). Other elements also are important
for plant growth and metabolism, but normally they often are present in bedrock
and associated soils. Minerals in bedrock can be mobilized through erosion or re-
actions with pollutants found in atmospheric pollution (Rechcigl and Sparks 1985,
Driscoll et al. 2001) and can be spread by wind.

Phosphorus is a small but measurable component of atmospheric deposition
(Allen et al. 1968, Gore 1968, Boynton et al. 1995, Ahn and James 2001, Mlade-
nov et al. 2012, Tipping et al. 2014). There is much less data on P deposition
than on N deposition, but a recent compilation of direct-measurement data from
Europe, North and Central America, Africa, Asia, and Oceania estimated rates of
deposition of total P and PO4-P as 0.027 and 0.14 g m-2 yr-1, respectively (Tipping
et al. 2014). As biological aerosols, most P appears to be derived from agricul-
tural fertilizers and deposited near to its point of origin. However, long-distance
transport of P originating from fine desert dusts and soils does increase signifi-
cantly the concentrations of this important macronutrient in tropical forests, the
open ocean, and peatlands such as those where S. purpurea and other carnivorous
plants grow (Mahowald et al. 2008, Tipping et al. 2014). Large increases (in many
cases > 10-fold) in P loading also have occurred in the last two decades because
of widespread use of the herbicide glyphosate (Hébert et al. 2019). Glyphosate
usually is sprayed close to crops or from low-flying airplanes, but the herbicide
can drift short distances into nearby bogs or poor fens.

Because the large amount of atmospheric N deposition has resulted in stoi-
chiometric imbalance of N and P—and hence, N-limitation—P deposition may
be of some importance in estimating environmentally-driven N-limitation. Ma-
howald et al. (2008) estimated that 5–15% of total P and PO4-P is derived from
anthropogenic sources. Because P is rapidly taken up and re-used in many ecosys-
tems and can increase primary productivity in P-limited systems (Benitez-Nelson
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2000, Paytan and McLaughlin 2007), the effects of atmospherically-deposited P
may be larger than previously appreciated (Mahowald et al. 2008, Tipping et al.
2014). We explore the interaction between N-deposition and P-limitation in more
detail for S. purpurea in chapters 4 (§4.1.2, §4.2), 5 (§5.2) and 8 (§8.2.2, §8.2.3).

3.4 Summary
All plants need light, water, and nutrients to grow, survive, and reproduce. Bio-
physical constraints on ecophysiological processes and stoichiometry interact to
yield, via evolutionary dynamics, a finite set of physiological and morphological
solutions to meet these needs. These solutions reflect trade-offs and constraints
among competeing pressures to maximize photosynthetic rates, minimize water
losses from evapotranspiration and tissue losses from herbivory, and optimize nu-
trient uptake, use, and allocation. Global spectra of plant traits explain much of
the variation in growth and survival, relative abundance, and species composition
of plants across resource and environmental gradients. These global spectra have
been somewhat less successful at explaining idiosyncrasies of particular species at
specific locations, because of unique evolutionary histories, morphological plas-
ticity, and associated intraspecific variation. A fixed spectrum of traits implies that
the environments in which plants evolved have been relatively stable across multi-
ple generations. But ongoing and rapid anthropogenic environmental changes, in-
cluding increase in atmospheric [CO2], appropriation by humans of large amounts
of fresh water and nutrients, and alteration of water and nutrient cycles, are occur-
ring within a few generations of long-lived perennial taxa such as Sarracenia. In
the short term, perennial plants can acclimate to these changes, often with plas-
tic responses in traits and shifts in the stoichiometry of plant tissues. In the long
term, adaptation to chronic environmental change will require sufficient genetic
variation in plant traits to respond to natural selection.



Chapter 4

The small world: Stoichiometry and
nutrient limitation in pitcher plants
and other phytotelmata

Feed me more!

—[Audrey] Junior, in Griffith (1960: 32)

4.1 Stoichiometric manipulations of Sarracenia
Sarracenia purpurea is an excellent system for understanding the effects of abso-
lute and relative increases in nutrients because its nutrient uptake system is very
simple. The leaves form simple cups that fill with rainwater and act as traps for
arthropod prey (§2.2.1). Nutrients enter the plant primarily through prey capture
(Bradshaw and Creelman 1984) and passive uptake of dissolved nutrients in rain-
water (Chapin and Pastor 1995). The root system of S. purpurea is poorly devel-
oped and contributes little to nutrient uptake (Butler and Ellison 2007), although
there is some indirect evidence from reciprocal transplant experiments between
bogs and fens of more substantial N uptake through roots (Bott et al. 2008).

We emphasized in chapter 3 that plants may respond differently to changes
in absolute versus relative amounts of nutrients. In this chapter, we show that S.
purpurea responds very differently to inputs of inorganic nutrients from atmo-
spheric deposition versus inputs of organic nutrients from prey capture. We show
that nutrients from these two sources affect plant growth, morphology, and nutri-
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ent uptake in different ways. Ultimately, these responses scale up to differences in
long-term demography (chapter 7) and persistence at the continental scale (chap-
ter 8).

4.1.1 Effects of soluble N from atmospheric sources
In two separate field studies (Ellison and Gotelli 2002; Wakefield et al. 2005),
we manipulated absolute nutrient concentrations and relative nutrient ratios fed to
Sarracenia and found a variety of shifts in morphology and nutrient stoichiome-
try. In the first study, Ellison and Gotelli (2002) removed the Sarracenia pitcher
liquid and replaced it with different solutions of nutrients in distilled water. Treat-
ments included controls, micronutrient additions, P-only additions, N-only addi-
tions, and three treatments that altered N:P ratios with relatively modest changes
in absolute concentrations (figure 4.1).
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Figure 4.1: Relative size of leaves produced by Sarracenia purpurea as a function of inorganic
nitrogen (as 0.1 [LowN] or 1.0 [HighN] mg NH4-N/L as NH4Cl/L), phosphorus (as 0.025 [LowP]
or 0.25 [HighP] mg PO4-P/L as NaH2PO4), or micronutrients (10% Hoagland’s solution [Micros])
added weekly in one of nine combinations (LowN, LowP, High N, HighP, Micros; three stoicho-
metric manipulations: LowN + LowP [NP1], HighN + HighP [NP2], and HighN + LowP [NP3];
and distilled water controls [dH2O]) to replicate sets of ten pitchers. Figure redrawn from Ellison
and Gotelli (2002).

The plant responses were dramatic and occurred within a single growing sea-
son. As the N:P ratio increased, leaves developed relatively small pitchers with
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large flat keels (figure 4.1; keel illustrated in figure 2.6). In the extreme, plants
produced phyllodia, flat leaves that were all keel and no pitcher. Phyllodia de-
veloped as a result of some of the nutrient manipulations, but this leaf type also
is occasionally seen in unmanipulated populations (frequency ∼5% of all leaves
produced, based on > 10,000 plants sampled from 77 bogs in the six New Eng-
land states and 22 years of observations at Molly Bog in Vermont) and occurs in
response to a variety of environmental stressors (Mandossian 1966).

Phyllodia have a higher density of stomata and are photosynthetically more
efficient than normal pitchers (Ellison and Gotelli 2002; figure 4.2). Based on
the results from our short-term experimental study, the phenotypically plastic re-
sponse of the plant to shift from production of pitchers to phyllodia seems to be
adaptive: when atmospheric N is relatively scarce (controls), plants form pitchers
to catch arthropod prey, but when atmospheric N deposition is high relative to P
(N and high N:P additions), plants shifts to “foraging” on carbon (Ellison 2019a).
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Figure 4.2: Maximum photosynthetic rates of pitchers as a function of keel size. Relative keel size
increased (from left to right) with increasing N addition (see figure 4.1). Line fit using robust linear
regression. Redrawn from Ellison and Gotelli (2002).

We measured plant morphlogy and pore-water chemistry in thirteen ombrotrophic
bogs (herbaceous wetlands that have virtually no contact with groundwater) and
poor fens (nutrient-poor herbaceous wetlands that are in contact with groundwa-
ter) in Connecticut, Massachusetts, and Vermont (USA). Average keel width was
positively correlated with pore-water N concentrations, which in turn largely re-
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flected estimated atmospheric inputs (Ellison and Gotelli 2002; figure 4.3). The
US National Forest Service has adopted this measure of Sarracenia leaf mor-
phology, which presumably integrates N and P inputs over several seasons, as an
inexpensive biological indicator of atmospheric N deposition (Pardo et al. 2011).
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Figure 4.3: Pore water NH4 concentration at 26 bogs in Massachusetts (mainland sites and two
bogs sampled on the island of Martha’s Vineyard shown in different symbols) and Vermont. Re-
drawn from Ellison and Gotelli (2002).

4.1.2 Effects of nutrient inputs from supplemental prey
In a second field experiment that we did in another bog in northern Vermont
(Belvidere Bog), we varied the quantity of all food resources, but maintained
fixed stoichiometric ratios (Wakefield et al. 2005). In this experiment, we supple-
mented the natural diet of pitcher plants with an additional 2–14 frozen houseflies
per week (7 treatment levels plus the controls) over the course of a single grow-
ing season. Houseflies have an average N:P:K ratio of 103:8:9 (Wakefield et al.
2005), which is very similar to the stoichiometric ratio of these three macronu-
trients in ants (12:1.5:1; Farnsworth and Ellison 2008) that are the most common
prey captured by Sarracenia (Ellison and Gotelli 2009). This experiment altered
the absolute amount of nutrients provided, but retained a balanced nutrient ratio
across all treatments. At the end of the experiment, we measured and harvested
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the leaves, and assayed the nutrient content (N, P, K, Mg, Ca) in the leaves and
the pitcher fluid.

In contrast to when we manipulated nutrient ratios from atmospheric inputs
(figures 4.1, 4.2; (Ellison and Gotelli 2002), feeding plants additional prey did not
alter the size or morphology of leaves by the end of the season, nor did it affect
within-season measures of photosynthetic rate (Wakefield et al. 2005). But this
does not mean that Sarracenia was unresponsive to increases in absolute resource
levels. Instead of shifts in plant growth and morphology, nutrient concentrations
in the leaves and in the pitcher water were strongly affected.

Wakefield et al.’s (2005) most striking result was that tissue N concentration
almost doubled across the range of treatments, from 1% in the controls to almost
2% in pitchers fed the most prey (figure 4.4; Wakefield et al. 2005); at this high-N
tissue concentration, terrestrial plants start to become attractive to insect herbi-
vores (Mattson 1980, R. Denno, personal communication to NJG). The enrich-
ment from the experimental treatments was apparent from a distance: the high-
est prey-addition treatments were literally stuffed with rotting flies and could be
smelled in the field from several meters away. The fluid in these pitchers was al-
most completely anoxic (see also chapter 13), and [NH4] were almost an order of
magnitude higher than in the controls (Wakefield et al. 2005).

We anticipated that this severe enrichment would have led to an asymptote or
decline in the rate of N uptake by Sarracenia leaves because such high concentra-
tions of N in leaves could have been toxic. Instead, Wakefield et al. (2005) never
observed an upper limit for uptake of N by S. purpurea. Phosphorus and K uptake
also increased with additional feeding. Magnesium levels differed by treatment,
but not in the same order as the number of flies fed to the plants, while Ca levels
were not affected by prey additions (figure 4.4).

However, the uptake rates were not equivalent for different macronutrients
and the stoichiometry of leaf tissues shifted with feeding levels. Specifically, the
N:P ratio in the tissues of control plants was just over 17, significantly higher
than in any of the prey-addition treatments. Because this ratio also exceeded 15,
the data imply that the plants experiencing ambient levels of atmospheric inputs
and prey availability were P-limited (Koerselman and Meuleman 1996, Aerts and
Chapin 2000, Ellison 2006). This conclusion also was supported by the near-zero
[P] measured in the pitcher fluid of all plants and by the observation that tissue P
rose faster at higher treatment levels than did tissue N.

Taken together, these results suggest that mineralized phosphorus was taken
up immediately by plant tissues (Ellison 2006). Although both N and P uptake
increased with additional feeding, plants consistently took up relatively more P
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than N, and the plants shifted from being P-limited (N:P > 16) to being N-limited
(N:P < 14). After a sharp drop in the N:P ratio from 17 in the controls to 11.8 in
the lowest feeding level (2 flies/week), the ratio then dropped more slowly to 9.1
in the highest feeding treatment (14 flies/week) (figure 4.5; Wakefield et al. 2005).

4.1.3 Synthesis of supplemental feeding experiments
Ternary plots of N, P, and K values for leaf tissues from plants in both exper-
iments indicated that plants were strongly P-limited or co-limited by N and P
(figure 4.5). Unlike the experiment in which we added inorganic N to pitchers
(figures 4.1, 4.2), we saw no changes in leaf morphology or photosynthetic rates
when plants were fed additional prey. As plants shifted from being P-limited under
ambient conditions to being N-, K-, or N+K-limited following prey enrichment,
their morphological responses were to continue to produce pitchers to capture ad-
ditional prey, perhaps to yield a more stoichiometrically balanced diet of N, P, and
other macro- or micronutrients. In contrast, the “fast-food diet” provided by at-
mospheric inputs of N alone led to stoichiometric imbalances and a shift towards
production of phyllodia.

Both of these experiments were run for only a single season. However, S.
purpurea stores excess nutrients absorbed within a single season and reallocates
them to pitcher and flower production in subsequent seasons (Butler and Elli-
son 2007). Perhaps if we had continued our experiments for multiple seasons,
we would have seen a positive growth response, as has been observed in prey-
or nutrient-enrichment experiments using other carnivorous plant species (Ellison
2006). Other experiments with S. purpurea and subsequent demographic model-
ing similarly revealed positive growth responses following prey enrichment, but
not when plants were supplied with additional inorganic nutrients (chapters 7–8).



1. Sarracenia stoichiometry 71

C
alciu

m
P
o
tassiu

m
M

agn
esiu

m
P
h
o
sp

h
o
ru

s
N

itro
gen

0 2 4 6 8 10 12 14

500

1000

3000

6000

9000

500

1000

1500

2000

2500

0

1000

2000

3000

1.0

1.5

2.0

2.5

Flies added per week

C
o
n
ce

n
tr

at
io

n
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N limited

K or K+N

limited

P or P+N limited

Figure 4.5: Ternary plot of N, P, and K concentrations in Sarracenia pitchers fed supplemental
prey or inorganic nutrients (Nmass (%) = N

N+10P+K , Pmass (%) = 10P
N+10P+K , Kmass (%) =

K
N+10P+K ). Triangles = prey addition experiment (Wakefield et al. 2005); circles = inorganic nu-
trient addition experiment (Ellison and Gotelli 2002). Symbol shading increases with relative N
content of the different experimental treatments. White symbols: no supplemental prey or distilled
water or only micronutrients; pale gray symbols: high P, low P, low N; increasingly dark gray
symbols: N:P = 1:1.25 (NP1 in 4.1), N:P = 4:1 (NP2), N:P= 40:1 (NP3); black symbols: high N
or supplemental prey. Nutrient-limitation boundaries (grey lines) are based on the criteria of Olde
Venterink et al. (2003).
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4.2 Nutrient additions in other phytotelmata
Trait plasticity and responsiveness to nutrient additions characterize both other
carnivorous plants (reviewed by Ellison 2006) and epiphytes and bromeliads. For
example, S. purpurea in bogs and fens of Wisconsin appeared to be N-, not P-
limited, but plants in high-N bogs produced more phyllodia and plant morphology
and leaf [N] converged to that of the local environment when plants were recipro-
cally transplanted between bog and fen (Bott et al. 2008). N:P ratios of epiphytic
Tillandsia L. also converged in reciprocal transplant experiments among four sites
in the Atacama desert (González. et al. 2011) In that habitat, most N uptake was
from fog water, which did not differ in its nutrient profile among sites.

Although much of the early work on plant carnivory emphasized N-limitation,
carnivorous plants grow in habitats in which virtually all macro- and micronutri-
ents are in short supply (Adamec 1997). In such habitats, arthropod prey provide a
variety of macro- and micronutrients and trace elements. For example, in addition
to uptake of N and P, the pitcher plants Sarracenia purpurea ssp. purpurea f. het-
erophylla (Eaton) Fern., Cephalotus follicularis La Billadiere, and Heliamphora
nutans Bentham actively uptake and translocate K, Mn, and Fe to varying degrees
(Adlassnig et al. 2009). Although there are two carnivorous bromeliad species
(Brocchnia reducta Baker and Catopsis berteroniana (Schult. & Schult. f.) Mez;
Cross et al. 2018), all other tank bromeliads lack specialized traps for insect prey.
Nonetheless, tank bromeliads accumulate large volumes of water and detritus
and respond to N and P additions (Ngai and Srivastava 2006; González et al.
2014). The C:N ratio of plant tissues in Neotropical bromeliads largely reflects al-
lochthonous detrital inputs, with some inputs from photosynthetic algae in sunny
habitats (Farjalla et al. 2016).

Carnivorous plants and bromeliads are strongly nutrient-limited, take in most
of their nutrients through leaf surfaces rather than root tips, and are surprisingly
plastic in their growth. At large scales, N:P ratios generally increase towards the
equator, consistent with the idea that P limits plant growth at low latitudes in
more weathered soils, whereas N limitation is more important in younger temper-
ate and high-latitude soils (Reich and Oleksyn 2004). Clinal gradients in nutrient
stoichiometry could mirror spatial gradients in prey availability, and especially in
rates of atmospheric deposition in different habitats.

For example, chronically high levels of atmospheric N deposition in the north-
eastern US may be responsible for stoichiometric P limitation in S. purpurea and
other wetland plants. Across a set of 20 poor fens in Vermont and Massachusetts,
N:P and N:K ratios of S. purpurea increased with elevation along a geographic
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transect from the southeast (near Boston, Massachusetts) to the northwest (in Ver-
mont; Gotelli et al. 2008). The chemistry of pore-water samples from these bogs
mostly reflected atmospheric deposition and varied spatially. From the southeast
to the northwest, concentrations of dissolved organic carbon (DOC), dissolved
organic nitrogen (DON), Cu, Mg, NO3, Al, and K all decreased. Although it is
difficult to tease apart cause and effect, this spatial variance parallels a gradient
of decreasing human population density, urbanization—and probably nutrient en-
richment (Ellison and Gotelli 2002).

In contrast, pore-water concentrations of SO4 and Al were highest in the west-
ern sites, and SO4 concentrations increased with elevation. These patterns may
have reflected atmospheric inputs from the Ohio River Valley leading to increased
acidic deposition, which is known to cause Al to be leached from soils (Schaberg
et al. 2000). Nutrient stoichiometry of S. purpurea leaf tissues reflects both the
physiological constraints of overall nutrient limitation and the particular nutrient
ratios that plants experience in different sites.

Similarly, on an elevational gradient in Puerto Rico from lowland forest to
dwarf cloud forest, biomass and N:P ratios of the bromeliads Guzmania bertero-
niana (Schult. f.) Mez, G. lingulata (L.) Mez, and Vriesea sintenisii (Baker) L.B.
Sm. & Pittend. increased with elevation, again probably reflecting greater nutri-
ent inputs from atmospheric sources at higher elevations (Richardson et al. 2000).
Controlled nutrient additions in a factorial experiment with N and P demonstrate
that Tillandsia elongata H.B.K. var. subimbricata (Bak.) L. B. Sm. is co-limited
by both N and P concentrations, and tissue N:P ratios changed in response to both
nutrients (Zotz and Assoff 2010).

At smaller scales, we would expect to find spatial variation among populations
in nutrient content of leaves. For example, at the same site in central Argentina
where González et al. (2011) worked, the N:P ratio of leaf tissue in epiphytic
Tillandsia capillaris Ruiz & Pavón was higher when they grew attached to tele-
phone wires (5.7) than on trees (4.5; Abril and Bucher 2009). The difference prob-
ably reflects the greater input of atmospheric N to the plants growing on telephone
wires.

Converting nutrient ratios in both plant data and environmental samples to a
multi-dimensional “stoichiometric niche” (González et al. 2017) is a promising
framework for scaling up plant responses and growth. We begin exploring that
framework in chapter 5. Subsequently, in chapter 8, we discuss continental-scale
demographic consequences of spatial gradients in nutrient deposition.
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4.3 Summary
Like all carnivorous plants, S. purpurea evolved under conditions of chronically
low nutrient availability. In the last 150 years, anthropogenic emissions have greatly
increased atmospheric inputs of N. Within only one or two Sarracenia lifespans,
the ambient environmental conditions in which S. purpurea grows has shifted
from N-limited or N+P-co-limited to P-limited. This novel environmental back-
ground likely has resulted in contrasting responses of S. purpurea and other car-
nivorous plants to prey additions versus additions of soluble, inorganic nutrient
solutions. The former is a “balanced diet” that includes needed sources of N, P,
K, micronutrients, and co-factors that together can enhance growth. In contrast,
atmospheric deposition is a “fast-food diet” of empty calories with excess solu-
ble N. Like the protagonist in the 2004 documentary film Super Size Me—whose
30-day fast-food diet led to rapid weight gain and metabolic dysfunction—S. pur-
purea responds to inorganic N additions through dramatic phenotypic plasticity
and physiological changes. These acclimatory responses have negative effects in
the longer term, because inorganic N additions also increase juvenile mortality.
Ultimately, these physiological and demographic shifts can lead to population de-
cline as overall death rates exceed birth rates in environments with high rates of N
deposition.
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Chapter 5

Scaling Up: Stoichiometry, traits,
and the place of Sarracenia in global
spectra

I like a balanced universe.

—God, in Atwood (2004: 9)

From a continually expanding dataset of more than 100,000 plant species
(Kattge et al. 2011), ecologists and evolutionary biologists have identified pre-
dictable scaling relationships among core physiological and morphological traits
(figure 3.3; Wright et al. 2004, Díaz et al. 2016). Under ambient conditions, the
carnivorous plants as a group are in the statistical tails of these trait distributions
(Ellison and Farnsworth 2005, Farnsworth and Ellison 2008, Ellison and Adamec
2011). In this chapter, we explore the relationships between traits, stoichiome-
try, and environmental conditions observed for S. purpurea and other carnivorous
plants in the broader context of these global spectra (Wright et al. 2004, Reich
2014, Díaz et al. 2016) and global stoichiometric relationships (González et al.
2017). This approach to scaling focuses on dimensionless variables, common ra-
tios, and scaling relationships across systems.

5.1 Global plant trait spectra
Central to macroecology is the identification of scaling relationships—ideally de-
rived from physical constraints or first principles—that link form, function, distri-

77



78 Scaling up

bution, and abundance. All plants fix carbon, uptake a finite range of nutrients, and
allocate the derived resources (e.g., sugars, starches, nucleic acids, proteins, ATP)
to physiological processes responsible for maintenance, growth, survivorship, and
reproduction. Scaling relationships among a range of key traits that drive and
maintain these processes, including Amass, leaf mass per unit area (LMA in g/m2),
and mass-based concentrations of N and P (Nmass, Pmass in mg/g), are broadly
consistent across tens of thousands plant species (Wright et al. 2004, Díaz et al.
2016). These predictable scaling relationships have been called the “worldwide
leaf economics spectrum” (Wright et al. 2004), the “‘fast-slow’ plant economics
spectrum” and the “global spectrum of plant form and function” (Díaz et al. 2016).

5.1.1 Traits
The key process underlying these global spectra is the return—expressed as some
measure of fitness—on the investment (or allocation) of photosynthate, acquired
nutrients, and water (Wright et al. 2004, Reich 2014). For most plants, sugars and
nutrients are the essential resources used to construct roots, leaves, and stems.
Roots in turn, return water and nutrients; leaves return more photosynthate; and
stems support the leaves and are anchored by the roots. Thus, the worldwide leaf
economics spectrum focused on Amass, LMA, Nmass, and Pmass, along with dark
respiration rate and leaf longevity (Wright et al. 2004). By also including water as
an essential resource, Reich (2014) extended the scaling relationships to include
roots and stems and identified scaling relationships in traits that link roots and
stems with leaves. Reich (2014) further posited that the combination of physical
constraints and strong selection for traits and life histories would lead to all organs
and physiological or resource allocation processes of individual taxa falling on a
“fast-slow” spectrum. That is, if a plant has a high (low) rate of resource acquisi-
tion, it would also have fast (slow) rate of growth and rapid (slow) physiological
processes. Díaz et al. (2016) brought these two ideas together in an analysis of six
related functional traits: adult plant height, stem specific density (mg/mm3), leaf
area (mm2), LMA, Nmass, and diaspore mass (mg).

5.1.2 Trait data
The first global compilation of plant trait data was the Global Plant Trait Net-
work (GLOPNET) dataset (Wright et al. 2004), which included traits from 2548
species representing 219 families and 175 sites. Only three carnivorous plant
species—S. purpurea (two records) and two Drosera species—were included in
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the GLOPNET dataset. A much larger database of plant traits is the TRY Plant
Trait Database (Kattge et al. 2011). The version of TRY from which we extracted
trait data for comparison with S. purpurea and other carnivorous plants (version
4.1; 4 February 2018), included nearly 7 million records of 1800 traits from nearly
150,000 plant taxa (the original GLOPNET dataset is now incorporated into TRY).
Whereas Wright et al. (2004) focused on scaling relationships of species-specific
mean trait values, Kattge et al. (2011) reported that intraspecific differences in
traits accounted for up to 40% of the overall variation. Carnivorous plants are
much better represented in TRY (338 species), and appear in approximately the
same proportion as they are found among vascular plants as a whole (0.2%; El-
lison and Adamec 2018, Millett et al. ms. in preparation). However, for most of
these carnivorous plant species, data on only a few traits are available in TRY.

For the analyses in this chapter, we focused principally on nutrient traits (mass-
based N, P, and K) and stoichiometric ratios because these data are most plentiful
for carnivorous plants. We also synthesized and discuss the more limited data
on photosynthesis and construction costs of carnivorous plants to further iden-
tify their positions along global trait spectra. Specifically, we aggregated data
from the following TRY datasets: GLOPNET (dataset 20; Wright et al. 2004),
BiodiERsA-PEATBOG campaign: plant CNP (dataset 324; Bjorn Robroek, un-
published); Global Leaf Element Composition Database (dataset 81; Watanabe et
al. 2007); and The Americas N & P database (dataset 129; Kerkhoff et al. 2006).

These data were merged, and duplicate entries were removed. We then added
additional carnivorous plant data from our own work (Ellison and Gotelli 2002,
Ellison et al. 2004, Ellison and Farnsworth 2005, Wakefield et al. 2005, Ellison
2006, Farnsworth and Ellison 2008, Gotelli et al. 2008, Ellison and Adamec 2011,
Millett et al. ms. in preparation; Harvard Forest Data Archive datasets HF109,
HF112, HF146, HF168, and will provide TRY dataset name and number upon
accession.

5.2 Carnivorous plants in global trait spectra

5.2.1 Nutrient concentrations
Carnivorous plants normally have leaf Nmass and Pmass values that are much lower
than those of non-carnivorous plants (Ellison 2006) and below absolute levels at
which each nutrient limits physiological processes and growth (20 mg/g of N, 1
mg/g of P) (figures 5.1–5.3; Koerlsman and Meuleman 1996, Arts and Chapin
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2000). Leaf Kmass is similarly low in terrestrial carnivorous plants, but higher in
aquatic carnivorous plants (Ellison 2006, Ellison and Adamec 2011). However,
in neither group do measured tissue concentrations reach limiting levels (8 mg/g;
Olde Venterink et al. 2002) (figures 5.2, 5.3).

The median leaf Nmass for field or lab-grown carnivorous plants that have not
been fed supplemental prey or inorganic nutrients is 12.6 mg/g, well below the
10th percentile for forbs, deciduous shrubs, and deciduous trees, and below the 25th

percentile for graminoids. Similarly, the median leaf Pmass for carnivorous plants
(0.94 mg/g) is well below the 10th percentile for forbs, deciduous shrubs, and
deciduous trees, but modestly above that of graminoids. Median Kmass of carnivo-
rous plants ranges from 7 mg/g (terrestrial species) to 16 mg/g (aquatic species);
both values fall within expected ranges of non-carnivorous species (Ellison 2006,
Ellison and Adamec 2011).

Overall, despite their generally herbaceous habit, macronutrient concentra-
tions of carnivorous plants are more similar to those seen in evergreen shrubs
and trees than they are to forbs or graminoids (Ellison 2006). Although evergreen
trees and shrubs have some of the lowest measured values of photosynthetic nu-
trient use efficiency (PNUE: Wright et al., 2005), they are still photosynthetically
more efficient in their nutrient use than are carnivorous plants (Ellison 2006, Elli-
son and Adamec 2011).

5.2.2 Nutrient stoichiometry
Even when their tissue nutrient concentrations are above a critical minimum,
Sarracenia species and other carnivorous plants often are stoichiometrically P-
limited (figures 5.1–5.3). Plotting all three nutrients together on a ternary plot, as
suggested by Olde Venterink et al. (2002), reveals that the majority of carnivo-
rous plants—including Sarracenia species—fall within the stoichiometric space
of non-carnivorous ones, but those that do not are strongly P or P+N limited (fig-
ure 5.4).

As we illustrated in chapter 4, the relationship between local environmental
conditions and the morphological expression of pitcher shape (i.e., keel width
or “phyllode-ness”) by S. purpurea is sensitive to imbalances in N:P inputs (fig-
ure 4.1). For carnivorous plants, the local environment is generally nutrient-poor,
bright, and waterlogged (Givnish et al. 2004, 2018); light and water are rarely
limiting, but nutrients are. In their evolutionary past, carnivorous plants relied on
the capture of individual insect prey and occasional insect swarms as their pri-
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mary source of nutrients. In today’s world, nutrient subsidies can also come from
atmospheric inputs, surface runoff, or even experimental feeding by ecologists.

5.2.3 Stoichiometric effects of supplemental prey on carnivo-
rous plants

Although there have been many studies that have explored the effects of prey ad-
dition on carnivorous plant growth (Ellison 2006), only a handful have measured
tissue nutrient concentrations. Wakefield et al. (2005) fed varying numbers of
houseflies (Musca domestica L.) to S. purpurea and generally observed increases
in mass-based N, P, and K concentrations and shifts in stoichiometric ratios (figure
4.4).

The plants preferentially absorbed P while absorbing N and K in proportion
to their concentration in the flies. Thus, ratios of N:P and K:P in pitcher-plant
tissues shifted towards much higher absolute P concentrations and consequent
stoichiometric N or K limitation (figures 5.5, 5.6). Parallel increases in Nmass and
Kmass did not change N:K ratios, however (figure 5.7). Plotting these results on a
ternary plot revealed that preferential uptake of P led plants to move into the 50th

percentile of N:P:K space occupied by noncarnivorous plants (figure 5.8).
Farnsworth and Ellison (2008) fed different amounts of ground wasps (Dolichovespula

maculata (L.)) to ten species of greenhouse-grown Sarracenia. Ground wasps
have elemental ratios (C:N = 5.99:1; N:P:K = 10.7:1.75:1.01) similar to those
of the ants that make up the preponderance of the prey captured by S. purpurea
(C:N = 5.9:1; N:P:K = 12.1:1.52:0.93; Farnsworth and Ellison 2008). Like Wake-
field et al. (2005), Farnsworth and Ellison (2008) observed a decrease in tissue
N:P of fed plants (figure 5.5) and a rapid trans-location of P from older to younger
leaves. Although Farnsworth and Ellison (2008) measured Kmass, they did not ex-
amine N:K or P:K ratios. Our re-analysis of those data revealed similar patterns
to those reported by Wakefield et al. (figures 5.6, 5.7). Through preferential up-
take of P from prey, leaf Nmass and Pmass shifted more towards the group centroid
of non-carnivorous plants (figure 5.8). Similar results were obtained by Chapin
and Pastor (1995) for S. purpurea and Chandler and Anderson (1976) for Drosera
whittakeri Planch.



82 Scaling up

5.2.4 Stoichiometric effects of adding inorganic nutrients to
carnivorous plants

The prey addition experiments described in the last section suggested that Sar-
racenia species and at least one species of Drosera preferentially take up P from
prey. Experiments in which inorganic nutrients, including NH4

+, NO3
- and PO4

+,
were fed directly to these species exhibited much greater effects in the same direc-
tion (figures 5.9–5.12). When S. purpurea was fed inorganic N alone as NH4Cl,
it took up all the supplemental N (Chapin and Pastor 1995, Ellison and Gotelli
2002). Drosera whittakeri fed inorganic N as Ca(NO3) + (NH4)SO4) also took up
all the supplemental N. Similarly, when S. purpurea was fed P alone as KH2PO4

(Chapin and Pastor 1995) or NaH2PO4 (Ellison and Gotelli 2002), it took up all the
available P. But when fed mixtures of inorganic N and P (as NH4Cl + NaH2PO4) in
various ratios, the plants took up virtually all the P but very little of the N (figures
5.9, 5.11; Ellison and Gotelli 2002).

This result was not unexpected, because addition of NH4 rapidly induces phos-
phatase production by S. purpurea (Gallie and Chang 1997). Drosera whittakeri
fed KH2PO4 responded similarly (Chandler and Anderson 1976). K was measured
in all these experiments, but was not manipulated. However, even when K was
added as part of the PO4 salt, the plants preferentially took up the P (figures 5.10,
5.11). Among carnivorous plants overall, phosphatases are produced more fre-
quently and in greater concentrations than other hydrolytic enzymes, suggesting
convergent evolutionary responses to P limitation in carnivorous-plant habitats.

How do these data compare with the non-carnivorous plants in the TRY database?
In contrast to the prey-addition experiments (figure 5.8), preferential uptake of in-
organic P moved S. purpurea and D. whittakeri well outside even the 95% con-
fidence bounds of nutrient stoichiometry of non-carnivorous plants (figures 5.9–
5.12). This pattern illustrated that environmental conditions can lead to substantial
intraspecific variability in leaf traits, as has been observed in other taxa (e.g., Za-
oli et al. 2017, Fajardo and Siefert 2018, Osnas et al. 2018). It also suggested that
available nutrients may play a much greater role in stoichiometric properties of
plant tissues than would be expected from global spectra of plant traits. However,
it is also important to note that these experiments all were relatively short-term,
and plants may regulate tissue nutrient stoichiometry through re-allocation over
longer time scales.
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5.2.5 Photosynthesis and construction costs
Because carnivorous plants typically have low photosynthetic rates and low PNUE
(Ellison 2006), we would expect them to be very conservative in how they allo-
cate photosynthate and nutrients to the construction of new traps. Construction
costs for a particular organ (e.g., leaf, trap, stem, root) are measured in units of
g glucose / g dry mass, which provides one measure of speed on Reich’s (2004)
“fast-slow” spectrum. Unscaled construction costs measure the absolute costs and
benefits of an organ, but when scaled relative to Amass, they yield an estimate of
the marginal costs (Givnish et al. 2004, 2018) or “payback time” of a trap: the
amount of time that a leaf must photosynthesize at its average rate to recover (or
amortize) the amount of carbon used to construct the trap (Poorter et al. 2006).
Because carnivorous plants grow slowly, photosynthesize at low rates, and have
a low PNUE, they are at the slow end of the slow-fast plant spectrum. Thus, we
predicted that the construction costs of traps (which are modified leaves; §2.2.1)
would be correspondingly high.

But surprisingly, we found that construction costs of traps, as well as roots and
rhizomes, of a wide range of carnivorous plants, (species of Sarracenia, Darling-
tonia, Drosera, and Nepenthes), are substantially lower than the construction costs
of leaves or roots of non-carnivorous plants (Karagatzides and Ellison 2009). At
first glance, this result implied that traps are relatively inexpensive, perhaps be-
cause they are built from relatively cheap total structural carbohydrates isntead
of expensive compounds and structures needed for photosynthesis (Poorter and
Villar 1997).

However, when we scaled construction costs to Amass, the payback time for
constructing a trap turned out to be very long, ranging from ≈ 500 hours/g dry
mass of a S. rubra trap to > 1500 hours/g dry mass of a S. purpurea trap (Kara-
gatzides and Ellison 2009). If we assume ≈ 10 hours/day of sun available for
photosynthesis, this payback time translates to ≈ 50–150 days of photosynthe-
sis to create a single trap (Karagatzides and Ellison 2009). This payback time is
nearly an order of magnitude longer than that estimated for leaf construction of
other herbaceous perennials (Williams et al. 1989) or adult trees (Poorter et al.
2006).

The long payback times of Sarracenia traps may be ameliorated somewhat by
the long lifespan of the plants and their traps; efficient nutrient retention, resorp-
tion, and recycling between traps (Butler and Ellison 2007); seasonal variability in
Amass; and production of photosynthetically more efficient flat phyllodia (Ellison
and Gotelli 2002, Pavlovič et al. 2007). However, first-year leaves are more pho-
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tosynthetically active and trap insects more efficiently than older leaves (Fish and
Hall 1978), so it may be difficult for the plant to ever recover its construction costs,
particularly in high-latitude populations where the growing season each year can
be < 90 days. In short, carnivorous plants seem to be among the slowest of the
slow plants on the slow-fast spectrum.
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Figure 5.1: Nmass and Pmass (mg/g) of non-carnivorous plants and carnivorous plants. Each gray
point represents the average Nmass and Pmass of a non-carnivorous plant species (TRY data, n
= 1324 species); solid and dashed ellipses are the bivariate 50th- and 95th-percentile confidence
bounds for the TRY data. Carnivorous plants include Sarracenia species (black triangles) and
other carnivorous plant species (dark grey circles). Reference line is the N:P ratio (14.5) where
neither N nor P are stoichiometrically limiting.
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Figure 5.2: Nmass and Kmass (mg/g) of non-carnivorous plants and carnivorous plants. Each gray
point represents the average Nmass and Pmass in a non-carnivorous plant species (TRY data, n = 1324
species); solid and dashed ellipses are the bivariate 50th- and 95th-percentile confidence bounds for
the TRY data. Carnivorous plants include Sarracenia species (black triangles) and other carnivo-
rous plant species (dark grey circles). Reference line is the N:K ratio (3.1) where neither N nor K
are stoichiometrically limiting.
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Figure 5.3: Pmass and Kmass (mg/g) of non-carnivorous plants and carnivorous plants. Each gray
point represents the average Nmass and Pmass in a non-carnivorous plant species (TRY data, n = 1324
species); solid and dashed ellipses are the bivariate 50th- and 95th-percentile confidence bounds for
the TRY data. Carnivorous plants include Sarracenia species (black triangles) and other carnivo-
rous plant species (dark grey circles). Reference line is the P:K ratio (3.4) where neither P nor K
are stoichiometrically limiting.
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Figure 5.4: Ternary plot illustrating potential stoichiometric limitation of N, P, or K in carnivorous
plant genera. Light grey circles are Nmass, Pmass, and Kmass for n = 283 non-carnivorous plants
from TRY; black triangles are Nmass, Pmass, and Kmass of Sarracenia species, and dark grey circles
are Nmass, Pmass, and Kmass values for other carnivorous species). Solid and dashed ellipses are the
bivariate 50th- and 95th-percentile confidence bounds for the TRY data.
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Figure 5.5: Nmass and Pmass (mg/g) of non-carnivorous plants and carnivorous plants in prey feed-
ing experiments. Gray points represent average Nmass and Pmass of non-carnivorous plants (TRY
data, n = 1324) and are bounded by bivariate 50% (solid) and 95% (dotted) confidence ellipses. Ar-
rows represent results of prey addition experiments (Wakefield et al. 2005, Farnsworth and Ellison
2008, Chapin and Pastor 1995, Chandler and Anderson 1976). Arrow bases are average nutrient
concentrations in control plants and arrow tips are average nutrient concentrations in fed plants.
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Figure 5.6: Pmass and Kmass (mg/g) of non-carnivorous plants and carnivorous plants in prey feed-
ing experiments. Gray points represent average Pmass and Kmass of non-carnivorous plants (TRY
data, n = 291) and are bounded by bivariate 50% (solid) and 95% (dotted) confidence ellipses.
Arrows represent results of prey addition experiments (Wakefield et al. 2005, Farnsworth and El-
lison 2008). Arrow bases are average nutrient concentrations in control plants and arrow tips are
average nutrient concentrations in fed plants.
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Figure 5.7: Nmass and Kmass (mg/g) of non-carnivorous plants and carnivorous plants in prey feed-
ing experiments. Gray points represent average Nmass and Kmass of non-carnivorous plants (TRY
data, n = 305) and are bounded by bivariate 50% (solid) and 95% (dotted) confidence ellipses.
Arrows represent results of prey addition experiments (Wakefield et al. 2005, Farnsworth and El-
lison 2008). Arrow bases are average nutrient concentrations in control plants and arrow tips are
average nutrient concentrations in fed plants.
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Figure 5.8: Ternary plot illustrating stoichiometric effects of prey addition on carnivorous plants.
Light grey circles are data for n = 283 non-carnivorous plants from TRY; solid and dashed el-
lipses are the bivariate 50th- and 95th-percentile confidence bounds for the TRY data. Each arrow
represents the results of a single prey addition experiment. The arrow base is the average nutrient
concentration in the control plants and the arrow tip is the average nutrient concentration in plants
that received supplemental prey. Experimental data from Wakefield et al. (2005) and Farnsworth
and Ellison (2008).
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Figure 5.9: (Caption on following page)
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Figure 5.9: Nmass and Pmass (mg/g) of non-carnivorous and carnivorous plants; the latter from three
nutrient-addition experiments. Gray points represent average Nmass and Pmass in non-carnivorous
plants (TRY data, n = 1324) and are bounded by bivariate 50% (solid) and 95% (dotted) confidence
ellipses. Arrows represent results of nutrient addition experiments. Arrow bases are average nu-
trient concentrations in control plants and arrow tips are average nutrient concentrations in plants
that received supplemental nutrients. N, P, NP: nutrient addition treatments to S. purpurea from
Chapin and Pastor (1995). N+, P+, N++, P++: Low(+) and high(++) nutrient additions of N or
P to S. purpurea from Ellison and Gotelli (2002). N:P(+), N:P(++), N:P(+++): low (+), medium
(++), and high (+++) N:P ratio addition treatments to S. purpurea from Ellison and Gotelli (2002).
Along the N++ vector are two short, unlabelled vectors for N and P additions to Drosera whittakeri
from Chandler and Anderson 1976.
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Figure 5.10: Nmass and Kmass (mg/g) of non-carnivorous plants and carnivorous plants; the latter
from Ellison and Gotell (2002). Gray points represent average Nmass and Kmass in non-carnivorous
plants (TRY data, n = 305) and are bounded by bivariate 50% (solid) and 95% (dotted) confidence
ellipses. Arrows represents results of the nutrient addition experiment. Arrow bases are average nu-
trient concentrations in control plants and arrow tips are average nutrient concentrations in plants
that received supplemental nutrients.
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Figure 5.11: Pmass and Kmass (mg/g) of non-carnivorous plants and carnivorous plants; the latter
from Ellison and Gotell (2002). Gray points represent average Pmass and Kmass in non-carnivorous
plants (TRY data, n = 291) and are bounded by bivariate 50% (solid) and 95% (dotted) confidence
ellipses. Arrows represents results of the nutrient addition experiment. Arrow bases are average nu-
trient concentrations in control plants and arrow tips are average nutrient concentrations in plants
that received supplemental nutrients.
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Figure 5.12: Ternary plot illustrating stoichiometric effects of inorganic nutrient addition on S.
purpurea. Light grey circles are data for n = 283 non-carnivorous plants from TRY; solid and
dashed ellipses are the bivariate 50th- and 95th-percentile confidence bounds for the TRY data.
Each arrow represents the results of adding inorganic nutrients to S. purpurea (data from Ellison
and Gotelli 2002). The arrow base is the average nutrient concentration in the control plants and
the arrow tip is the average nutrient concentration in plants that received supplemental inorganic
nutrients.
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5.3 Summary
Recent compilations of plant traits measured for more than 100,000 species have
revealed predictable scaling relationships among core physiological and morpho-
logical traits. Based on their rates of resource acquisition, individual growth, and
physiological processes, most plant species fit on a spectrum from “fast” to “slow”,
with strong positive correlations among these three rates. Compared to non-carnivorous
plants, Sarracenia is near the slow end of the spectrum, with low photosynthetic
rates and growth rates, and a relatively high cost of generating new traps and
flower buds. For stoichiometric traits, some aquatic carnivorous plants have leaf
Pmass that are substantially higher than most other plants. However, in the genus
Sarracenia, tissue nutrient concentrations of Nmass, Pmass, and Kmass are compara-
ble to most other terrestrial plants.

As a group, carnivorous plants show consistent responses to nutrient additions,
but the patterns are sharply different for inorganic nutrients versus nutrients de-
rived from prey. When carnivorous plants are supplemented with prey, they simul-
taneously take up several nutrients, and the net trajectory of nutrient uptake keeps
the plants within the ranges observed for non-carnivorous species. However, when
carnivorous plants are supplemented with inorganic nutrients, tissue nutrient ra-
tios depart greatly from the data for non-carnivorous plants. Both N and P in plant
tissues are highly elevated in response to enrichment from inorganic nutrients.

However, these results are derived from short-term nutrient addition experi-
ments, and it is unlikely that these highly elevated tissue concentrations can be
sustained in the long run. The traits and stoichiometry of carnivorous plants re-
flect adaptations to environments with low nutrients, few competitors, and bright
sunlight. It is unclear how Sarracenia will respond to the dramatic increases in
atmospheric N deposition over the past century, but several lines of evidence sug-
gest that the plants are now P-limited because of excess N inputs from atmospheric
sources.
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Chapter 6

Context: Demography, global
change, and the changing
distributions of species

The greatest shortcoming of the human race is our inability to under-
stand the exponential function.

–Albert A. Bartlett (1969 et seq.)

Demography—the study and analysis of patterns of births and deaths in a
population—holds a central place in ecology and evolutionary biology. Core con-
cepts and theories, such as density-dependence, r- and K-selection, the theory
of island biogeography, and the theory of evolution by natural (or sexual) selec-
tion, cannot be tested or applied without data on how many individuals are born
to a reproductive individual and how many of the offspring survive to reproduce
themselves. In this chapter, we first introduce the basics of demographic model-
ing. We then describe species distribution (or niche) models (SDMs), which use
species-occurrence records and environmental data to forecast species’ responses
to ongoing environmental change. These models are very popular now, but most
SDMs are based primarily on climatic data (temperature and precipitation) and
do not consider other environmental drivers, such as nutrient deposition. SDMs
also are built from species-occurrence data, but rarely incorporate demographic
data. In the next two chapters of this section, we build demographic models and
SDMs of S. purpurea to illustrate how integrating these two modeling frameworks
with additional environmental drivers yield more realistic forecasts of population
persistence and change.

101



102 Context

6.1 The basics of demography
Matrices of population age-, size-, or life-history stage are the foundation of de-
mographic analysis, and can be analyzed with either discrete-time mathematics
(e.g., Caswell 2006) or continuous integral projections (Ellner and Rees, 2006). A
discrete-time matrix population model takes the form

nt+1 = Ant (6.1)

where nt is a column vector with elements ni corresponding to the number of
individuals of age, size, or life-history stage i at time t and A is a square n ×
n matrix with entries aij corresponding to the probability that an individual of
(st)age i at time t will move (“transition to”) (st)age j at time t+1 (Caswell 2006).
The population vector of stages at time t+1 (nt+1) is obtained by left-multiplying
the transition matrix A by the population vector at time t (nt). Although the vector
n changes at each time step, the transition matrix A is a constant. In the absence
of environmental change, density-dependence, or mutation, it does not change
through time.

This simple model (equation 6.1) is deterministic, and after only a few time
steps, the population will achieve a stable (st)age distribution, with constant pro-
portions of individuals ni in each age, size, or stage class. Depending on the initial
distribution of stages at t = 0, there can be a period of transient dynamics, but the
population quickly settles into a stable stage distribution and the population grows
exponentially.1

In the deterministic model (equation 6.1), the eigenvectors and eigenvalues
of A yield the stable stage distribution, population growth rate λ, sensitivity and
elasticity of λ to the individual transitions, and other measures of reproductive
value and mathematical stability (Caswell 2006). The intrinsic rate of increase of a
population, r, can be estimated as ln(λ). Under many circumstances, λ also equals
the mean fitness of the population and each transition probability (reproduction,
survivorship, stage-transitions) can be interpreted as an individual component of
fitness (van Tienderen 2000).

1The corresponding integral projection model for equation 6.1 would be n(y, t + 1) =∫ U

L
K(y, x)n(x, t)dx, where n(x, t)dx is the number of individuals (n) with state variable x (e.g.,

size) ∈ [x, x+dx]. K(y, x) = P (y, x)+F (y, x) is the projection kernel (replacing the projection
matrix A in equation 6.1), in which P (·) and F (·) represent survival and fecundity, respectively,
in all possible states between L and U. Like equation 6.1, the integral projection model generates
a stable age distribution and exponential population growth, and can analyzed in much the same
way as the simpler discrete-time matrix model. See Ellner and Rees (2006) for additional details.
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Since the introduction of age-based Leslie matrices into ecology textbooks in
the 1960s and 1970s, and the publication by John Harper (1977) of The Population
Biology of Plants, much effort has been devoted to estimating transition matrices
and λ values for populations of many plant and animal species (Salguero-Gómez
et al. 2015). Matrix models and elasticity analysis also have become powerful
tools for conservation and management because estimates of λ can be used to pre-
dict probabilities of persistence or extinction for threatened species (e.g., Ehrlén
and Morris 2015, Hutchings 2015). Elasticity analysis can be used to determine
the sensitivity or relative importance to λ of changes in each transition probability
(van Tienderen 2000, Franco and Silvertown 2004).

The assumption that A is constant in equation 6.1 is rarely true, however. Pro-
jection models based on this assumption can give misleading forecasts because
they ignore two major sources of uncertainty: uncertainty caused by changing en-
vironmental conditions and uncertainty caused by measurement error and impre-
cise estimates of the elements of the transition matrix. As the pace of global envi-
ronmental change increases, it is important to include both environmental change
and measurement error in demographic modeling. (e.g., Åberg 1992, Keith et al.
2008, Ehrlén and Morris 2015). We return to these ideas in chapter 7. But first,
we introduce the most popular modeling framework used to forecast changes in
species distributions as a function of environmental change.

6.2 The environmental template and species distri-
bution models

Even conservative climate models predict an increase of 2–5 °C over the next cen-
tury (IPCC 2014). In response to these forecasts—and to growing public aware-
ness of the reality of climatic change (Luis et al. 2018)—many ecologists have
been forecasting how species geographic ranges will change in response to warm-
ing (Lavergne et al. 2010, Sequeira et al. 2018). There are many possible outcomes
(Walther et al. 2002), including local extinction (Sinervo et al. 2010), migration
(Higgins and Richardson 1999), range expansion into previously unoccupied ar-
eas (Kelly and Goulden 2008), and persistence accompanied by plastic responses
in phenotype (Charmantier et al. 2008) or evolutionary adaptation (Hoffmann and
Sgrò 2011). If we can successfully forecast these range shifts, we also may be able
to forecast the species composition of local assemblages (Botkin et al. 2007) and
the ecosystem services and functions they provide (Smith et al. 2009).
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6.2.1 Forecasting species distributions
Over the past 15 years, two data sources have driven the modeling and forecast-
ing of how species distributions will change with climate. The first data source
is “presence-only data:” georeferenced specimen records of species occurrences
(Bachman et al. 2011). Such presence-only data are available from museum col-
lections (Graham et al. 2004) and ecological survey data (Lawton et al. 1998). The
second data source is global maps of a variety of climatic variables, conveniently
available from sources such as PRISM (PRISM Climate Group 2004) or World-
Clim (Fick and Hijmans 2017). These global maps have been interpolated and
estimated from data collected at weather stations and can be downscaled to rasters
that are linked to the specimen or survey data. These global maps also are linked
to climate-forecasting models to give spatially gridded forecasts (or hindcasts) of
future (or past) climatic landscapes (e.g., Nogués-Bravo 2009).

These two data sources are combined in a variety of species distribution mod-
eling platforms to estimate the probability of suitable habitat where one or more
species could occur, given current or future climates (Phillips et al. 2006, Elith and
Leathwick 2009). These probabilities are portrayed with heat maps of landscapes
that illustrate “hot spots” where a species is likely to be found and “cool spots”
where it is likely to be missing. The probabilities are based on the spatial arrange-
ment of species occurrence records and the climatic projections for each pixel
in the landscape (Elith et al. 2011). SDMs increasingly are used to understand
and forecast species responses to an increasing range of types and expected rates
of environmental changes. The forecasts routinely behave like a two-dimensional
conveyor belt, with species ranges in a warming climate shifting towards higher
latitudes and elevations or shrinking to the point of local or regional extinction
(e.g., Fitzpatrick and Ellison 2018, Steinbauer et al. 2018).

6.2.2 Modeling frameworks for SDMs
Several statistical modeling frameworks are used for SDMs, but by far the most
frequently used is MaxEnt (“Maximum Entropy”), a machine-learing algorithm
that optimizes the fit of species occurrence data to measured environmental vari-
ables (Phillips et al. 2006, Elith and Leathwick 2009). Part of the popularity of
MaxEnt stems from the relatively simple data structure of its inputs: a data frame
(spreadsheet; table 6.1) in which each species occurrence is a row and the columns
include geographic location (latitude, longitude) and environmental covariates
(discrete or continuous biotic or abiotic variables measured at each location). The
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occurrence data input into MaxEnt often are aggregated from targeted surveys and
specimen records held by museums and easily accessible from data portals such
as GBIF,2 iNaturalist,3 and many others.

Table 6.1: Format for data input into a basic species distribution model (SDM).

Species Longitude Latitude Covariate(s) . . .
Text decimal-degrees decimal-degrees value(s) . . .
...

...
...

...
...

Fitting an SDM requires knowledge not only of where a species occurs within
its range but also where it does not occur. If true species absences are available
for a set of geographic coordinates within a species’ range, a logistic regression or
other general linear model would be the best method with which to describe the
relationship between environmental covariates (such as temperature, precipitation,
or N deposition) and the probability of species occurrence (Peterson et al. 2011).
But such absence data usually are not available unless investigators monitor entire
assemblages instead of individual species (Dornelas et al. 2018).

MaxEnt works around these data gaps by imputing random pseudoabsences
within a specified background area. By default, MaxEnt generates 10,000 pseudo-
absences, which are randomly and uniformly located within the input raster pro-
vided by the user. This augmented data set is then repeatedly partitioned into
testing and training sets for optimizing model fit. The result is a habitat suitabil-
ity index for each location in the data set. This index (scaled from 0.0 to 1.0)
measures the probability of environmental conditions, given that a species occurs
there (Phillips et al. 2006). However, ecologists routinely interpret it the other way
around: the probability of species occurrence, given the presence of environmental
conditions (Royle et al. 2012, Yackulic et al. 2013).

Although these two conditional probabilities are not at all equivalent, the latter
interpretation (P(occurrence | environmental conditions)) is useful for comparison
with the output from a demographic model. In particular, stochastic simulations
of λ, the finite rate of increase, can be used to estimate the long-term probability
that a population goes extinct at a given site. As we show in chapter 8, however,
MaxEnt and demographic modeling generate very different forecasts for the fate
of Sarracenia populations across the US.

2https://www.gbif.org/
3https://www.inaturalist.org/

https://www.gbif.org/
https://www.inaturalist.org/
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More recent and sophisticated species distribution models incorporate the pres-
ence of other species (competitors, predators, parasites, or mutualists) as poten-
tial biotic drivers of species occurrence (e.g., Pollock et al. 2014, Lany et al.
2018). However, these forecasts are complicated by the limited dispersal potential
of some taxa (including S. purpurea; §2.4.2) that may not be able to move fast
enough to keep pace with the “velocity” of climatic change (Svenning and Skov
2004, Loarie et al. 2009). Other approaches have focused on genetic variability
within and between populations (Gotelli and Stanton-Geddes 2015), which may
either limit or enhance the spread of species in a warming world (Sork et al. 2010,
Fitzpatrick and Keller 2015).

6.3 Demography, nutrient enrichment, and SDMs:
moving beyond temperature

We consider here three other issues that also have been neglected in SDMs but that
we think should be included in them or addressed by users of them. The first is
that, for many species, temperature may not be the most important factor that will
cause their ranges to shift over the next century (e.g., Larsen et al. 2011, Currie
and Venne 2016). The second issue, which follows directly from the first, is that
some species may be very sensitive to other environmental drivers that change in
parallel to, or in opposition with, climatic warming (Vitousek 1994, Vaughan and
Gotelli 2019). Finally, demographic processes interact with individual responses
to the environment to determine whether a population can establish and persist in
its current range or in a new location (Keith et al. 2008, Fois et al. 2018, Ureta
et al. 2018). Probabilities of species occurrences ultimately depend on the sizes
of local populations, their short-term fluctuations, and their long-term trajectories
(Ehrlén and Morris 2015).

6.3.1 Weak responses to temperature
It may seem surprising that temperature is not the primary global-change driver
that is changing distributions for all species. We do not dispute that the higher
temperatures accelerating the melting of polar ice (Alley et al. 2005) may drive
some high-latitude species to extinction (Jacobs 2006) and may kill other species
restricted to high mountains (Dullinger et al. 2012). It is similarly true that many
tropical species already are living near their upper physiological thermal limits
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(Sunday et al. 2014). With additional warming and no nearby thermal refuges,
these warm-climate species also may go extinct, creating a tropical “vacuum” of
lost diversity (Colwell et al. 2008).

But different challenges may face temperate-zone animals and plants at lower
elevations. If their geographic ranges are large, their populations collectively may
already have experienced the warming that is forecast to occur over the next cen-
tury. Even within a single population, individuals annually experience very large
temperature ranges between winters and summers. Although the current global
rate of climatic change may be unprecedented, the average temperatures that will
be reached in the near future already are experienced routinely by many organisms
on a seasonal or even daily basis.

Sarracenia purpurea is a good case in point. Its geographic range extends from
the Canadian Rocky Mountains to the Florida panhandle (figure 2.2). In parts of
the Canadian Rockies, the annual temperature range—from the hottest summer
day to the coldest winter night—exceeds 50 °C. At many sites throughout the
range of S. purpurea, daily temperature changes exceed 20 °C. Plants cannot es-
cape high temperatures by moving but they can acclimate physiologically (up to
a point) and could tolerate major climatic changes. At the community level, the
indirect effects of climatic warming could bring greater pressures from competi-
tors, herbivores, diseases, or predators. These indirect effects may prove to be
more important for S. purpurea than the direct effects of increased temperature
and changes in the length of the growing season (cf. Diamond et al. 2016).

6.3.2 Nutrient enrichment as another global-change driver
Burning fossil fuels directly contributes to atmospheric warming, but also releases
NOx (Jaeglé et al. 2005), and the use of fertilizers (both synthetic and natural)
releases NH4 (Krupa 2003). In contrast to inert atmospheric nitrogen (N2), NOx

and NH4 are both biologically reactive, concentrate in precipitation, and can be
taken up rapidly and directly by plants through their roots and leaves (chapter 3).
Whereas climatic change has occurred over millions of years, the 1.5-fold increase
in the biosphere of biologically reactive nitrogen has occurred over less than a
century (Townsend and Howarth 2010) and has few analogs in the paleoclimate
(Junium et al. 2018).

For a long-lived organism like S. purpurea, the time during which atmospheric
deposition of N compounds has increased precipitously amounts to < 10 gener-
ations of exposure, which is extremely short in evolutionary terms (Lallensack
2018, but see Reznick et al. 2019). As the human population continues to grow
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beyond its current size of nearly eight billion people, the increased demand for
additional food is projected to lead to an increase in agriculture and fossil-fuel
consumption. Under a “business as usual” scenario, global N use is projected to
increase from 94 kg/ha-1 in 2005 to 160 kg/ha-1 in 2050 (Tilman et al. 2011). For
many plants and animals, the global intensification of N use and the changes in
N cycling may be a more immediate threat than the long-term consequences of
climatic change. Even though concentrations of N (or other pollutants) do not ap-
pear as a column in WorldClim or PRISM, they should be incorporated into our
forecasting activities. At the same time, understanding the role of N in changing
plant distributions is complex. At low concentrations, N compounds act as fertil-
izers, enhancing plant growth and flowering. At high concentrations, however, N
can be toxic, particularly to young individuals.

6.3.3 The importance of demographic effects
Just as they neglect nutrient enrichment and environmental drivers other than tem-
perature and precipiation, common applications of SDMs usually ignore underly-
ing demographic processes of plant and animal populations. A key feature of the
analysis of demographic models is the consideration of the effects of age, size, or
life-history stage on population growth, persistence, and extinction. SDMs, how-
ever, assume that all individuals in a population are affected equivalently by their
local environment and that there is no variation in how individuals, much less
life-history stages, might respond to climatic variability or directional change. But
different life-history stages of plants, animals, and humans are affected differently
by climate, climatic change, and extreme events (e.g., Ridd et al. 2013, Filewod
and Thomas 2014, Laurel et al. 2017, de Souza et al. 2018, Li and Zhou 2019).

For example, as the climate warms and winter shortens, early-season warm-
ing is accelerating first-flowering time in many plant populations (e.g., Davis et al.
2015, Park et al. 2018). At the same time, the increased thermal variability is lead-
ing to occasional “late” frosts and “false springs” (Allstadt et al. 2015). Farmers
and foresters have long known that late spring frosts associated with temperature
warming or elevated CO2 can ruin a year’s crop (e.g., Lutze et al. 1998, McKenney
et al. 2014, Meier et al., 2018). Risks to non-crop plants from spring-frost damage
also are increasing (e.g., Augspurger 2013), affect different species differently
(e.g. Ma et al. 2019), and can be ameliorated by demographic and life-history
events such as enhanced productivity by leaves later in the growing season (Malis
et al. 2016, Zohner et al. 2019). Among animals, warming can affect reproductive
effort and allocation (Smith et al. 2013), demographic transitions (Komoroske et
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al. 2014), and maturity rates (Lepetz et al. 2009, Kordas and Harley 2016). And for
humans, demographic effects of climatic change have been documented through
archaeological and historical studies (e.g., An et al. 2005, Manning and Timpson
2014).

6.4 Summary
Demography and population dynamics are at the core of ecology and evolution-
ary biology. Climatic warming, and other rapidly changing environmental drivers
individually and interactively can affect organisms differently at different points
in their life-histories. Yet, species distribution models used to forecast popula-
tion responses to climatic changes rarely include effects other than temperature
or precipitation, much less demographic or ontogenetic parameters. At the same
time, standard deterministic formulations of age- and stage-based matrix mod-
els for population dynamics can give misleading forecasts because they ignore
measurement error, environmental change, and other sources of stochasticity that
can affect elements of (st)age transition matrices. In the next chapter, we develop
stochastic demographic models of S. purpurea that begin to address these fore-
casting challenges.
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Chapter 7

The small world: Demography of a
long-lived perennial carnivorous
plant

The future’s uncertain and the end is always near.

–James Douglas ("Jim") Morrison (1970)

Manipulating N in the field, gathering demographic data to create population
projections, and then combining these data with global forecasts for increasing
N deposition is much harder than simply compiling species occurrence records,
downloading a set of WorldClim variables, and passing the data to MaxEnt (Phillips
et al. 2006, Fitzpatrick et al. 2013) or MaxLike (Royle et al. 2012). Our short-term
field experiments and long-term monitoring of S. purpurea illustrate the chal-
lenges of this kind of modeling and provide new insights into responses of species
to ongoing global change.

In this chapter, we start out by modeling local population dynamics with a sim-
ple stage-projection matrix model that forecasts population growth of S. purpurea
at Hawley and Molly Bogs (Gotelli and Ellison 2002, 2006b). Although more
complex integral projection models are now available (see footnote 1 in chapter 6;
White et al. 2016, van Bentham 2017), we favor the stage-based approach for its
simplicity, utility, and generality. Then, we combine the demographic data with
results from a two-year N-enrichment field experiment. The result is an empirical
function that lets us create transition matrices for particular N-deposition regimes.

111
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Next, we use existing time-series data on N deposition to create a simple fore-
casting model to generate time series of N availability under different deposition
scenarios. Finally, we combine all of these elements to estimate the probability of
species occurrence in 100 years under a range of N-deposition scenarios. In the
next chapter, we scale up this model to the continental US. The resulting geogra-
phy of rates of population increase or decrease at each pixel on the landscape—
visualized as a heat-map—provides an illuminating contrast with the more typical
projections derived from a standard MaxEnt SDM applied to S. purpurea occur-
rence records and WorldClim climatic variables.

7.1 Stage-based demographic models of S. purpurea

7.1.1 Deterministic stage-based models
Our simple stage-based matrix population growth divides the S. purpurea popu-
lation into four mutually exclusive stages: juveniles (rosette diameter < 10 cm),
non-flowering adults (rosette diameter ≥ 10 cm), flowering adults, and recruits
(seedlings in their first 1–2 years of growth). Such stage-based demographic mod-
els have more interesting possibilities and dynamics—especially for perennial
plants and other clonal organisms (Jackson et al. 1986)—than simpler, age-structured
models. In the latter, each node represents the age of a single individual, so the
only possible transitions are from one age to the next (individuals either grow
one year older, or they die), and from reproductive adults to new juveniles. How-
ever, in stage-structured models, all of the stages except the recruitment stage can
remain in the same stage for two or more consecutive years.

Figure 7.1 illustrates our basic stage-structured demographic model for S. pur-
purea. In this loop diagram, the four stages are the circular “nodes,” and the arrows
between stages (directed “edges”) specify possible annual transitions between
stages (figure 7.1). An arrow that goes from one stage to itself (a self-loop) indi-
cates when the plant remains in the same stage from one year to the next. There are
double-headed arrows between flowering and non-flowering adults because indi-
vidual adult plants rarely flower in two consecutive years (§2.2.3). Double-headed
arrows between non-flowering adults and juveniles can represent between-year
rosette shrinkage or less frequently, measurement error. There are only single-
headed arrows between flowering adults and recruits, and between recruits and
juveniles, because these transitions cannot occur in the reverse direction.
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Figure 7.1: Loop diagram of the stage-projection model for the demography of S. purpurea. Each
node represents an exclusive life-history stage, and the arrows represent possible transitions be-
tween two stages in each annual time step. The values above and below the arrows represent,
respectively, the measured or estimated transition elements for populations monitored at Molly
and Hawley Bogs.

To estimate the transitions for each arrow in figure 7.1, in 1996 we marked co-
horts of 100 adult and 100 juvenile plants at Molly and Hawley Bogs. Each year
since then, we have revisited the plants and recorded the flowering status, rosette
diameter, and several measurements of leaf morphology. The censuses were termi-
nated at Hawley Bog in 2003 after a moose walked through the plot, killing many
of the plants and destroying most of the flags and plant markers. The censuses
have continued at Molly Bog to the present day; by 2018, only nine survivors
remained of the original cohort of 200 plants.

We initially used the marked cohorts to estimate average transition probabil-
ities for two consecutive years (1996–1997 and 1997–1998; Gotelli and Ellison
2002). We could not estimate two of the transitions in this model—flowering-to-
recruits and recruits-to-juveniles (i.e, seedling establishment)—from the cohort
data, so we used other approaches. To estimate the flowering-to-recruit transition,
we first used observed data that mature fruits have, on average,≈ 1000 seeds each
(Ellison and Parker 1998, Ellison 2001). Then, in both bogs, we planted small spa-
tial grids of seeds and observed that on average four recruits germinated for every
1000 seeds planted (Gotelli and Ellison 2002). From these data, we estimated a
transition element from flowering adults to recruits equal to 4 (i.e., four germinat-
ing seedlings per flowering adult).
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To estimate the recruit-to-juvenile transition, we “guesstimated” a 90% mor-
tality rate between the recruit and the juvenile stages. Although it is far from ideal
to mix data with ad hoc guesses, this patchwork approach combining empirical
observations with expert knowledge is fairly common in the construction of stage-
based models because not all of an organism’s life-history stages can be measured
or censused easily or accurately (Crouse et al. 1987, Wiens et al. 2017). Elasticity
analysis is useful for understanding how sensitive the results might be to particular
transitions, especially those that are not based on good data (van Tienderen 2000,
Franco and Silvertown 2004).

We started modeling population dynamics of S. purpurea using the basic de-
terministic model described by equation 6.1. In this application of the stage-
transition model nt+1 = Ant, n is a 4-element vector containing the number
of individuals in each stage in the population at a time step t. The loop diagram
(figure 7.1) includes all the necessary information to populate the stage-transition
matrix A, which here is a 4 × 4 stage-transition matrix in which the columns
represent the stage at time t, the rows represent the stage at time t + 1 and the
entries are the stage-transition probabilities (or fecundities for the transition from
flowering adults to recruits). Using this model, we found that the finite popula-
tion growth rate was low at both Hawley (λ = 1.00458) and Molly Bogs (λ =
1.00500). These are slow exponential growth rates, with corresponding doubling
times of 152 and 125 years, respectively (Gotelli and Ellison 2002).

The elasticity of each element of A represents its relative contribution to the
overall growth rate. As with many perennial plants (Franco and Silvertown 2004),
the most important contributions to population growth rate of S. purpurea were the
persistence of juveniles (elasticity = 0.43 for Molly Bog, 0.61 for Hawley Bog)
and the persistence of non-flowering adults (elasticity = 0.39 for Molly Bog, 0.27
for Hawley Bog). The least important transitions were for recruitment (elasticity
= 0.018 for Molly Bog, 0.016 for Hawley Bog) and the survival of recruits to the
juvenile stage (elasticity = 0.018 for Molly Bog, 0.016 for Hawley Bog). These
results were reassuring because there was great uncertainty in our “guesstimation”
of the recruitment transitions compared to the other, empirically-based transitions
(Gotelli and Ellison 2002).

Because A was constant, the stable stage distribution generated by this de-
terministic model is that expected if the environment remains constant for a long
enough period of time. It was interesting, therefore to compare the predicted stable
stage distribution from the Hawley and Molly Bog models to the actual distribu-
tion of plants at Hawley Bog, which were measured using small-scale random
plot sampling combined with estimates of total bog area from aerial photographs.
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Observed differences from model predictions could result either from insufficient
time to achieve a stable stage distribution in the field or because the “environment”
(A) is not actually constant (Doak and Morris 1999).

The model predictions did not match the observed stage distribution of plants
(figure 7.2). Specifically, the model under-estimated the observed proportion of
juvenile plants and over-estimated the proportion of non-flowering adults. The es-
timates for the proportion of recruits and the number of flowering adult plants
were reasonably close. It is unlikely that this mismatch was because of insuffi-
cient time to reach demographic equilibrium, as these bogs have been prominent
features of the landscape for thousands of years (Foster et al. 2006, Rayburn et
al. 2007) and S. purpurea populations likely are equally old. Rather, the differ-
ences illustrated in figure 7.2 would be expected for a long-lived perennial plant
growing in a variable environment with annual or longer-term environmental fluc-
tuations such as those seen for N-deposition rates in recent decades (figure 3.1).
Initial evidence supporting this conclusion was that the fit of the data to the model
predictions was better for Hawley Bog (where the data were collected) than for
Molly Bog, which has a different N-deposition regime (Gotelli and Ellison 2002).

To further explore the mismatches between current environmental conditions
and the demographic states of their populations, we started with the observed size
structure at Hawley Bog, iterated equation 6.1, and calculated the stage structure
expected at each time step. These trajectories suggested that the populations would
reach their equilibrium in about 15–20 years, starting from their observed initial
distributions (figure 7.3). Thus, the observed stage distribution now is a snapshot
of accumulated changes that the population experienced 15–20 years earlier.

On the one hand, a lag of 15–20 years is moderately short for a plant that
can live 50–75 years, and probably corresponds to less than a single generation.
The relatively rapid demographic response of S. purpurea is consistent with the
observation that the plant is phenotypically plastic and very responsive to changes
in its pitcher-water chemistry (Ellison and Gotelli 2002).

On the other hand, a time-step of 15–20 years can represent a substantial
change in N-deposition rates in either a negative or positive direction. For exam-
ple, from 1982–1996, total N deposition at the NADP monitoring station nearest
to Hawley Bog (Site MA08) increased by nearly 50% (from 4.7 to 6.8 kg/ha),
whereas, for the subsequent 15-year interval, deposition decreased by 25%, to
3.6 kg/ha. In 2017, total N deposition near Hawley Bog was just over half that
measured in 1982 (2.6 kg/ha) (figure 3.1).
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Increasing agricultural production in response to the increasing food demands
of a growing human population also will lead to increasing N demand and con-
sequent N deposition (Lafuite and Loreau 2017). Until (or if) human population
growth stops (Gerland et al. 2014), it is unlikely that N-deposition will remain
constant, and S. purpurea is likely to experience many future decades of demo-
graphic disequilibrium.

7.1.2 Stochastic stage-based models
Our deterministic model (equation 6.1) assumed a constant environment and no
measurement error in parameter estimates. In contrast, stochastic models can in-
corporate both environmental change and measurement error. In the remainder of
this chapter, we use stochastic models to improve our stage-transition model and
demographic forecasts for S. purpurea.

Our initial estimates of transition probabilities (figure 7.1) were derived from
the standard approach that considered each of them as the proportion of transitions
observed for the individuals in each stage in our cohort. We calculated these tran-
sition probabilities simply as the averages for transitions observed from two con-
secutive years of field censuses. But this method ignored the uncertainty caused
by different number of observations; for example, our confidence in estimating a
transition probability of 0.7 would be higher if we observed 70 transitions for 100
plants than if we observed only 7 transitions for 10 plants.

We derived better estimates of transition probabilities by sampling from a
Dirichlet distribution, which accounted for sample size and the non-independence
of the elements within each column of the transition matrix subject to the con-
straint that the latter must (when mortality is included) sum to 1.0. 1

We used a statistical bootstrap to capture the uncertainty in estimation, given
the cohort numbers we used to generate the data in figure 7.1. Because the recruit-
ment transitions were not based on cohort sampling, we assigned a small sample
size (n = 10) for these transitions to incorporate their high uncertainty (relative

1The Dirichlet distribution with parameters {αi}Ki=1 is the discrete probability distribution of
αi successful outcomes of a random variable xi in a sequence of

∑K
j=1 αj independent experi-

ments, each with a probability of αj/
∑K

j=1. For a demographic example, if a Sarracenia cohort
of 10 juvenile plants is followed for one generation, some (e.g., 5) of these 10 can either stay as
juveniles, while others transition into the non-flowering adult stage (3) or die (2). The point esti-
mates of the probabilities of these mutually exclusive events are {0.5, 0.3, 0.2}. In contrast, using
a Dirichlet sampler (e.g., the rdirichlet() function in the gtools R package [Warnes et al.
2018]) would give a full probability distribution for each of these point estimates.
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to to the other transitions in the table) and we did not incorporate uncertainty
into the fecundity estimate. Next, we randomly sampled transition parameters for
1000 transition matrices and calculated the deterministic λ for each one of these
(Gotelli and Ellison 2006b).

This analysis put realistic bounds on the uncertainty of deterministic popula-
tion growth rates. For Molly Bog, 95% of the simulated values of λ fell between
0.98 and 1.04. suggesting that the actual population growth of the Molly Bog
population was anywhere from a 2% annual loss to a 4% annual gain, with a
probability = 0.42 that the population was decreasing (λ < 1). For Hawley Bog,
the interval was 0.98–1.03, with a probability of decline = 0.40 (figure 7.4; Gotelli
and Ellison 2006b). These intervals were larger than we might have hoped for, but
they were typical for field demographic studies of this kind (Doak et al. 2005).

Although there was a wide range of uncertainty in these estimates, the deter-
ministic λ values were just above 1.0, yielding an annual rate of increase of only
≈0.5% per year. In this exponential growth model, birth and death rates were
closely matched. But a different interpretation could be that the population was
regulated and the low growth rates reflected ongoing density-dependence. With
density-dependent growth, the deterministic λ may be ≈0 because populations
will grow rapidly when they are small, but grow slowly or decline when they are
large. The net effect would be a measured rate of exponential increase that is very
small. The results of the simulations (figure 7.4) did not suggest density-dependent
regulation of these S. purpurea populations. Although the estimates of population
growth rate were close to zero, they were not (statistically) unusually close (p =
0.33 for Molly Bog and p = 0.31 for Hawley Bog). A four-year greenhouse ex-
periment tracking S. purpurea from germination through early seedling growth
found some evidence for density-dependence in survivorship of one- and two-
year-old seedlings: nearest neighbor distances were greater for seedlings that sur-
vived than for seedlings that died (figure 7.5). After two years, however, density-
dependence was no longer apparent, which supported our simulation results. On
the other hand, field data for S. alata in Mississippi suggest some degree of
density-dependence in its population growth (Brewer 2019).
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Figure 7.2: Observed (Hawley Bog: black bars) and modeled (Hawley Bog: dark grey bars; Molly
Bog: light grey bars) proportions of different life-history stages of S. purpurea. Projections were
derived from the analytic solution to equation 6.1 using the parameter values in figure 7.1.
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Figure 7.3: Observed changes in the relative proportions of individuals in each population growth
stage. The starting proportions were measured in the field at Hawley Bog (black bars in figure 7.2)
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Figure 7.5: Density-dependent survivorship in seedlings of Sarracenia purpurea. One thousand
stratified S. purpurea seeds were randomly scattered on a 1 × 2.5-m table filled 10-cm deep with
milled Sphagnum. Germinants were marked with numbered toothpicks and mapped to the near-
est mm. Survivorship was monitored annually from germination in May 1999 through harvest in
September 2002. Between 1999 and 2001, surviving seedlings were 20% further away from near-
est neighbors than those that died (P < 0.001 for 1999–2000; P = 0.002 for 2000–2001). After
2001, however, survivorship was independent of distance to nearest neighbor (P = 0.64). Widths
of the box-plots are proportional to the number of seedlings in each year × survivorship category
combination.
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7.2 Experimental demography
Both the deterministic and stochastic models suggested that S. purpurea popula-
tions were growing slowly, with birth and death rates closely balanced (figure 7.4;
Gotelli and Ellison 2002, 2006b). There was little evidence for density-dependent
control of population size, and population size structure lagged estimated current
demographic rates by perhaps 15–20 years. These analyses were useful for un-
derstanding S. purpurea population growth in a constant environment, but they
did not give us insight into how current and future environmental change (e.g.,
changes in N-deposition rates) could affect its population growth. Fortunately, the
biology of S. purpurea makes it an excellent system for field manipulations that
can mimic changes in atmospheric chemistry. Applying these manipulations to co-
horts of plants let us examine the demographic consequences of changes in water
chemistry from atmospheric deposition.

Methods

In the field, we removed the natural pitcher water and replaced it with liquid in
which we precisely controlled the chemical profile. We then plugged the entrance
to the pitcher with spun glass wool, which discouraged adult insects from oviposit-
ing and suppressed the development of an animal food web to further control the
nutrient inputs to the plant. We applied nine different experimental treatments in
which we manipulated nitrogen, phosphorous, micronutrients, and the N:P ratio,
and applied these nutrient cocktails to small cohorts of juvenile and adult plants
(Ellison and Gotelli 2002). In this “life-table response experiment” (LTRE), we
measured the survival, growth, and flowering of these plants over two years, and
estimated stage transitions using the basic matrix model that we developed for the
cohort demography study described in the previous section. We then used para-
metric bootstrapping to incorporate uncertainty and compare λ values among the
different treatments (Gotelli and Ellison 2002, 2006b).

Results

Different nutrient environments had different effect on population growth rate (fig-
ure 7.6). Positive λ values were observed for the control, micronutrients, and P-
addition treatments. But low, medium, and high N additions led to increasingly
negative projections for λ, as did a separate array of treatments in which the N:P
ratio was systematically increased. Collectively, these results suggested that pop-
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ulation growth was probably P-limited but not N-limited, consistent with our pre-
vious analyses of nutrient stoichiometry of leaf tissues (chapters 3–5). The results
also suggested that future increases in the absolute concentration of N or the N:P
ratio that the plant receives from precipitation could push populations into de-
cline. This projection also was consistent with our observations that current de-
mographic rates of fecundity, growth, and survivorship are in fairly close balance,
so additional atmospheric enrichment could push these populations from positive
into negative growth (Gotelli and Ellison 2002).
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Figure 7.6: Estimated population growth rates for S. purpurea with experimentally controlled
pitcher-water nutrient concentrations. The x-axis units are the percentage increase or decrease
in population size estimated by the exponential growth model. The results of the stochastic model
(lower panel) assume variability represents measurement error. Error bars (shown in only one di-
rection) represent one standard deviation.
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7.3 Demography in a changing world
The results of our LTRE to forecast the extinction risk of S. purpurea assumed
both constant environmental conditions and that populations had reached a demo-
graphic equilibrium with those conditions. Both assumptions were probably not
true. The current stage structure of S. purpurea in the field is not in equilibrium
with projections based on current demographic rates (figure 7.3). Given current
projections of fossil-fuel consumption and the expansion of agriculture to feed
the world’s growing population, the assumption of a constant environment also is
unrealistic.

We further improved our stochastic demographic model by using our field
observational and experimental data in a mechanistic model of a stage-structured
population (n) that is affected by an environmental driver (E). The model was
built on three general equations:

Et+1 = f(Et) (7.1a)
At = g(Et) (7.1b)

nt+1 = Atnt (7.1c)

The first of these equations (7.1a) described the state of the environmental
driverE in the each time step as a stochastic function (f ) of its state in the previous
time step. The second equation (7.1b) described a deterministic linking function
(g) that generated a stage-transition matrix At for each time step t, based on the
level of the environmental variable E at time t (Et). The third equation (7.1c)
iterated population growth using the series of transition matrices that were used to
represent the levels of the environmental driver through time. Thus, equation 7.1
is a non-stationary model in which the transition matrices change at every time
step (Gotelli and Ellison 2006b). There is no equilibrium solution, and the fate
of the population depends uniquely on its starting size and stage structure, and
the particular sequence of environmental changes it experiences. Both the linking
function (equation 7.1b) and the population growth equation (equation 7.1c) were
deterministic. We allowed for variability through different iterations of equation
(equation 7.1a).

7.3.1 Forecasting nitrogen deposition
We needed a model for forecasting future changes in an environmental driver E.
Very complex models can be constructed here, but we prefer a simple iterative
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time-series model in which the level of E in each year year is a function of the
level in only the previous year. For S. purpurea, we used N-deposition records
from the two NADP stations closest to Hawley and Molly Bogs (MA-08 and VT-
99; 3.1). We fit first-order regressive time-series models to the total atmospheric
deposition of nitrogen (from both NH4 and NO3). Note that to avoid confusing
amount of N deposition with population size (N), we continue to use the variable
E to represent this environmental driver.

The best-fitting models for E at the two sites had a similar autoregressive-
with-lag-1 (“AR-1”) form:

Et+1 = a+ bEt + ε. (7.2)

In this model, a is the intercept, representing current N-deposition levels; b is the
multiplier for a constant rate-of-change of N-deposition; and ε ∼ N (0, 1).

There are two advantages for this kind of model. First, the coefficient b rep-
resents the λ for exponential growth in N deposition. This parameter can be used
by conservation biologists and land managers to incorporate different long-term
deposition scenarios, such as a 1% annual increase (b = 1.01) or a 0.5% annual
decrease (b = 0.995) in N deposition. To forecast extinction risk with a scenario
of no change in average deposition, b can be set equal to 1.0.

The second advantage to this model is that it builds in temporal autocorrela-
tion: N deposition in year y+1 is at least partly dependent on N deposition in year
y. But because there is a stochastic error term (ε), N deposition will tend to drift up
or down for extended periods, even though its long-term average will trace a tra-
jectory of exponential increase or decrease. If b = 1, the N-deposition trajectory
follows a pure random walk, with no long-term deterministic trends. This kind
of model is more realistic for a phenomenological forecast of future trends than
a pure white-noise model in which the values of each time step are completely
independent.

Figure 7.7 illustrates four different N-deposition trajectories projected for 100
years, each with no trend in the average deposition rate (b = 1.0). Two of the tra-
jectories used the fitted AR-1 model for Hawley Bog and two used the fitted AR-1
model for Molly Bog. The stochastic variation in these trajectories ultimately was
what generated the probability distribution for extinction. And jumping ahead just
a bit, figure 7.8 shows the non-stationary population-growth trajectories that were
generated by these four N-deposition time series. All the population trajectories
were declining, but the autocorrelation in N values generated some sustained in-
tervals of a decade or more with steady increases in population sizes.
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7.3.2 Linking N-deposition rates to stage-transition matrices
We used data from our nutrient addition experiment to create a realistic link func-
tion (equation 7.1b). This function generated a unique transition matrix associated
with any particular level of N deposition. In figure 7.6, we showed the estimated
λ (with measurement uncertainty) for each of the nine experimental treatments.
Here we focus just on the control, low-N, and high-N treatments because these
were the ones that could be related to the long-term N-deposition data.

Hindsight further revealed weaknesses in our experimental design. For the
purposes of a standard LTRE, the original design was effective for comparing
among nine different nutrient-addition treatments and how they affected λ. But
when we went on to building a link function, we had data with which to estimate
probabilities for only three points over a large and continuous range of potential
N values.

Our original experiment had 10 plants each assigned to control, low-N, and
high-N additions (Gotelli and Ellison 2002). This worked just fine for an analy-
sis of variance, but for modeling we would have been better off if we had used
a regression design (Cottingham et al. 2005) with 30 evenly-spaced N levels to
identify continuous (and likely non-linear) relationships between transition prob-
abilities and N. Such a design would have yielded ample data for a logistic regres-
sion model, which then would have predicted directly the probability of growth or
mortality for any level of N addition.

So what could we do with only three data points? Our solution was to plot
[N] on a logarithmic scale, connect the three points with straight lines, and make
two assumptions about what would happen to transition probabilities for N levels
that were higher or lower than our treatments. At the low end, we assumed that
transition probabilities would not change if N concentrations were even lower
than measured in our control treatment (which began with distilled water, which
had low but still detectable levels of N). At the high end, we assumed that an addi-
tional 10-fold increase in N concentration would lead to 100% mortality for plants
exposed to that much N. This was somewhat unsatisfying, because the steepest
changes in the function curves were drawn for the extrapolated concentrations for
which we do not have any actual data. Nevertheless, this function gave us what we
wanted, which was a stage-transition matrix that was tailored for any measured N
concentration (figure 7.9).

Note that figure 7.9 has 4× 4 = 16 panels because the function g(·) comprises
16 individual nitrogen functions, one for each of the elements in the transition
matrix. Seven of the 16 functions are constants (equal to 0) because they repre-
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sented transitions in the model (figure 7.1) that did not occur and could not be
affected by N deposition. This set of 16 functions takes the log([N]) at each time
t as input and generated a unique stage-transition matrix for each time step of the
population-growth model (equation 7.1).

7.3.3 Modeling population growth
By combining the stochastic simulation model for forecasting N deposition (equa-
tion 7.2) with the deterministic look-up table for building a transition matrix (fig-
ure 7.9), we iterated population-growth trajectories (equation 7.1c). Because this
was a non-stationary matrix model, we could not solve it analytically for the famil-
iar demographic parameters of population growth rate, stable stage distribution, or
elasticity of parameter transitions. Rather, in this kind of model, transient effects
are important and the initial population size and stage structure had large effects
on times to extinction.

Figure 7.8 shows some of the complexity in population-growth trajectories
that arose from temporally autocorrelated N-deposition rates. When the constant
b > 1.0, most of these trajectories exhibited a simple pattern of steep exponential
decline leading to an inevitable extinction. Even if the population size was still
large, sudden extinction occurred if there was a sudden spike in N deposition to a
lethal level. At lower [N], some of the populations showed interesting trajectories
with quasi-cycles of increase and decrease superimposed over long-term patterns
of population decline.

These periodic increases should give conservation biologists pause. Most con-
servation programs that are simply monitoring populations with no interventions
or experimental work would conclude that a 10-year run of consecutive increases
in population size would bode well for long-term persistence. But the model tra-
jectories in figure 7.8 illustrate that these increases are no guarantee of persistence
for time scales of decades or centuries.

Despite realistic parameter estimates derived from field experiments, our model
was still somewhat narrow because it considered only demographic changes that
ultimately reflected the physiological responses of individual plants to changing
N-deposition regimes. But there are other possible scenarios. For example, in-
creasing N can lead to the loss of Sphagnum, which has happened many times
in Europe (Berendsi et al. 2001) where deposition loads have been substantially
higher than most places in the US (Holland et al. 2005). As nutrient availability
increases, species that can outcompete S. purpurea may increase in abundance
(Bubier et al. 2007).
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Other more immediate threats could come from the mining and flooding of
peat bogs or the activities of zealous carnivorous plant collectors and florists, all of
which deplete populations and damage fragile bog habitats. The center of species
richness for Sarracenia is in the southeastern USA, where most of the species
grow in sandy seepage swamps and outwash plains (chapter 2). Although atmo-
spheric N deposition is not currently a threat in that part of the US, > 95% of
Sarracenia habitat has been destroyed there, primarily from from the combined
onslaughts of urban development, draining of wetlands for forestry, and leaching
of pesticides from agriculture into nearby wetlands (Jennings and Rohr 2011, Jen-
nings et al. 2012). Northeastern populations are in better shape because Sphagnum
bogs often are protected because they are uncommon habitat patches. But even
there, the more subtle effects of chronic long-term N deposition may be just as
lethal as obvious land-use changes.

To illustrate this, we recorded the percentage of simulated populations that
were still present 100 years in the future, regardless of their population size or
growth trend. Under current (“no change”) conditions of N deposition, these anal-
yses suggested a substantial risk of extinction at Molly Bog (p = 0.46) and a
relatively small risk of extinction at Hawley Bog (p = 0.16). However, the Haw-
ley Bog population was much more sensitive to future increases in N deposition,
and the extinction risk over the next century rose steeply with increasing annual
deposition rates (figure 7.10).

But these analyses considered only whether the populations persisted for 100
years and did not take into account trends in total abundance over the century. To
forecast long-term temporal trends, we estimated λ for each population by fitting
a regression of log(total population size) versus time for the period in which the
model predicted the population was present. The slope of that regression was a
simple estimate of r for a model of exponential increase or decrease. We converted
this back to λ for plotting.

These analyses revealed that even with optimistic annual decreases in N-deposition
rates of 5% or more, the expected trends in population growth of S. purpurea under
most scenarios were still negative (figure 7.11). An upper ceiling of small posi-
tive growth rates was imposed because birth and death rates were nearly equal for
asymptotic conditions of low N deposition (figure 7.9). Stochastic trends in N de-
position therefore caused steep declines in population growth (figure 7.8), but also
did not contribute much to positive growth. Between sites, the larger noise term in
the time-series models for Molly and Hawley Bogs generated much greater uncer-
tainty in the trajectories of S. purpurea population growth at Molly Bog (figures
7.7, 7.8). But at both sites, population decline was slow and the populations were
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still relatively large. On the other hand, even under scenarios of strong increase
in annual deposition rates, average lifespan of populations was in excess of 150
years (Gotelli and Ellison 2002).
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Figure 7.7: Autocorrelated time-series trajectories of annual N deposition simulated for Molly Bog
(solid lines) and Hawley Bog (dotted lines). The two trajectories at each site represents different
underlying random-number series for the error term (ε) in the time-series model. At the end of
each simulation run, negative values were reset to 0.01 to reflect low N-deposition values. The
larger standard deviation of ε for Molly Bog generated much more variability between runs than
those simulated for Hawley Bog.
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Figure 7.8: Four simulated trajectories of total population size of S. purpurea populations at Molly
Bog (solid lines) and Hawley Bog (dotted lines), Each trajectory was built from the simulated
trajectory of N deposition (figure 7.7) combined with the transition matrix function generator
(figure 7.9).
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Figure 7.10: 100-year extinction probabilities at Hawley and Molly Bogs as a function of changing
N deposition. Values on the x-axis are annual proportional changes relative to 2016 in N deposition
(from a 10% decrease to a 10% increase). Each datum is the proportion of 100 simulated popula-
tions at each N-deposition level that went extinct at some time during a 100-year simulation (figure
7.8).
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Figure 7.11: Effects of N deposition on the estimated population growth rate (λ) of S. purpurea at
Hawley and Molly Bogs. Values on the x-axis are annual proportional changes relative to 2016 in
N deposition (10% decrease–10% increase). λ (y-axis) is the measured population growth rate for
each of 100 replicate population runs for a change in N deposition. The box-plots span 50% of the
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not shown.
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7.4 Summary
We have described a three-pronged approach to demographic modeling that incor-
porated observational data of monitored local populations, experimental data from
manipulative life-table response experiments, and models of long-term changes in
environmental drivers from published monitoring records. Combining these three
elements in a demographic model provided results that could be used for more
realistic forecasts of extinction risk given different scenarios of long-term envi-
ronmental change. Although we applied this approach to changing patterns of N
deposition, the same framework can be applied to other potential environmental
drivers, such as temperature or precipitation. The detailed analysis of this chap-
ter is based on many years of data collection and experimentation, but it is only
representative of two pixels in the landscape of the eastern US.



Chapter 8

Scaling up: Incorporating
demography and extinction risk into
species distribution models

Through the animal and vegetable kingdoms, nature has scattered the
seeds of life abroad with the most profuse and liberal hand. . . . Neces-
sity, that imperious all pervading law of nature, restrains them within
the prescribed bounds.

–Thomas Robert Malthus (1798: 14–15)

In this chapter, we explore several ways to expand the spatial scale of our
the demographic forecasting model (chapter 7) from Hawley and Molly Bogs to
the much larger landscape of bogs and seepage swamps within the range of S.
purpurea in the US. We start with a typical MaxEnt species distribution model
(Phillips et al. 2006) and then add habitat patchiness and demographic complexity
to more realistically forecast future occurrences of S. purpurea.

8.1 A species distribution model for Sarracenia pur-
purea

To create a MaxEnt model for S. purpurea, we gathered species occurrence records
of S. purpurea in the US from three sources: the survey of S. purpurea by Buckley
et al. (2003), data from 78 New England bogs that we sampled from 2006–2010,
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and a compilation of GBIF records from 653 sites that was a subset of data used
in a comprehensive MaxEnt analysis of nearly 300 carnivorous plant species by
Fitzpatrick and Ellison (2018). The latter analysis included eight species of Sar-
racenia, all of which were expected to show an increase in available habitat, and
all but S. purpurea to have positive bioclimatic velocity (sensu Loarie et al. 2009).

GBIF data are notorious for potential sampling biases and also errors of iden-
tification or attribution (Troia and McManamay 2016, Troudet et al. 2017). We
did not scrub the data set closely for our analyses, but we did eliminate 11 of the
653 records for ten sites in Washington and one site in California. These are well
outside the recorded range for S. purpurea and likely indicate plants in cultivation
or deliberate introductions.

The remaining 727 unique occurrence records were combined with annual N-
deposition data for 2016 from NADP. The NADP data are provided as tiff image
files containing smoothed deposition data for the continental US. We converted
these images to spatial data frames in R, projected them into latitude-longitude
coordinates (NAD83 geodetic datum), and extracted the N-deposition values for
the georeferenced locations where we had sampled S. purpurea. We then con-
verted the N-deposition data from the kg/ha units provided by NADP to mg/L
(formulas in Gronberg et al. 2014) for compatability with the units we used in our
field experiments. For environmental variables, we used mean annual temperature
and mean total annual precipitation from WorldClim. Terrestrial plant occurrences
usually are well-correlated with these simple measures of temperature and water
availability (Hawkins et al. 2003).

Before fitting the MaxEnt model, we mapped the environmental variables as-
sociated with the occurrences of S. purpurea into a simple plot of its environmen-
tal “niche” (figure 8.1). Using the nomenclature of Peterson et al. (2013), we inter-
pret our niche axes (temperature, moisture, N) as “scenopoetic variables,” which
have the potential to influence species occurrence, but are not themselves directly
modified by the presence of the species. This interpretation makes good biological
sense for S. purpurea, which has relatively modest total biomass in its bog habitat
and is not a major storage component for N or C (in contrast to Sphagnum; Moore
et al. 2003). With respect to temperature, moisture, and N, the climatic niche of S.
purpurea is fairly broad: a large geographic area encompassing relatively dry cool
sites in the upper Midwest through relatively warm moist sites in the Florida pan-
handle. The highest N-deposition sites (in 2016) were concentrated in the upper
Midwest and the Ohio River Valley (figure 8.2).
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We fed the geographic coordinates, average temperature, annual precipitation,
and N-deposition levels for each of the 727 S. purpurea locations into a standard
MaxEnt analysis. It is customary in the presentation of MaxEnt results to krige
the resulting discrete habitat suitability indices onto a continuous heat map of a
region or continent, depicting hot spots of high habitat suitability and cool spots of
low habitat suitability.However, that depiction was not appropriate for S. purpurea
because it grows only in specialized, patchy habitats (bogs, poor fens, and seepage
swamps). For this reason, we plotted the MaxEnt predictions only for the original
727 occurrence points. This map revealed regions of relatively suitable sites in
Minnesota and throughout northern New England, relatively unsuitable sites in the
coastal plains of North and South Carolina, and sites of intermediate suitability in
the Florida panhandle (figure 8.3). We will return to this analysis later to contrast
it with our newer model that integrated demographic data and forecasts.
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Figure 8.1: The environmental niche (with 95% confidence ellipse) of Sarracenia purpurea ex-
pressed as average total precipitation (1970–2000) vs. average annual temperature (°C). Each point
represents a location where S. purpurea has been recorded (n = 727 locations); gray shading rep-
resents the 2016 annual nitrogen deposition (mg/L).
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Figure 8.2: Annual atmospheric deposition (mg/L) of nitrogen in 2016. The deposition includes
from both NH4 and NO3. Each point is a site in which there is an occurrence record of S. purpurea
(n = 727). Note that N-deposition rates are highest in the upper Midwest and the Ohio River Valley,
and are lowest in southern and coastal regions of the eastern US.
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Figure 8.3: MaxEnt predictions of habitat suitability (on a scale from 0.0 to 1.0) for S. purpurea
at 727 locations. The predictions are derived from a default MaxEnt analysis using average annual
temperature and annual precipitation from WorldClim, and estimates of N deposition in 2016
from NADP. Light grey points have relatively high habitat suitability, and dark grey points have
relatively low habitat suitability.
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8.2 Continental scaling of demographic models

8.2.1 Challenges and simplifying assumptions
How could we scale up from our demographic studies at two bogs in Massachusetts
and Vermont to the set of 727 US sites where S. purpurea has been recorded? The
was not easy. We did have detailed information on the demographic effects of N
deposition on S. purpurea at two sites (chapter 7). To apply them across its range,
however, we needed to assume that the functions that specified the effect of N on
each of the 16 demographic transitions in the matrix model (the g(·) functions;
figure 7.9) operated identically at all sites. This did not mean that all populations
would respond uniformly, because the sites varied considerably in their current
and past histories of N deposition. Nevertheless, this assumption still ignored the
potential for spatial variation in genotype frequencies or in phenotypic responses
to N deposition in different parts of the geographic range of S. purpurea.

A second issue was that we could not simply apply our original demographic
model to each S. purpurea populations at all 727 sites. That model required counts
(or estimates) of the number of individuals of each of the four life-history stages
(recruit, juvenile, non-flowering adult, flowering adult). This information was not
available for most S. purpurea populations. Moreover, our original model was
non-stationary: we simulated population trajectories tracking a moving target of
N-deposition values and estimated the probability of extinction within a speci-
fied time frame. Again, this kind of detailed model was not possible for each site.
Instead, we simplified the analysis and used a stationary model to generate long-
term projections of population persistence in a constant environment. In contrast
to the non-stationary models developed in Chapter 7, this simplification did not
require an estimate of initial population size and stage structure to generate pre-
dictions. This type of simplification generally is useful for working with species
with many occurrence records but for which local population data are lacking.

8.2.2 Including P introduced additional complexity
Although we had to simplify our model somewhat by assuming stationarity and
identical g(·) functions, we did add additional complexity by incorporating effects
of both N and P. In our original model, we considered only temporal variation in
atmospheric N deposition, which is monitored annually by NADP and exhibits
clear geographic and annual trends in deposition intensity. In contrast, P is an
important nutrient input into groundwater (from fertilizers, etc.; chapter 3), but it is
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only a trace component of atmospheric deposition (chapter 3; Tipping et al. 2014)
and is not monitored by NADP or other agencies. Nevertheless, there is plenty
of evidence that co-limitation of nutrients can be important to plant growth and
demography (chapters 3–5), so we wanted to incorporate the small atmospheric
contribution of P to the nutrient inputs of our model.

To do this, we used the only compilation available of atmospheric P deposition
(Tipping et al. 2014). For the 35 observations of atmospheric P deposition (mg/L
of PO4-P) at locations in the continental US, we obtained the maximum likelihood
estimates of parameters for a fit to a gamma distribution. We then simulated ran-
dom draws from this distribution to assign a P concentration to all sites in each
iteration. To assign an N concentration, we used the NADP N-deposition data for
2016, sampled as we did for the MaxEnt analyses in the previous section (figure
8.2). For each of the 723 S. purpurea populations, we ran 100 model simulations
to estimate λ, its long-term population growth rate in a constant environment.

In our original model, we used the results from three experimental treatments
(control, low-N, and high-N), to create a deterministic look-up function for each
of the non-zero transitions in the 4× 4 transition matrix A (figure 7.9). This one-
dimensional function generated transition probabilities solely as a function of N
deposition. Here we extended this model to create a response surface in which
each transition probability was determined jointly by N and P concentrations. To
do this, we incorporated data from the five additional experimental treatments
(figure 7.6): low-P, high-P, low N:P ratio, medium N:P ratio, high N:P ratio. Thus,
for each transition probability, we had eight experimental data points placed on
the two-dimensional N and P plot (figure 8.4).

For each transition probability, we fit the following least-squares regression
model

P (transitioni) = aN+ bP + cNP (8.1)

In theory, a logistic regression model could be fit to the raw experimental data. But
in practice, the model parameters frequently will not converge with such sparse
data. For this reason, we stuck with the OLS model fitted to the estimated transi-
tion probability for each experimental treatment.

Once all 16 transition probabilities were generated for a given level of N and
P, we checked to make sure that the column totals in the transition matrix were
not greater than the maximum possible value of 1.0, which would occur if all size
classes had 100% survivorship. If the column total exceeded 1.0, we clipped it
randomly by 0 to 2%, and distributed the mortality randomly among the differ-
ent stages. For this final transition matrix, we calculated the first left eigenvalue,
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which represents λ, the long-term population growth rate in a constant environ-
ment. Because of variation in simulated P-deposition values and clipping of ex-
cessive column totals, the simulated λ values varied for a particular combination
of N deposition (determined from the 2016 continental map of N deposition) and
P deposition (determined from a single random draw from a gamma distribution).
For a set of 100 such values, we estimated the long-term probability of population
persistence as the proportion of λ values ≥ 1.0. This measure captured uncer-
tainty due to P deposition levels, but did not require initial estimates of population
size or age structure, so it could be applied to any population for which N and P
deposition could be measured or estimated.

This long-term probability of persistence was of interest because it could be
compared with MaxEnt’s habitat suitability index which is widely (but incor-
rectly) interpreted the same way (Yackulic et al. 2013). Before making that com-
parison, we examined the derived response surface of average λ values across a
range of N and P values (figure 8.4).

The poorest performance (darkest shades) were in the lower right corner, which
was a combination of high N and low P deposition. However, there was a band of
values giving better performance that extended from the lower left (low N and P
deposition) to the upper right (high N and P deposition) of the response surface.
This band suggested co-limitation of N and P, with the highest possible population
growth occurring at very high levels of N and P.

However, this scenario is unlikely to be achieved for two reasons. First, the
[P] needed to achieve this level was close to 0.30 mg/L, which exceeded our max-
imum experimental concentration of 0.25 mg/L by 20%. In contrast, the maxi-
mum recorded continental level of atmospherically deposited P was two orders of
magnitude lower (0.005 mg/L). Thus, atmospheric sources of P alone would not
be sufficient to achieve maximal population growth. In theory, P levels could be
boosted if plants acquired additional P from insect prey. But the second problem
is our previous experiments show that when S. purpurea receives excessive nitro-
gen, it shrinks the size of the water-filled pitcher that is used to trap insects (figure
4.1). We conclude that increasing N leads to a demographic dead-end because it
reduces the capture of insect prey, further exacerbating the unbalanced N:P ratio.

Because the atmospheric contribution of P to S. purpurea was so slight, it was
better to focus on the lower part of this response surface, within the observed limits
of continental deposition of N and P (figure 8.5). In this magnified subsection of
the parameter space, higher population growth was achieved at intermediate [N]
but can be expected to decrease sharply as N deposition increases.
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Although this parameter space was informative for thinking about how differ-
ent combinations of N and P will affect S. purpurea demography, the realization
of these scenarios depends on the deposition history at particular sites (figure 8.2).
The N and P values for these sites were mapped onto the demographic parameter
space of figure 8.4. to generate persistence probabilities at each site.

8.2.3 Continental forecasts for S. purpurea persistence
The projection map for S. purpurea showed very high rates of extinction in the
upper Midwest, through the Ohio River valley, and in the White Mountains of New
Hampshire (figure 8.6). The best prospects for persistence were for populations
east of the White Mountains of New Hampshire and the Berkshire Mountains of
Massachusetts, populations in the Smokey Mountains, and populations along the
coastal plains of the Carolinas and southern Virginia. Populations in lowest N
deposition areas of Maine and the Florida panhandle had intermediate prospects.

Underlying these prominent geographic trends, the demographic model itself
forecast highly non-linear responses to changes in N deposition (figure 8.7). At the
lowest N-deposition levels, persistence probabilities were near 50% and decreased
slightly as N deposition increased from 0.16 to 0.23 mg/L. Then, between 0.23
and 0.24 mg/L, persistence probabilities rose very steeply, and reached a narrow
sweet spot of 1.0 between 0.24 and 0.27 mg/L. Beyond that level, persistence
again decreased very steeply and was effectively zero for N-deposition levels >
0.33 mg/L. In contrast, there was little effect of P deposition because on average,
it does not vary systematically across the continent.

The complex non-linear response to increasing N deposition nevertheless trans-
lated into a coherent, spatially structured map of good and bad regions for pop-
ulation persistence (figure 8.6) that reflected transport of pollutants in the upper
atmosphere from industrial sources in the upper Midwest and Ohio River Valley.
Despite many areas with good prospects for long-term persistence, however, the
overall picture was grim: the demographic model predicted a persistence proba-
bility of less than 50%. Although arrived at with different assumptions, this result
corresponded in direction to a slightly negative bioclimatic velocity forecast for
2015–2060 that was independently estimated for S. purpurea populations by Fitz-
patrick and Ellison (2018).
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8.2.4 Comparison with MaxEnt
The MaxEnt model generated a limited range of habitat suitability indices, from
a minimum of 0.12 to a maximum of 0.77, whereas the demographic model gen-
erated a full range of persistence probabilities between 0.0 and 1.0, with three
distinct modes at 0, 0.55, and 1.0 (figure 8.8). The cluster of MaxEnt probabilities
around 0.5 is a documented problem with this SDM framework that is amelio-
rated with a likelhood-based approach (MaxLike: Royle et al. 2012, Fitzpatrick
et al. 2013). In contrast, the probability of persistence in the demographic models
showed a complex non-linear relationship to N deposition, with a narrow range
of medium N deposition rates that were associated with a high probability of per-
sistence, but a steep decline in persistence probabilities above this range (figure
8.7). In contrast, the MaxEnt habitat suitability showed almost no relationship to
N levels, either for a model with temperature, precipitation, and nitrogen (figure
8.7) or for a simpler model that used only nitrogen as a predictor variable (and
thus was more comparable to the demographic models; figure 8.7). The Max-
Ent model predicted good habitat suitability for many sites in the upper Midwest
(figure 8.3), whereas the demographic models predicted that many of these sites
would be highly vulnerable to extinction (figure 8.6). Thus, the MaxEnt and de-
mographic projections essentially were correlated with each another.

8.2.5 Additional forecasting scenarios, past and future
Our demographic modeling results used deposition levels for 2016, the most re-
cent data available at the time we started writing this book. What would the pro-
jections have looked like if we used data from other years? The scenarios for the
earliest data (1985) and those available for 2000 gave more pessimistic projec-
tions, with 75% and 78% of populations, respectively, declining at a relatively
rapid rate of > 1% per year (table 8.1). It is interesting to consider these earlier
deposition patterns compared to the history of air-pollution control in the US. The
1970 Clean Air Act required states to develop plans for meeting air-quality stan-
dards by 1977. Several amendments and provisions were added over the years,
and the 1990 amendments specifically addressed a reduction in acid rain and the
problem of interstate pollution. The latter reflected the data showing that NOx and
NH4 can be transported long distances by weather systems and their associated
precipitation. For example, much of the N deposited in New England originates
from fossil-fuel consumption for energy production in the upper Midwest and the
Ohio River valley. It is possible that the improved projections for S. purpurea de-
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mography based on 2016 N-deposition data relative to the models using 1985 and
2000 data reflect the tighter regulations and reductions in air pollution that have
occurred since 1990.

However, atmospheric N deposition in the US may start increasing again in
the future due to drought and increasing fire frequency (Westerling et al. 2003),
increased consumption of fossil fuels (Davis et al. 2010), and the rolling back of
federal air quality standards (Hogrefe et al 2004). Our demographic model can be
used to forecast simple scenarios of increasing N deposition. Table 8.1 shows the
effects on demography of increasing N deposition levels by constant amounts of
1%, 5%, and 10% above the baseline level of 2016. Unsurprisingly, these increases
lead to modest increases in the proportions of S. purpurea populations that are
declining rapidly.

Table 8.1: Percentage of S. purpurea sites with projected increases (λ ≥ 1.00), slow declines
(0.99 < λ < 1.00), and fast declines (λ ≤ 0.99) as a function of N-deposition levels. Three
hindcast scenarios are shown for the years 1985 (the first year of NADP N-deposition data), 2000,
and 2016. Three forecast scenarios are shown for constant increases of 1%, 5%, and 10% above N
deposition values in 2016.

Forecast 1985 2000 2016 +1% +5% +10%
Increase 13 6 38 38 34 29
Slow Decline 12 16 17 16 18 22
Fast Decline 75 78 45 46 47 49
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Figure 8.4: Response surface for λ, the finite rate of population increase, as a function of N and P
deposition rates (mg/L). The eight white circles represent experimental nutrient concentrations that
were used to derive the stage-specific effects of nitrogen on stage-transition probabilities (figure
7.9). The solid vertical and horizontal lines represent respectively the maximum [N] and [P] used
in the experiment. The dashed vertical line represents the maximum NADP N-deposition rate
recorded at the population sites in 2016, and the dashed horizontal line represents the maximum
reported P-deposition rate in Tipping et al. (2014). The lighter diagonal swath from lower left to
upper right suggests a co-limitation of N and P that affects population growth and persistence.
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Figure 8.5: Response surface for λ, the finite rate of population increase, as a function of N- and
P-deposition rates (mg/L). This figure is the subset of the parameter space in figure 8.4 that is
restricted to lower levels of P deposition. In this region of the parameter space, the light vertical
band indicates an optimal intermediate N-deposition rate that corresponds to the maximum popu-
lation growth rate. The solid vertical line represents the maximum [N] used in the experiment. The
dashed vertical line represents the maximum NADP N-deposition rate recorded at the population
sites in 2016, and the dashed horizontal line represents the maximum reported P-deposition rate in
Tipping et al. (2014).
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Figure 8.6: Demographic predictions of the probabilities of long-term persistence for S. pur-
purea at 727 locations. The predicted probabilities are derived from 100 random simulations of
P-deposition values combined with N-deposition values estimated from the site locations in figure
8.2). For each iteration, the N- and P-deposition values specify a population growth rate λ from
the parameter space in figure 8.5. The probability of long-term persistence is the proportion of the
100 simulations for which λ > 1.0. Compare these forecasts with the MaxEnt habitat suitability
calculated for the same sites (figure 8.3) and with different MaxEnt models (figure 8.7).
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Figure 8.7: Demographic and MaxEnt model predictions as a function of 2016 N-deposition rates.
Each point represents a S. purpurea population site (from figure 8.2). A. Probability of population
persistence (from figure 8.6). B. MaxEnt habitat suitability from a model fitted with only 2016 N
deposition as the predictor variable. C. MaxEnt habitat suitability from a model fitted with 2016
N deposition, average annual temperature, and annual precipitation (from figure 8.3).
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8.3 Summary
Although species distribution modeling based on presence-only data continues
to grow in popularity and statistical complexity, there have been few empirical
comparisons of the performance of MaxEnt with models that are based on other
kinds of data. For models of S. purpurea, the comparisons were not at all similar,
and reflected three broad classes of problems with the current species distribution
modeling paradigm.

The first problem is the statistical performance of the MaxEnt algorithm does
not generate comparable results with a likelihood-based model. The second prob-
lem is that mid-latitude terrestrial plants and animals already experience a vast
amount of seasonal change in temperature and precipitation, so they may not be as
vulnerable to climatic change as high-latitude species that are tied to specialized
habitats or low-latitude species that may already be close to their physiological
maximum thermal tolerance. Although S. purpurea is a habitat specialist, it occu-
pies a very broad climatic niche, can be easily introduced and established outside
of its range, and probably harbors substantial genetic variation within and among
subpopulations that may allow it to adapt successfully to climatic change. For or-
ganisms like S. purpurea, changes in other environmental drivers, such as nutrient
deposition and land use, may be the critical determinants of population extinction
or persistence.

The third problem is that even when we include N deposition in an SDM,
MaxEnt fails to detect its importance. This is because the MaxEnt predictions are
based solely on the environmental conditions where the species occurs and where
pseudo-absences are imputed. MaxEnt cannot account for either demographic per-
formance or genetic variation of populations at these sites. We are sympathetic to
the goals of species distribution modeling, the urgency of predicting how species
might respond to a changing climate, and the potential utility of compiling species
occurrence records to assist in this analysis. But ecologists need to get back to ba-
sics. We need to get into the field, do reciprocal transplant and common garden
experiments, and measure rates of survivorship, growth, and reproduction in re-
sponse to changing environmental drivers. We also need to measure genetic vari-
ation in these populations and understand the potential for local adaptation and
phenotypic plasticity as responses to climatic change. These data are not as easy
to gather as occurrence data downloaded from GBIF and WorldClim. But they can
certainly be gathered in the framework of a dissertation or 3–5 year grant.

With empirical data in hand, GBIF records can be put to better use. Empirical
data will allow us to expand more confidently the spatial and temporal scales
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of our forecasting efforts to places where species already occur. There may still
be great uncertainty in experimental results, depending on which variables were
manipulated and what treatment levels were used. But at least our forecasts will
not be misled by a simple mapping of species occurrences on only two measured
climatic variables.
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Chapter 9

Context: Community ecology,
community ecologies, and
communities of ecologists

This frugal Community [of insects] are wisely employed in providing
for Futurity, and collecting a copious Stock of the most balmy Trea-
sures.

–James Hervey (1747: 108)

The Oxford English Dictionary defines a “community” as a body of people
or things viewed collectively. By extension, an ecological community is defined
therein as “a group of animals or plants in the same place; [or] a group of or-
ganisms growing or living together in natural conditions or occupying a specified
area.” Animals are prioritized because the first occurrence of “community” in an
ecological sense recorded by the OED—the epigraph of this chapter—is by James
Hervey (1747) (figure 9.1).

Community ecologists describe, analyze, model, and experimentally manip-
ulate ecological communities, but ecologists are vague about what they mean by
communities. Communities may be groups of co-occurring living things or organ-
isms interacting through foraging relationships (herbivores and their plants, polli-
nators and their “balmy nectar”, predators and their prey, parasites and their hosts;
(Weiher and Keddy 1999). Communities may occur as “replicated patches” in
similar environments (Diamond 1986), vary along environmental gradients (Maestre

159
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et al. 2009) or change with other explicitly spatial variables such as latitude, eleva-
tion, or depth (ter Braak and Prentice 1988). Location (place, space) is considered
to be an essential part of an ecological community but time is not, perhaps re-
flecting a deeply held view that the natural world is in a balanced equilibrium
(cf. Kricher 2009, Ellison 2013). This temporal myopia of (animal) community
ecologists has been noted before (e.g., Huston 1984) but is being addressed with
the recent development of methods for analysis of time-varying “multilayer” net-
works (e.g., Li and Li 2016, Pilosof et al. 2017, López et al. 2018, Hutchinson
et al. 2019). In contrast, plant ecologists studying succession have long appreci-
ated the temporal dimension of community structure, but whether the assemblages
they study can be properly called communities has been debated for over a century
(Gleason 1926, Tansley 1935, Clements 1936, Liautaud et al. 2019).

These different communities of researchers also have used different data struc-
tures, methods of analysis, and vocabulary (jargon) to describe and model patterns
of species co-occurrence, food webs or other ecological networks, and succession.
In this chapter, we illustrate that many of the salient differences among these ap-
proaches have arisen in part because different groups of researchers have focused
on animals (co-occurrence), trophic interactions (food webs), or plants (succes-
sion). In the next chapter, we explore how co-occurrence analysis, network the-
ory, and models of ecological succession can—and cannot—be used effectively to
understand the structure of S. purpurea inquiline communities. In the last chapter
in this section, we suggest how we might move forward to unite, at least concep-
tually, these different ways of considering communities in space and time.
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Figure 9.1: (Caption on following page)
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Figure 9.1: The first mention of an ecological community is in James Hervey’s (1746) book Re-
flections on a Flower-Garden, bound together with his Meditations Among the Tombs. Hervey is
shown here, with his back to us, in this pen-and-watercolor drawing by William Blake. (William
Blake, Epitome of James Hervey’s Meditations among the Tombs, ca. 1820–5. N 02231 / B 770;
Pen and watercolour 431 × 292 mm (16 15

16 × 11 1
2

′′) Image ©Tate.
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9.1 Species co-occurrence and assembly rules
Like the OED and some of the earliest ecologists (e.g., Forbes 1887, Elton 1927),
we begin with communities of animals. Animal community ecologists emphasized
the importance of biotic interactions—especially competition and predation—as
determinants of observed patterns of individual morphology, resource use by co-
existing species, and local species richness, species composition, and relative
abundance (Wiens 1989). Factors emphasized by plant community ecologists,
such as environmental variation, land-use history, and disturbance, were not ig-
nored by animal ecologists, but animal species coexistence was framed as a prob-
lem of niche overlap and the ability of species to persist while competing for food
and space (Cody and Diamond 1975, Chase and Leibold 2003).

In his final book, Geographical Ecology, MacArthur (1972) argued that pro-
cesses determined by local interactions could be scaled up to predict larger-scale
patterns in geographic ranges and species co-occurrences. In a memorial volume
edited and written by MacArthur’s colleagues after his death, Diamond (1975) ex-
tended MacArthur’s proposition and introduced the idea of community “assembly
rules”. Although “assembly rules” prima facie implies temporal dynamics (anal-
ogous to the mechanisms of succession concurrently described by Connell and
Slatyer 1977), Diamond (1975) ignored time in his explanation of community
structure at equilibrium. Diamond (1975) also restricted his analysis to function-
ally similar groups of related species (e.g., fruit-eating pigeons) that were at a
single trophic level (i.e., taxonoic guilds). He largely ignored other interactions,
including predation, parasitism, pollination, and combinations thereof (e.g., in-
traguild predation; Polis 1991).

Diamond’s assembly rules extrapolated local mechanisms of niche segrega-
tion to geographic patters of occurrences of birds on islands. For a geographically
defined group of S species (e.g., the birds of the New Hebrides [now Vanuatu]
archipelago), there are 2S − 1 possible combinations of species that could occur,
Not all do (or were observed), and Diamond (1975) assumed that the unobserved
combinations were “forbidden” by species interactions. Diamond (1975) also de-
scribed several examples of “checkerboard distributions”: pairs of ecologically
similar congeners that never co-occurred on the same island. More generally, Di-
amond (1975) argued that competitive interactions and subsequent niche adjust-
ments could account for any pattern of observed species co-occurrence.
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9.1.1 The presence-absence matrix
The core data structure for analyzing species co-occurrence and Diamond’s (1975)
assembly rules is a binary presence-absence matrix (McCoy and Heck 1987), in
which rows are species, columns are sites or samples, and the entries are the pres-
ence (1) or absence (0) of a species in a sample (table 9.1).

Table 9.1: An hypothetical example of a binary presence-absence matrix, with rows for species,
columns for sites, and entries representing the presence or absence of a species at a site. Species
pairs (AB) and (DE) are two examples of perfect checkerboards, whereas the distribution of
species C is nested (sensu Patterson and Atmar 1986) within that of species D.

Site
S1 S2 S3 S4 S5 S6 S7 · · ·

Species A 0 1 0 1 0 1 0 ·
Species B 1 0 1 0 1 0 1 ·
Species C 1 1 1 1 1 0 0 ·
Species D 1 1 1 0 0 0 0 ·
Species E 0 0 0 1 1 1 1 ·
... · · · · · · · . . .

The structure of the presence-absence matrix (table 9.1) reflects important as-
sumptions and decisions by investigators about how communities should be sam-
pled. The matrix rows represent the set of species chosen, bounding the taxonomic
and trophic limits of the community. The matrix columns represent the sites (or
samples), which have an explicit spatial scale determined by the grain size and
extent of the sampling. Because the entries in the presence-absence matrix con-
sist only of ones or zeroes, the problem of estimating population sizes is avoided.
However, presences or absences of species still are affected by an implicit defi-
nition of species occupancy, which usually does not allow for the possibility of
detection errors (Royle and Dorazio 2008).

9.1.2 Quantifying co-occurrence
Although dozens of highly correlated species co-occurrence metrics have been
proposed (Arita 2017), the C-score (Stone and Roberts 1990) is a widely-used
index that has good statistical power for detecting patterns of non-randomness in
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the distribution of presences and absences (Gotelli 2000). For each unique species-
pair ij in the presence-absence matrix (table 9.1), the C-score for that pair is cal-
culated as

C = (Ri − S)× (Rj − S), (9.1)

where Ri and Rj are the number of sites (e.g., islands or individual Sarracenia
pitchers) occupied by species i and j (i.e., the row totals for species i and j), and
S is the number of sites that contain both species. The C-score ranges from a
minimum of 0 (all sites shared) to a maximum of RiRj (no sites shared, in which
case the two species form a perfect “checkerboard” sensu Diamond 1975). The
overall C-score for a site × species presence-absence matrix is the average of
all the C-scores for all possible pairs of species. Large C-scores indicate a small
number of pair-wise species co-occurrences (i.e., species segregation), whereas
small C-scores indicate a large number of species co-occurrences (i.e., species
aggregation). Intermediate scores reflect either a random pattern of co-occurrence
or a mixture of highly aggregated and highly segregated pairs within the same
matrix.

9.1.3 Null models for co-occurrence
Diamond (1975) emphasized the operation of competition in the assembly rules
for New Hebridean birds and, by implication, to most interacting taxa on any
island ecosystems. Connor and Simberloff (1979) argued that a handful of care-
fully selected examples from a large tropical avifauna could be found that would
support almost any pattern of co-occurrence, and that Diamond’s assembly rules
represented post-hoc interpretations lacking predictive power (Gotelli 1999). The
subsequent acrimonious debate precipitated the development of formal null hy-
potheses and associated null models to test whether observed patterns of species
co-occurrence differed from those expected in the absence of species interactions
(Gotelli and Graves 1996). This work extended pioneering studies by Pielou and
Pielou (1968, Pielou 1972), who not only had described patterns of co-occurrence
among spiders, but also provided detailed statistical tests of an explicit null hy-
pothesis based on independent species occurrences. After nearly 20 years of vit-
riolic exchanges following the publication of Diamond (1975), a meta-analysis
of 96 published presence-absence matrices produced results that were consistent
with Diamond’s (1975) assembly rules (Gotelli and McCabe 2002). Independent
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of spatial grain, extent, and latitude, the published matrices as a group exhibited
more checkerboard species pairs, fewer species combinations, and more pairwise
species segregation than expected by chance. However, these patterns were much
stronger for bats, mammals, birds, ants and plants and not different from random
for invertebrates, fish, reptiles, and amphibians.

With a null-model analysis, we ask what values of the C-score (or any com-
munity metric) would be expected if the species occurrences among sites were
random and independent of one another. If species on islands or in patches are
non-randomly distributed, the contrasting null model should include random and
independent colonization effects as in the equilibrium model for island biogeogra-
phy (MacArthur and Wilson 1963) or later neutral models (Caswell 1976, Hubbell
2001).

Because the parameters for those models are almost impossible to estimate
from static presence-absence matrices (Gotelli and McGill 2006, but see Rick-
lefs 2003), ecologists turned to randomization tests that used information from
the binary presence-absence matrix itself (table 9.1) to construct null distributions
(Gotelli and Ulrich 2012). But the devil is in the details. There are many different
ways to randomize a presence-absence matrix to mimic the effects of random
colonization and extinction (Strona et al. 2018), but three algorithms— fixed-
equiprobable, fixed-fixed, and fixed-proportional (Gotelli 2000)—have stood the
test of time.

Fixed-equiprobable

In this algorithm, the occurrences of each species are independently reshuffled
among the sites. This model fixes the row totals of each null matrix to match the
row totals of the original (observed) matrix. Fixing the row totals preserves the rel-
ative commonness and rarity of each species in the null-model simulations. How-
ever, the column totals (number of taxa per site) are allowed to vary randomly and
freely. Thus, the sites are treated as equiprobable and observed differences among
sites in total species richness (i.e., column totals) are not preserved in the simula-
tions. This model is equivalent to a simple “balls-in-urns” model and corresponds
to a 2 × 2 contingency analysis (Arita 2016). This model has good statistical
properties (Gotelli 2000) unless there are marked differences in the suitability of
each site for species occupancy. Such differences in suitability might be caused by
variation in, for example, the areas, resources, habitats, abiotic factors, or history
of the sites.
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Fixed-fixed

In this second algorithm, both the row totals and the column totals of the original
matrix are preserved. Thus, the simulated matrices contain the same number of oc-
currences per species (row totals) and the same number of species per site (column
totals) as the original matrix. Non-random co-occurrence patterns are measured
above and beyond the baseline patterns that are determined by these marginal
constraints. Because so many species diversity and species co-occurrence metrics
are sensitive to species richness and relative abundance (Ulrich et al. 2018), this
algorithm has good Type I error properties and does not lead to incorrect rejection
of the null hypothesis for random matrices with heterogeneous row and column
sums (Gotelli 2000, Strona et al. 2018).

However, the good Type I error properties of the fixed-fixed algorithm are
offset by its greater likelihood of Type II errors: incorrectly accepting a null hy-
pothesis that is false. Type II errors can be a problem in very small matrices. When
there are few rows and columns, there may be only a limited number of random-
izations possible that preserve both row and column totals. Similarly, if the row or
column totals are either very small (a minimum of 1) or very large (a maximum of
the number of rows or columns), there also may be a limited number of possible
matrix re-arrangements.

Moreover, fixing both row and column totals imposes a kind of zero-sum con-
straint on the randomizations. As a consequence, some first-generation simula-
tion algorithms produced biased matrices in which occurrences of each species
were not strictly independent of the occurrence of other species (cf. Zaman and
Simberloff 2002). Strona et al. (2014) introduced a “curve-ball algorithm” that
efficiently shuffled elements for pairs of rows and generated an unbiased set of
random matrices with the same row and column totals.

Fixed-proportional

The third algorithm is similar to the first (fixed-equiprobable), but the assignment
probabilities for the sites are based on an independent measure of site suitability
rather than just an assumption that all sites are equiprobable. This is analogous to
a “balls-in-urns” model in which the urns are of unequal sizes.

C-scores and other metrics used with these three different null models can
give contradictory results (e.g., Gilpin and Diamond 1982). Tests of different null
models with artificial data sets containing specified levels of structure and noise
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also have revealed that different null models have different risks of Type I or Type
II statistical errors (e.g., Gotelli 2000, Hardy 2008, Harris 2016). Nearly a half-
century after Diamond (1975), ecologists now have a continuous landscape of
possible null models from which to choose (Gotelli and Ulrich 2012, Strona et al.
2018).

9.1.4 Pairwise analyses
The structure of entire assemblages represented by a presence-absence matrix
ranges along a continuum from strongly segregated (a perfect checkerboard) to
strongly aggregated (species completely nested, sensu Atmar and Patterson [1986])
(Leibold and Mikkelson 2002). However, analyses of co-occurrence that rely on
a single metric such as the C-score may distort or over-simplify complex patterns
that reflect interactions within and among subsets of species (Grant and Abbott
1980). In fact, the same matrix can be shown to be both significantly nested and
significantly aggregated (Ulrich and Gotelli 2007).

These considerations motivated the analysis of individual species-pairs within
a matrix using the same null-model algorithms that had been applied to the entire
matrix (Sanderson 2000, Sfenthourakis et al. 2006). However, these pairwise anal-
yses calculate an index of species co-occurrence for each species pair, resulting
in (S × (S − 1))/2 significance tests rather than a single matrix-wide test. This
multitude of tests can produce many potential false positives, a problem not only
for ecology but also for analyses of gene expression and microarrays (Kammenga
et al. 2007). Efron (2005) provides tools for reducing the number of false positives
and preserving an overall family-wide Type-I error rate of 0.05.

Early critics of null models also worried about a “dilution effect”: a matrix
could appear random because the important interactions between pairs of com-
petitors were being diluted by all of the random associations between pairs that
were not sharing resources or interacting (Grant and Abbott 1980). To address
this, Gotelli and Ulrich (2010) adapted an empirical Bayes approach of binning
each species pair and then screening non-random pairs according to the frequency
of such pairs generated by the null model. Thus, each species pair in the ma-
trix can be classified as aggregated, random, or segregated. The results of such
pairwise analyses were unexpected: over 95% of the species pairs in most matri-
ces were randomly associated (Gotelli and Ulrich 2010). Of the small number of
pairs that passed the Bayes’ criterion test for non-randomness, most were nega-
tive rather than positive associations (although the reverse seemed to be true for
fossil assemblages before the mid-Holocene; Lyons et al. 2016). Thus, most matri-
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ces reflect a “concentration effect”: the community level non-randomness of most
presence-absence matrices often reflects strong non-random associations between
only a handful of species pairs.

9.2 Food webs and other networks
Co-occurrence analyses and assertions of assembly rules usually have been re-
stricted to taxonomic or functional groups of species at the same trophic level.
A much richer array of direct and indirect interactions are possible for analyses
of entire food webs, which consist of unrelated species that acquire resources in
many different ways.

9.2.1 Food-web matrices
Food webs usually are illustrated as directed networks (a.k.a. directed acyclic
graphs, or DAGs), in which individual species (or functionally similar groups of
species such as “ants”) are depicted as nodes. Interactions between species in
food webs are trophic interactions (“who-eats-whom” and at what rate; Ulanow-
icz 2004), which are depicted as edges (figure 9.2). A network of nodes and edges
can be summarized in matrix form: rows and columns are individual nodes, and
entries represent the presence (1) or absence (0) of an edge between them (table
9.2). This food-web matrix (or “adjacency matrix” in Ulanowicz 2004) is a spe-
cial and much simplified case of two different types of matrices used respectively
by ecologists studying populations or communities (Levins’ [1968] community
matrix) and those studying ecosystem dynamics (Ulanowicz’s [2004] matrix of
dietary proportions and its relatives).

The community matrix

For a set of S species, each element αij of the S × S community matrix is the per
capita effect of species i on the population growth rate of species j; the diagonal
elements are the per capita effect of each species on itself (table 9.3).

In the community matrix, the population dynamics of all species are directly
and indirectly linked through a set of simultaneous first-order differential equa-
tions. These equations generalize the two-species Lotka-Volterra competition model
to multiple species (Levins 1968, Wootton 1998). Positive, negative, and zero val-
ues for the α’s in the community matrix respectively imply mutualistic, competi-
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Figure 9.2: A food web with six species and four trophic levels. Arrows go from prey to predators.

tive, or neutral inter- and intraspecific interactions. Indirect effects are propagated
through the entire community because the equations for all species are coupled.
The growth equations can be solved to yield equilibrium population sizes, and the
first eigenvalue of the community matrix measures local (Lyupanov) stability: the
rate of return to equilibrium after a small perturbation (Caswell 2006).

The matrix of dietary proportions

Scientists who study flows of energy and nutrients through ecosystems replace
species in food webs with compartments representing functional groups, such as
plants (or primary producers), detritus, detritivores, herbivores, and carnivores.
Within-compartment dynamics (i.e., the diagonal elements of table 9.3) are ig-
nored and effects of one compartment on another are measured as trophic ex-
changes of energy (e.g., kcal ·m−2 · yr−1) or nutrients (e.g., kg N · ha−1 · yr−1).
To work with these trophic exchanges, the upper off-diagonal elements αij of the
community matrix (table 9.3) are replaced by elements gij of a square matrix of
dietary proportions G (Ulanowicz 2004). Each element gij of G is the percent
that each compartment i contributes (outputs) to the total diet (input) of the com-
partment j.
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Table 9.2: A matrix representing the simple food web shown in figure 9.2. Rows and columns
represent species (nodes), and 1s represent interactions (edges). By convention, interactions flow
from rows (“prey”) to columns (“predators”). Non-zero entries along the diagonal imply some
forms of intraspecific control on population dynamics (e.g., density-dependence or cannibalism).

Species
A B C D E F

Species A 1 0 0 0 0 1
Species B · 1 1 0 1 1
Species C · · 1 0 1 0
Species D · · · 1 1 0
Species E · · · · 0 1
Species F · · · · · 1

Table 9.3: Levins’ (1968) community matrix. Each entry is the interaction coefficient αij , which
measures the per capita effect of species i on the population growth rate of species j.

Species
A B C

Species A αAA αBA αCA

Species B αAB αBB αCB

Species C αAC αBC αCC

The individual elements of G are computed as:

gij =
Tij
T.jXj

(9.2)

where Tij is the rate of transfer of energy from compartment or taxon i (prey) to
another compartment j (e.g., its predator), and Xi is the rate of any exogenous
inputs to taxon j. The overall matrix of dietary proportions G is thus an S ×
S matrix with upper diagonal elements gij , diagonal elements = {0}, and lower
diagonal elements normally = {0} (unless prey become predators at, for example,
different life-history stages).

The G matrix has two interesting properties. First, the elements of Gm repre-
sent the trophic contributions of every path of length m through the web. Second,
the infinite series I +G + G2 +G3 + . . ., where bmI = G0 = the identity ma-
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trix, converges to the “Leontief structure matrix” S = [I−G]−1 (Leontief 1951),
whose ijth entry is the fraction of the total input to species or compartment j that
comes from species or compartment i over all pathways of all lengths.

The S matrix also can be used to determine intermediate transfers between
compartments. Szyrmer and Ulanowicz (1987) transformed S into another ma-
trix D (the “total dependency matrix”) whose elements dij are interpreted as the
fraction of the total inputs (diet) of compartment (predator) j that passed through
compartment (prey item) i before it was consumed by j:

dij = (sij − δij)

( ∑n+2
k=1 Tik

sii
∑n

m=0 Tmj

)
(9.3)

Here, sij are elements of S, δij are elements of the identity matrix, T0j are the ex-
ternal inputs to compartment j, Ti,(n+1) are usable exports from compartment i, and
Ti,(n+2) are dissipative losses (e.g., respiration) from compartment i. Another way
of interpreting D is to think of each of its columns as the “indirect” input (diet) of
compartment (predator) j (Ulanowicz 2004). Other normalizations of the T matrix
(whose elements Tij are all the flows between compartments), such as row-wise
normalizations instead of the column-wise normalizations in D, yield additional
information about energy transfer through different pathways (Ulanowicz 2004).

9.2.2 Constructing food webs
It is very difficult to estimate the coefficients of a community matrix (table 9.3),
reconstruct the associated interaction network (figure 9.2, table 9.2), or measure
energy flows gij of G. Comprehensive pairwise experiments that measure per
capita density effects of species on one another are used to fill the community
matrix (Paine 1992, Berlow et al. 1999). Long-term observations and measure-
ments of ecosystem processes can estimate gij , but it is rare that all compartments
are measured simultaneously (e.g., Tilly 1968, Baird and Ulanowicz 1989).

More typically, food-web data are compiled from biological knowledge of
predator-prey relationships, aggregation of multiple studies, or inferred from quan-
titative surveys of species associations. The latter may include data on species co-
occurrences (table 9.1; Harris 2016) and covariation in abundance. When tested
against pre-specified food-web structures, these methods do a better job of re-
covering the food-web structure than piecing together the results of a pairwise
co-occurrence analysis, which simply emphasizes the statistical pattern of pair-
wise aggregation, segregation, or randomness. However, Harris’s (2016) method
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does not seem to control for sampling effects, especially those that introduce het-
erogeneity into row and column sums of the matrix.

9.2.3 Metrics and properties of food webs and other networks
Once food webs have been assembled, their structure or trophic dynamics can be
quantified. Standard measures of food-web structure and dynamics include met-
rics that are general properties of networks and others that are more specific to
trophic webs. Table 9.4 summarizes the representative set of whole-web metrics
that we used in our analysis of the inquiline food webs of S. purpurea. A more
comprehensive list of network metrics—many of which are correlated with or de-
rived from one another—is given by Lau et al. (2017) and implemented in the
enaR package (Borrett and Lau 2014).

Table 9.4: Metrics of whole network and food-web structure used commonly by ecologists, after
Ulanowicz (2004) and Lau et al. (2017).

Metric Meaning Applies to
N or S Number of nodes (species) Networks
L Number of edges (interactions) Networks
LD = L/S Average link density Networks
LDE = e

Hc
2 Effective link density* Trophic webs

C = L/[S(S − 1)/2] Connectance (a.k.a. Density)† Networks
TD Trophic depth (# of trophic levels) Trophic webs
TDE = eAMI Effective trophic depth‡ Trophic webs

A =
∑
i,j

Tij log
(
TijT..
Ti.T.j

)
Network ascendency Trophic webs

* Hc = −k
∑
i,j

Tij
T..

log

(
T 2
ij

Ti.T.j

)
is the residual diversity of network flow (sensu Rutledge et al.

1976 after MacArthur 1955)
†If Connectance includes cannibalism and mutual predation, then C = L/S2 (Martinez 1992)
‡ AMI = k

∑
i,j

Tij
T..

log
(
TijT..
Ti.T.j

)
is the average mutual information (sensu Ulanowicz 2004 after

Rutledge et al. 1976)

Early studies of food webs and network properties figured prominently in the
evaluation of diversity-stability relationships (Elton 1958). MacArthur (1955) ar-
gued that stability of a more highly connected network would be higher because
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there would be more potential pathways for energy flow, as in complex small-
world networks (Watts and Strogatz 1998). But initial explorations of this hy-
pothesis led to a different result. When the interaction coefficients in the commu-
nity matrix (table 9.3) were drawn from a random uniform [−1, 1] distribution,
Lyupanov stability decreased as more links were introduced (Gardner and Ashby
1970). May (1972) confirmed that average interaction strength would have to de-
crease as the number of species and connectance of the web increased.

However, some of the simulated networks had negative population sizes at
equilibrium, which is not possible in nature (Roberts 1974). Others had trophic
chains that were so long that they defied principles of limited energy transfer
from one trophic level to the next (Lindemann 1942). Still others had intransitive
network loops (e.g., A affects B, B affects C, C affects A; Gilpin 1975), which
contradicted the view that competitive interactions formed transitive linear hierar-
chies (Keddy and Shipley 1989, but see Buss and Jackson 1979). However, as food
web compartments (“decomposers,” “microbes,” “plants,” “omnivores,” etc.) have
become better resolved, long trophic chains, widespread omnivory, cannibalism,
intraguild predation, and other complex interactions have emerged as the norm,
rather than the exception (e.g. Polis 1991, Banasek-Richter et al. 2009).

Major advances in network theory and computational analysis over the past
20 years have emphasized local rather than global stability (Grilli et al. 2017)
and the importance of clustered subunits embedded in larger interaction networks
(Watts and Strogatz 1998). Ecological guilds of species sharing a common fo-
cal resource may represent examples of small-world networks, in which there are
tight clusters of interacting nodes with some links connecting them to other such
clusters (Krause et al. 2003). Compared to a randomly connected Erdös-Rényi net-
work, small-world networks generate a fat-tailed distribution of linkage distances,
which may follow an approximate power distribution with a scale-free exponent
of between 2 and 3 (May 2006). However, there is still uncertainty over whether
network metrics are scale invariant (Martinez 1992, Keller 2005), and how much
network patterns are influenced by incomplete sampling (Bluthgen 2010).

Recent analyses of more detailed food-web models suggest that interacting
subunits may impart stability to large ecological networks (Rooney and McCann
2012, Allesina and Tang 2012). Weak interactions (McCann et al. 1998), and inter-
actions with rare species (Yoshimura et al. 2006) may stabilize network structure.
The stability of a large network may be sensitive to the loss of particular interac-
tions (Allesina and Pascual 2008, Allesina and Tang 2012) or highly-linked nodes
(O’Gorman and Emmerson 2009, Ives and Cardinale 2004) rather than the aver-
age connectance of the entire network (Martinez 1992, Olesen et al. 2011).
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9.3 Community Succession
Co-occurrence analysis and food-web metrics consider communities to be in equi-
librium. Although explicit analysis of spatial variation in animal communities and
food webs is common (Menge 1995, Cottenie 2005), temporal changes in their
structure have been considered only infrequently (Drake 1993, Morton et al. 1996,
López et al. 2018, Hutchinson et al. 2019, Ohlmann et al. 2019). Plant ecologists,
however, have been studying temporal dynamics under the rubric of community
succession since the late 19th century (Cowles 1899, 1911, Clements 1916).

Succession is the systematic change in the composition and abundance of
species through time after creation or exposure of new land or soil (“primary suc-
cession” after, e.g., volcanism or glacial retreat; Del Moral and Bliss 1993, Fastie
1995) or following a disturbance that has removed most or all of the species and
biomass in a patch (“secondary succession” after, e.g., creation of a tree-fall gap;
Pickett and White 1985, Poulson and Platt 1996; figure 9.3). The same James
Hervey who coined the term “community” in 1747 also wrote in the same volume
about succession: “Another remarkable Circumstance, recommending the flow-
ery Creation [the annual cycle of flowering herbs], is their regular Succession”
(Hervey 1746: 57; italics in the original).

Two empirical observations of terrestrial vegetation motivated definitions and
study of succession. The first observation was that, following a disturbance, a dis-
tinctive set of species (“pioneers”) would establish (Cowles 1911). These species
often had morphological and physiological adaptations to harsh abiotic conditions
(often high temperatures and light, low moisture and nutrients). The second ob-
servation was that, with enough time, replicate patches in similar environments
that were disturbed by different forces (fires, logging, storms) would converge in
species composition (Warming 1895, cited in Cowles 1911).

These observations led Clements (1916) to propose the facilitation model of
succession: the first set of species to colonize a barren or disturbed site would
alter the physical environment in a way that changed the abiotic conditions and
facilitated the arrival and establishment of the next set of species. This second set
would replace the first, and facilitate the establishment of the next. This successive
replacement of species sets (“seres”) would continue until a final “climax” com-
munity was reached. This climax community was originally assumed to be stable
and self-replacing (and in Clements’ view, analogous to a super-organism), with
high species richness and biomass. At any stage in the sequence, however, a fresh
disturbance could reset the system, followed by an orderly progression towards
the climax community.
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Gleason (1926) rejected Clements’ view that plant succession leading to a
climax community was analogous to the development of an organism. Instead,
Gleason (1926) proposed that plant communities were loose associations made
up of species that reflected their individual responses to the environment and
one another. Although the Gleasonian view has more empirical support (Tans-
ley 1935, Whittaker 1956, Connell and Slatyer 1977), plant community ecolo-
gists continue to identify plant community types based on a dominant species or
genus (e.g., “beech-maple forest”) or a dominant growth form (e.g., “grassland”)
(Faber-Langendoen et al. 2018). At larger spatial scales, geographers use com-
munity types to describe and map entire biomes or life zones (Whittaker 1962,
Holdridge 1947, Olson et al. 2001).

The organization of species into groups that represent communities does, how-
ever, provide a useful framework that recognizes the potential importance of species
interactions to generate higher-level patterns of organization (Connell and Slatyer
1977, Farnsworth et al. 2017). Note also that as the spatial grain of analysis de-
creases, models based on community types must collapse back to models of indi-
vidual species. At a small enough spatial scale, a patch can support only a single
species (or even a single individual), so the different “stages” in a community
model could represent different individual species (Horn 1975, Diamond et al.
2016).

9.3.1 A transition matrix for succession
The core data structure for studying and modeling succession is a species × time
matrix (table 9.5). In this matrix, each row is a species, and each column is a con-
secutive time point since the initial disturbance. The entries in the matrix represent
the abundance (numbers of individuals, stems, or percent cover) of each species
at each time.

Although all models of succession begin with the data structure in table 9.5
(reflecting the progression of species shown in figure 9.3), individual species may
be grouped into sets of stages or community types. Ideally, each stage would be
complete and mutually exclusive (and would include an initial “disturbed” state)
and each species would be uniquely assigned to a single stage (analogous to the
“relay floristics” model of succession proposed by Egler 1954 and reviewed by
Drury and Nisbet 1973). In practice, the classification is always messier: not
all successional stages are represented in each location, each species cannot be
assigned easily to a single stage, and stages rarely follow a perfectly ordered
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Table 9.5: Example of raw successional data. The entries represent the abundance of different
species at each time step, after an initial disturbance that initializes a patch to an “empty” state
(∅).

Time Step
∅ 1 2 3 4 5 6 · · ·

Species A 0 10 22 44 21 11 5 ·
Species B 0 28 35 5 0 0 0 ·
Species C 0 0 5 50 166 156 160 ·
Species D 0 0 0 0 12 37 38 ·
Species E 0 0 0 0 0 1 3 ·

... · · · · · · · . . .

sequence in replicate patches monitored through time (Johnson and Miyanishi
2008).

Table 9.6: Organization of species temporal occurrences into a successional sequence of stages.
The community composition at each time step is assigned to a single stage in the successional
model. The stages are mutually exclusive and represent all possible configurations.

Time Step
0 1 2 3 4 5 6 7 · · ·

Stage ∅ α β β γ γ γ δ · · ·

9.3.2 Collecting successional data
Temporal trajectories of change in species (table 9.5, figure 9.3) and communi-
ties (table 9.6) following an initial disturbance are the data underlying studies of
succession, but they are difficult to collect, especially with proper replication. Al-
though there are a few examples of long-term monitoring of the accumulation of
vegetation and associated animal species following volcanic eruptions (Whittaker
et al. 1989, Del Moral and Bliss 1993), many studies of temporal trajectories have
not been long enough to exhibit community change (especially for terrestrial veg-
etation). Valid replication may not be possible because of changes in land use
and climate, and many monitoring studies do not begin from the point of a well-
defined disturbance or an “empty” patch (Dornelas et al. 2013). Instead, ecologists
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have relied on chronosequences: concurrent snapshot surveys of patches at pre-
sumed different stages of succession. Chronosequence data assume that the time
since disturbance can be accurately dated for each patch, and that patches differ
only in the time since disturbance. It is the second assumption that is problematic.
Chronosequences do not always yield the same patterns as replicate observations
through time of a single patch (Johnson and Miyanishi 2008).

Empirical studies of succession in real time are possible for shorter-lived or-
ganisms. For example, Sutherland (1974) deployed small panels to study ecolog-
ical succession of marine algae and fouling invertebrates over weeks and months.
In contrast to the pattern of facilitation often seen in terrestrial vegetation, once an
initial biofilm was established (Dang and Lovell 2016), the panels were quickly
colonized, often by near monocultures of barnacles, algae, ascidians, bryozoans,
sponges, or hydroids. These groups did not undergo an orderly sequence of species
replacements (as correctly predicted for plants by Gleason 1926). Instead, the first
arrivals persisted from their initial “land grab” and inhibited the establishment of
other species until a disturbance reset the system, which might then be recolonized
by a different assemblage (Law and Morton 1993). This pattern conformed to the
predictions of the initial floristics model of succession proposed by Egler (1954)
or the inhibition model of succession of Connell and Slatyer 1977).

9.3.3 Modeling succession with Markov models
Horn (1975) proposed using a Markov model to examine the dynamics of com-
munity succession. Starting with the set of n community stages in table 9.6, Horn
constructed an n × n matrix of the transition probabilities between all possible
states at a single discrete time step (table 9.7). In this successional transition ma-
trix, the columns are the state of a patch at time t and the rows are the state at time
t + 1. The diagonals of the matrix represent the probability of stasis (no change
in patch state), and the other entries represent changes between any pair of states
(which need not be symmetric). Unless the number of patches in the system is
changing through time, the columns of this matrix sum to 1.0, and transitions that
cannot occur directly in a single time step have a value of zero.

The different models of succession—facilitation, tolerance, and inhibition—
have different numbers and placement of non-zero entries in the transition matrix.
In the tolerance model, all transitions are possible in a single time step, and there
are no zeroes in the matrix (table 9.7). The transition matrix for the facilitation
model would have non-zero transition probabilities only along the diagonal (no
change from one time step to the next), the first lower off-diagonal (from one
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stage to the next), and the top row (any stage removed following disturbance). Fi-
nally, the transition matrix for the inhibition model would have non-zero transition
probabilities only along the diagonal (no change from one time step to the next),
across the top row (resetting the system after disturbance), or in the first column
(any stage can occur after disturbance).

Table 9.7: Transition matrix for a Markovian model of succession. The entries represent the prob-
ability of transition from one community type to the next in a single discrete time step. In Horn’s
(1975) original formulation, the patches were so small that each “stage” was actually an individual
species.

Stage at time (t)
Stage at time (t+ 1) ∅ α β γ δ

∅ p(∅ → ∅) p(α→ ∅) p(β → ∅) p(γ → ∅) p(δ → ∅)
α p(∅ → α) p(α→ α) p(β → α) p(γ → α) p(δ → α)
β p(∅ → β) p(α→ β) p(β → β) p(γ → β) p(δ → β)
γ p(∅ → γ) p(α→ γ) p(β → γ) p(γ → γ) p(δ → γ)
δ p(∅ → δ) p(α→ δ) p(β → δ) p(γ → δ) p(δ → δ)

As long as none of the states have an absorbing transition (p = 1.0), the Markov
model of succession predicts a single equilibrium state in which each stage is
represented in a constant relative proportion. This result is directly analogous to
what we saw for demographic transition models (chapter 6), except now we are
dealing with successional stages (assemblages of species) rather than life-history
stages. If the Markov model is applied to data collected at a very small spatial
scale, such as individual trees (Horn 1975) or ant colonies that occupy nest boxes
(Diamond et al. 2016), then the stages can represent individual species.

The Markov formulation is a heuristic model because it does not explicitly
incorporate processes such as inhibition or facilitation, which rather are manifest
indirectly in the values of the transitions. Further, the equilibrium predictions of
the Markov formulation of different successional models do not always generate
unique or qualitatively different predictions. Still, the Markov model captures the
essence of probabilistic successional change. It can be used with experimental and
observational data and extended to incorporate density-dependence (McAuliffe
1988) and non-stationary environmental change (Tanner et al. 1996).
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Figure 9.3: The temporal progression of the entry of species into an assemblage, followed by
changes in their abundance and their eventual disappearance, form the core data for studies of
ecological succession.
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9.4 Reconciling co-occurrence, food webs, and suc-
cession with multilayer networks

Studies of species co-occurrence, food webs and other networks, and succession
continue to dominate contemporary community ecology, perhaps because they
each emphasize the importance of biotic interactions in producing pattern in nat-
ural communities. However, it is much easier to collect spatial replicates for co-
occurrence analysis or to construct species-interaction networks than it is to col-
lect temporal replicates to document succession. Indeed, because it is so difficult
to directly track communities through long periods of time (Dornelas et al. 2018),
space-for-time substitutions dominated studies of ecological change until the ad-
vent of the Long-term Ecological Research (LTER) program in 1980 (Willig and
Walker 2016).

For example, classic succession models of facilitation were constructed from
chronosequences of shoreline vegetation (e.g., Cowles 1899, Clements 1916, Fastie
1995). However, direct tests of the assumption that space can be substituted for
time have not been well-supported for several classic chronosequence studies
(Johnson and Miyanishi 2008). Better support for the space-for-time substitution
comes from paleoecology (Blois et al. 2013), although not during periods of rapid
environmental change, such as the Holocene. Similarly, contemporary species dis-
tribution modeling regularly uses spatial patterns of species occurrences to fore-
cast and hindcast changes in species and community composition associated with
environmental change. Predictability of the models declines with increasing time
since before the present (Record et al. 2013). We cannot yet test forecasts of
forward-looking SDMs, as the future has yet to occur (Vaughan and Ormerod
2005).

Conversely, the few studies that have examined how species co-occurrence
patterns change through time (a time-for-space substitution) also have yielded in-
consistent results at vastly different temporal scales. Within a single season, S.
purpurea inquilines showed a weak increase in aggregation through time (Ellison
et al. 2003). Across the late Quaternary, the species identity of aggregated and
segregated species pairs has been inconsistent through time (Blois et al. 2014).
From the Carboniferous to the modern, there has been a substantial change in the
fraction of aggregated and segregated species pairs (Lyons et al. 2016).

Of course, the interaction of space and time has not been ignored by commu-
nity ecologists. For example, mechanistic models of forest succession incorporate
the distance and identity of neighboring individuals, and metacommunity models
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(Leibold and Chase 2017) have taken into account patch structure and dispersal
potential. There are decades of studies on spatial variation (e.g., Zajec and Whit-
lach 1982, Farrell 1991), spatial scale (e.g., Zajec et al. 1998), environmental gra-
dients (e.g., Letcher et al. 2015), and disturbance regimes (e.g., Platt and Connell
2003) on the timing and outcome of successional sequences in many habitats.

Still, most studies of succession and species co-occurrence continue to focus
on taxonomic guilds: sets of related species with broadly similar life histories that
potentially interact directly and indirectly. There are good theoretical and practical
reasons for restricting the analyses to taxonomic guilds. These species often share
a common evolutionary history, similar life histories, or resource requirements,
so they are expected to interact, especially through the use of shared resources of
food, space, or time (Schoener 1974). From a practical standpoint, the dual chal-
lenges of taxonomic identification and standardized, quantitative sampling meth-
ods also has led many ecologists to restrict their studies and samples to sets of
related species.

But the continued focus on studies of closely related species has somewhat
isolated studies of succession and co-occurrence from the other major thread of
community organization: food webs and networks. Many of the strongest ecologi-
cal interactions—parasitism, predation, pollination, and mutualism—occur across
trophic levels and between distantly related taxa. Evidence for these trophic inter-
actions often is stronger than the evidence for competition within trophic levels,
which rarely leads to consistent checkerboards or clear-cut patterns of species
segregation (Strong et al. 1984, Presley et al. 2019).

Long before it became fashionable for the study of human social and computer
networks, the importance of networks was appreciated by food-web ecologists
(Elton 1927). But early studies of food webs were crippled by a lack of data, the
construction of composite webs that lumped functionally equivalent or difficult-
to-identify taxa (e.g. “algae”), ignorance of spatial or temporal variation in food-
web structure, and a failure to include measurements of interaction strength (Paine
1988, McCann 2012). More recently, there has been a renewed appreciation of
these sources of variation and that network structure is changes in time and varies
in space (e.g., Drake 1990, López et al. 2018, Hutchinson et al. 2019). In the next
chapter, we apply co-occurrence, static descriptions of food web structure, and
successional models to the inquiline community of S. purpurea and illustrate how
using multilayer networks advances our understanding of its structure and dynam-
ics. In Chapter 11, we scale across systems to see how network metrics calculated
for the Sarracenia web compare to those of other ecological assemblages.
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9.5 Summary
Community ecologists seek to identify processes driving spatial and temporal pat-
terns of species associations. Three major research themes can be distinguished in
part by the data structures used to organize community data. Co-occurrence anal-
yses use a species × site matrix to infer process from and aggregate and pairwise
patterns of species associations. Analyses of food webs and other networks use
a species × species matrix of species links or interaction coefficients. Early net-
work studies focused on the relationship between connectedness and stability, but
more recent analyses have pinpointed small-world networks and other substruc-
tures in webs that may reflect strong neighbor interactions and some associations
with more distant links in the network. Finally, studies of commnity succession
use species × time occurrence or abundance matrices, which can be input into
Markov models of temporal dynamic among different patch or community types.
All three research themes have been expanded by the inclusion of additional data
sources, including species traits and phylogeny, and the spatial scale, arrangement,
and abiotic factors of the sampled sites. Testing model results with experimental
data has proven challenging, and is an active research front.
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Chapter 10

The small world: Structure and
dynamics of inquiline food webs in
Sarracenia purpurea

[Succession is] a variable approaching a variable, not a constant.

–Henry Chandler Cowles (1901: 81).

The previous chapter summarized key concepts from three research foci in
community ecology: co-occurrence and assembly rules of species assemblages;
the structure, function, and dynamics of food webs; and vegetation succession.
Although earlier chapters have explored the natural history (chapter 2), ecophys-
iology (chapters 3–5), and demography (chapters 6–8) of Sarracenia, our initial
work with pitcher plants was focused on community ecology.

In our first grant to study S. purpurea and its inquiline food web, we wrote that
the data we collected would enable the development, refinement, and testing of a
mathematical model of community assembly in a dynamic habitat. Our goal was to
apply concepts and analytical methods for studying equilibrium co-occurrence of
groups of species at a single trophic level (the null models of Gotelli and Graves
1996 and the Markovian succession model of Horn 1975) to groups of species
from multiple trophic levels as they organized themselves through time into a
coherent food web (Drake 1990).

We thought that we could accomplish that goal in a normal five-year grant cy-
cle, but it has taken us more than 20 years just to accumulate the necessary data
and integrate existing and new theory to start working on community assembly
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in a dynamic habitat. This chapter charts the evolution of our thinking as we ex-
plored the assembly of inquiline food webs of S. purpurea. In this chapter, we first
characterize the food web of S. purpurea inquilines in detail (see also §2.3.2; fig-
ures 2.1 and 2.9; and Miller et al. 2018). We then follow the template of chapter 9,
and analyze quantitative patterns of species co-occurrence, temporal succession,
and food-web organization of Sarracenia inquilines. In chapter 11, we discuss
how this food web scales with respect to other published food webs and discuss
its utility as a model experimental system.

10.1 Composition and structure of the Sarracenia
purpurea food web

10.1.1 The inquilines
The S. purpurea food web is an aquatic, detritus-based (“brown”) food web. The
input to this donor-controlled food web is (primarily) insect prey captured by
the plant that drowns in the liquid-filled pitchers (Butler et al. 2008, Ellison and
Gotelli 2009, Miller et al. 2018). The living components of the food web—the
inquilines—include one species that lives its entire life within the pitcher (the
mite Sarraceniopus gibsoni), three species that live in pitchers only during their
larval stages (the midge Metriocnemus knabi, the mosquito Wyeomyia smithii, and
the sarcophagid fly Fletcherimyia fletcheri), and rotifers, protozoa, and microbial
taxa that live in both pitcher fluid and a variety of other aquatic habitats (§2.3.2).

In most of the analyses we discuss in this chapter, we use only the five species
in the “macrobial food web”: 1) the voracious and cannibalistic larvae of the top
predator F. fletcheri; 2) the filter-feeding larvae of W. smithii; 3) the detritivorous
larvae of M. knabi; 4) the particulate organic matter (“POM”)-feeding mite S. gib-
soni; and 5) the common and abundant filter-feeding bdelloid rotifer, Habrotrocha
rosa. These taxa are the ones that can be seen by eye or with a 10× hand-lens in
the field.

In our own field experiments, we have rarely collected data on the hundreds of
OTUs of protozoa, bacteria, viruses, yeast, fungi, and algae that also are members
of this aquatic food web. However, in observational studies in the field and in
laboratory experiments, we and our colleagues have collected data at small and
large geographic scales on the more complete (macrobial + microbial) food web
of S. purpurea (Buckley et al. 2003, 2004, 2010, Peterson et al. 2008, Baiser et al.
2012, Paise et al. 2014, Canter et al. 2018, Boynton et al. 2019).
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10.1.2 Network structure of the Sarracenia purpurea food web
The S. purpurea food web has been used as extensively as a model in studies
of keystone predation and other top-down effects (Addicott 1974, Cochran-Stafira
and von Ende 1998, Kneitel and Miller 2002, Gotelli and Ellison 2006a, Hoekman
2007, 2010, 2011, Peterson et al. 2008, Hoekman et al. 2009); omnivory and other
intermediate-level trophic interactions (Kneitel 2007); bottom-up effects (Brad-
shaw and Creelman 1984, Heard 1994, Gotelli and Ellison 2006a, Hoekman 2007,
2010, 2011, Hoekman et al. 2009); small- and large-scale biogeography (Harvey
and Miller 1996, Buckley et al. 2003, 2004, 2010, Baiser et al. 2012, Gray et al.
2016); and metacommunity organization (Miller and Kneitel 2005, Baiser et al.
2013). However, the definition and characterization of the “S. purpurea food web”
has varied considerably among these studies (figure 10.1, table 10.1).
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Table 10.1: Common and unique taxa identified in canonical food webs of Sarracenia purpurea
inquilines illustrated in figure 10.1.

Author* Common name Scientific name(s)†

All webs Rotifer Habrotrocha rosa
Mite Sarraceniopus gibsoni
Midge Metriocnemus knabi
Mosquito Wyeomyia smithii
Fly Fletcherimyia fletcheri‡

Addicott [a] Protozoa Bodo spp.
Colpidium campylum
Colpoda steinii
Cyclidium elongatum
Cyrtolophosis elongata
Urotricha ovata

Uneaten Protozoa Monas spp.
Vorticella sp.

Cochran-Stafira & von Ende [d] Protozoa Bodo
Colpoda
Cyclidium

Kneitel & Miller [e] Protozoa Bodo
Colpoda
Colpidium
Poterioochromonas§

*Canonical S. purpurea food webs from Addicott (1974), Bradshaw and Creelman (1984), Heard
(1994), Cochran-Stafira and von Ende (1998), Kneitel and Miller (2002), Mouquet et al. (2008),
and our own work (figure 2.9; see also Butler et al. 2008). Bold-faced letters correspond to network
diagrams with subdivided consumers (i.e., pies with slices) in figure 10.1.
† Nomenclature checked in the 2019 Catalogue of Life (http://www.catalogueoflife.
org/) and the World Ciliate Catalog (https://www.zobodat.at/).
‡ Blaesoxipha fletcheri in earlier papers.
§ Misspelled as Poterioochroma in Kneitel (2007)

http://www.catalogueoflife.org/
http://www.catalogueoflife.org/
https://www.zobodat.at/
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Table 10.2: Metrics of network and food-web structure of canonical food webs of Sarracenia
purpurea inquilines illustrated in figure 10.1. See table 9.4 for definitions and calculations of
metrics.

Author* N L C LD LDE TDE A
Addicott [a] 11 8 0.07 0.73 2.83 1.00 0.00
Bradshaw & Creelman [b] 7 10 0.2 1.43 2.39 1.75 8.10
Heard [c] 9 12 0.15 1.33 1.72 4.06 24.26
Cochran-Stafira & von Ende [d] 10 17 0.17 1.70 2.90 2.02 17.25
Kneitel & Miller [e] 6 8 0.22 1.33 1.96 2.09 8.49
Mouquet et al. [f] 9 15 0.19 1.67 2.72 2.02 15.22
Ellison & Gotelli [G] 9 18 0.22 2.00 2.69 2.49 23.67

*Canonical S. purpurea food webs from Addicott (1974), Bradshaw and Creelman (1984), Heard
(1994), Cochran-Stafira and von Ende (1998), Kneitel and Miller (2002), Mouquet et al. (2008),
and our own work (figure 2.9; see also Butler et al. 2008). Bold-faced letters correspond to network
diagrams in figure 10.1.

The number of identified taxa included in the S. purpurea food web has ranged
from as few as four (Hoekman 2010) to as many as 64 (Baiser et al. 2012, whose
full web also included an additional 26 morphotaxa assigned only to phylum).
All canonical webs (figure 10.1) have included captured prey, the common illor-
icate rotifer Habrotrocha rosa, and the four obligate macrobial taxa (10.1). In-
clusion or exclusion of microbes, and the degree to which microbial taxa have
been aggregated into functional groups including bacteria, yeasts, fungi, or proto-
zoa, has depended on the question or hypothesis of interest and increasing ability
to identify microbial OTUs (Peterson et al. 2008, Paise et al. 2014, Canter et al.
2018, Boynton et al. 2019). For example, experimental studies aimed at testing
whether W. smithii is a keystone predator frequently have used simplified food
webs consisting only of multiple species of competing protozoa and the mosquito
that feeds on them (Addicott 1974, Cochran-Stafira and von Ende 1998, Kneitel
and Miller 2002, Hoekman 2007, 2010). Similarly, models (Mouquet et al. 2008)
and experiments (Butler et al. 2008) quantifying nutrient or energy fluxes in the
Sarracenia food web have segregated the macrobes but pooled the microbes into
two (bacteria, protozoa + rotifers) or three (bacteria, protozoa, rotifers) functional
compartments.

At the other extreme, for our continental-scale assessment of S. purpurea
inquilines, we identified several additional macrobes, including nematodes and
tardigrades, and dozens of genera and species of protozoa and culturable bacteria
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(Buckley et al. 2003, 2010, Baiser et al. 2012; figure 2.10). Not surprisingly, by
disaggregating protozoa and bacteria into may individual taxa, the effective link-
age density and ascendency were an order of magnitude greater (LDE = 21.15,
log10(A) = 2.81, respectively) than that of our more aggregated nine-taxa web
(LDE = 2.69, log10(A) = 1.37, respectively). Connectedness and trophic depth,
however, were similar between the aggregated and disaggregated webs (C = 0.22
and TDE = 2.49 for the web shown in figure 2.9 vs. C = 0.19 and TDE = 1.77 for
the disaggregated web of Baiser et al. 2012).
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a

b

Figure 10.1: (Figure continues on following three pages)
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d

c

Figure 10.1: (Figure continues on following two pages)
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f

e

Figure 10.1: (Figure continues on following page)
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g

Figure 10.1: (Caption on following page)
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Figure 10.1: Seven canonical Sarracenia food webs from: [a] Addicott (1974); [b] Bradshaw and
Creelman (1984); [c] Heard (1994); [d] Cochran-Stafira and von Ende (1998); [e] Kneitel and
Miller (2002) with protozoa from Kneitel (2007); [f] Mouquet et al. (2008); and [G] Butler et al.
2008; modified from figure 2.9. Each web is represented as a network diagram, with arrows going
from prey, detritus, etc. to predators, transformed detritus, etc. Captured prey is represented by a
dark gray square, and its immediate or transformed products (variously shredded prey, particulate
organic matter [“POM”], or feces) are represented by light gray squares. Consumers are repre-
sented by circles. When individual taxa within a group of consumers were identified separately by
the investigators, the number of identified taxa are represented by the number of “slices” in the
circular pie (e.g., three genera of Protozoa identified by Cochran-Stafira and von Ende 1998). See
table 10.1 for the scientific names for each of the taxa and table 10.2 for metrics of network and
food-web structure for each of these webs.
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10.2 Co-occurrence analysis of Sarracenia purpurea
inquilines

A classical analysis of the structure of the Sarracenia community would begin
with an assessment of the co-occurrence of the species. Note that co-occurrence
analyses normally are done on “communities” of species that interact within a
trophic level or guild (e.g., trees, seed-eating birds), but there is no reason that the
same kinds of analyses cannot be applied to a community defined more broadly
to include different functional groups (e.g., all New Hebridean birds) or trophic
levels, such as the S. purpurea food web.

We tested whether the patterns of species co-occurrence in the Sarracenia food
web were statistically random, aggregated, or segregated. We used data from an
experiment in which we repeatedly monitored the assembly of the S. purpurea
macrobial food web. Weekly throughout the 1999 growing season at both Haw-
ley and Molly Bogs, we non-destructively censused the inquilines in the first new
pitcher of 40 plants chosen randomly at each site (Ellison et al. 2003). Because
co-occurrence analysis assumes that the community has reached equilibirum, we
show the results only for pitchers sampled on 20 July 1999 (the complete time se-
ries was reported by Ellison et al. 2003). This sampling date is appropriate because
by mid-summer, all macroinvertebrates that are likely to colonize the pitchers have
already done so and last-instar Fletcherimyia have not yet left the pitchers to pu-
pate in the surrounding Sphagnum. However, even at this date, not all pitchers
were colonized by macroinvertebartes. On 20 July 1999, only 20 (of 40) pitch-
ers at Hawley Bog and 21 (of 40) pitchers at Molly Bog contained at least one
macroinvertebrate taxon (table 10.3). The remaining “empty” leaves either had
not accumulated any water and hence were unsuitable for oviposition, coloniza-
tion, or establishment, or were too small at that point in the season to support a
macrobial assemblage.

10.2.1 Quantifying and testing inquiline co-occurrence
Methods

We used the C-score (Stone and Roberts 1990; equation 9.1) to quantify co-
occurrence patterns because it has good statistical power for detecting patterns
of non-randomness (Gotelli 2000). For these calculations of C, Ri and Rj were
the total number of pitchers occupied, respectively, by species i and j (i.e., the row
totals for species i and j), and S was the number of pitchers that contained both
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species. We illustrate here the results of applying all three null models described
in chapter 9, each of which reflects different assumptions about the distribution of
inquilines among pitchers.

The fixed-equiprobable null model preserved the overall relative abundance of
the inquilines in the simulations but allowed the number of species per pitcher to
vary freely and randomly. This choice seemed reasonable for comparing inquiline
co-occurrence among a set of identically-aged leaves. The fixed-proportional null
model sets the probabilities of occurrence of species in a pitcher based on some
measure of site suitability. In this case, we used the measured volume of each leaf
as a proxy for site size. All other things being equal, we expected occupancy by all
species to increase with increasing water volume (Gotelli and Ellison 2006a). The
fixed-fixed null model was used for completeness, but the small number of species
would be expected to lead to an unacceptably large Type-II error rate (Ulrich and
Gotelli 2007).

We compared the C-scores of the observed Hawley and Molly Bog co-occurrence
matrices (table 10.3) to the distribution of C-scores generated by 10,000 simula-
tions of each of the three null models. To ensure repeatability of the results, we
re-ran the simulations (n = 10,000) and analyses starting with a different random-
number seed. Estimated P values were consistent to two decimal places. An α-
level equal to 0.05 was used as the upper-bound of a Type-I error, the probability
of incorrectly rejecting the true null hypothesis (Kuffner and Walker 2019).

Results

Figure 10.2 illustrates the results for the Molly Bog matrix (table 10.3) tested
with the fixed-fixed algorithm. The observed C-score for the Molly Bog matrix
was 22.4, and the average C-score from 10,000 simulated null matrices was 21.5.
Of these 10,000 simulated C-score values, 9,195 of them were less than the ob-
served C-score of 22.4, 172 = 22.4, and 633 > 2.4. Thus, the two-tail probability
of observing a C-score ≥ 22.4 with the null distribution generated from the fixed-
fixed algorithm was (172 + 633)/10,000 = 0.08. Although the average pairwise
segregation of species co-occurrences was larger than expected, it was not “sig-
nificant” given α = 0.05. For the Hawley Bog matrix tested with the fixed-fixed
algorithm, the observed C-score was 6.6; P = 0.66.

The other two algorithms also suggested that the Molly Bog co-occurrence
data were not different from random expectation, but the fixed-proportional model
revealed significant segregation for the Hawley Bog matrix (figure 10.3). Which
of these results was “correct”? The answer should be based on the validity of the
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biological assumptions underlying each model, rather than the one that gave a
result of P < 0.05.

From our perspective, the fixed-equiprobable model was the most appropriate
for these data. With only five taxa, it seemed unrealistic to constrain the column
totals as in the fixed-fixed algorithm, and with such a small number of taxa, the
Type-II error probability was likely to be inflated. We also saw no reason why
each of the experimental pitchers—assuming they already have at least one taxon
present—could not have supported all five taxa in a real or modeled assemblage.
Although the leaves may have differed in their suitability, we are skeptical that the
differences are as large as might be predicted by water volume (see chapter 11)
and would be implied by the fixed-proportional null model.

For example, in the Hawley data, leaf #61 had a water volume of 9.50 ml, and
leaf #65 had a volume of 34.0 ml. In fixed-proportional null-model simulations,
this would mean that the probability of occurrence for all species was 34/9.50 =
3.6 times greater for leaf #65 than for leaf #61. But both of these leaves contained
the same three taxa. Pitcher water volume is strongly associated with both in-
quiline (co)occurrence and abundance, and the capture and accumulation of prey
(chapter 11; Gotelli and Ellison 2006a), but we suspect that colonization proba-
bilities are tied more closely to the effective surface area of water at the top of the
pitcher than to the volume of the entire leaf.

This experiment also included treatments in which we delayed the time at
which pitchers were opened and available for colonization (Ellison et al. 2003).
Across all the treatments, there was little deviation from randomness when tested
with the fixed-equiprobable model (Ellison et al. 2003). However, the assemblages
at Hawley Bog did become more aggregated in co-occurrence as the season pro-
gressed (Ellison et al. 2003), as might be expected when a food web assembles
from scratch (see also Drake 1990).

Nevertheless, one could argue for the existence of a classic assembly rule of
the sort described by Diamond (1975), albeit arising here from predation, not com-
petition. In the Sarracenia microecosystem, the top predator F. fletcheri consumes
W. smithii and M. knabi larvae and other macroinvertebrates. At Molly Bog, there
were 3 pitchers (#12, #119, #410) that contained F. fletcheri but no other inverte-
brate taxa. However, this same “checkerboard” pattern was not observed at Haw-
ley Bog, where among our experimental plants there was only a single occurrence
of F. fletcheri—and that in a pitcher with all of the other four taxa.

In sum, with the possible exception of F. fletcheri at Molly Bog, the S. pur-
purea macroinvertebrate assemblage shows little evidence of non-random co-occurrence
between taxa. Given the limited number of taxa involved, the homogeneity of the



200 The small world

newly opened leaf habitat, and the diverse body sizes and trophic roles of the taxa,
this result should not be surprising.
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Figure 10.2: Null-model analysis of species co-occurrence. The solid vertical line indicates the
observed C-score (22.4) for the Molly Bog co-occurrence matrix (table 10.3). The histogram il-
lustrates the distribution of 10,000 C-score values generated from a fixed-fixed randomization of
the matrix. The dashed vertical lines encompass 95% of the simulated values.
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Figure 10.3: Null-model analyses of species co-occurrence at Molly Bog (M) and Hawley Bog (H).
Fixed-fixed, fixed-equiprobable, and fixed-proportional are different algorithms for randomizing
the data (see chapter 9 for details). Values on the x-axis are the standardized effect sizes (SES), a
metric derived from the null-model analysis (figure 10.2) that summarized the tendency towards
aggregation, segregation, or randomness in pairwise species associations. The number in each
circle is the one-tailed P value from the null-model analysis. Data from table 10.3
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10.3 Models of Succession
Because we censused the S. purpurea food web not only in space (figures 2.10,
10.2, 10.3) but also through time, we could compare its temporal changes to pre-
dictions of a Markovian successional model (chapter 9; Horn 1975). Depending
on the interactions between the different stages and their modifications of the envi-
ronment, successional sequences can be modeled as being caused by facilitation,
inhibition, or tolerance (Connell and Slatyer 1977). An important prediction of
the facilitation model is that different assemblages will exhibit the same composi-
tion after a fixed amount of time. But the snapshot view of individual S. purpurea
leaves (table 10.3) did not match that prediction: at both sites, replicate leaves of
the same age in midsummer had different numbers and composition of species.

These models of succession also require discrete “community types” or stages
through which assemblages may pass. Operationally, it was not possible with
an assemblage of only five macrobial taxa to classify multi-species assemblages
into different stages. However, if the interactions between the individual taxa are
strong, as would be expected in trophic webs with few species, each taxon could
be considered as its own “stage” in a successional model (Horn 1975). By using
such a classification, we predicted that some species would appear at different
times in a temporal sequence. However, this prediction did not match our obser-
vations of the inquiline assemblages within S. purpurea pitchers (figure 10.4).

We plotted the incidence of each taxon as a function of time in the season
(figure 10.4). The patterns of incidence were similar at both sites: all taxa except
F. fletcheri could be found with some frequency throughout the growing season.
Peak incidences for H. rosa, S. gibsoni, and M. knabi occurred 15–60 days later
at the more northern Molly Bog site. These temporal shifts were consistent with a
universal scaling model in which ectotherm development depends on temperature
and reflects the underlying biochemical kinetics of metabolism (the “10 °C rule”;
Charnov and Gillooly 2003).

Although there was no evidence from either the temporal (figure 10.4) or spa-
tial (figure 10.3) data on species replacements, we did note that the abundance
of the top predator F. fletcheri peaked early in the season and usually completed
its life cycle by mid-summer. As its populations declined through time, the abun-
dances of the other taxa mostly increased. Could this be a pattern of cause-and-
effect? Simple pairwise correlations of incidence did identify many statistically
significant negative associations between F. fletcheri and the other four taxa, with
the patterns being a bit stronger at Molly Bog (table 10.4).
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Like other top predators, F. fletcheri might cause the local extinction of other
taxa within single leaves. However, an alternative hypothesis is that the associ-
ation is coincidental and simply reflects the low abundances of most taxa at the
start of the season, when dispersal may be limited, and when tiny eggs or first
instars of W. smithii or M. knabi are not easily detectable in field censuses. Co-
incidentally, the positive correlations between W. smithii and both M. knabi and
H. rosa were consistent with Heard’s (1994) identification of a processing-chain
commensalism in the S. purpurea food web. However, only experimental manip-
ulations of inquilines from newly-opened pitchers could reliably distinguish be-
tween hypotheses of trophic interactions and phenological differences between
species (Heard 1994, Kneitel and Miller 2002, Kneitel 2007, Gray 2012, Miller
and terHorst 2012, Canter et al. 2018).

Table 10.4: Pairwise temporal correlations of S. purpurea inquiline incidence. Each entry is the
Spearman rank correlation coefficient of temporal incidence (figure 10.4) between a given pair of
taxa. Bold-faced entries are statistically significant (P < α = 0.05). Entries above the diagonal are
for Molly Bog, below the diagonal for Hawley Bog.

Fletcherimyia Habrotrocha Metriocnemus Sarraceniopus Wyeomyia
Fletcherimyia ∅ -0.88 -0.65 -0.28 -0.66
Habrotrocha -0.35 ∅ 0.49 0.42 0.69

Metriocnemus -0.02 0.69 ∅ -0.15 0.37
Sarraceniopus 0.67 -0.16 0.02 ∅ 0.17

Wyeomyia -0.81 0.57 0.44 -0.67 ∅
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Figure 10.4: Temporal incidence of S. purpurea inquilines at Hawley and Molly Bogs, July
1999. Each panel represents a different taxon: Fl=Fletcherimyia fletcheri; Ha=Habrotrocha rosa;
Me=Metriocnemus knabi; Sa=Sarraceniopus gibsoni; and Wy=Wyeomyia smithii. The y-axis (In-
cidence) identifies the number of occupied leaves out of 40 that were repeatedly censused. The
data in 10.3 correspond to day-of-year 201.
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10.4 Dynamics of the Sarracenia purpurea food web
The temporal patterns of species associations that we observed in the Sarrace-
nia macrobial food web could not be easily explained by co-occurrence analysis,
static metrics of inquiline food web structure, or classic models of species suc-
cession. Although functioning food webs developed in any water-filled pitcher,
spatially and temporally replicated assemblages exhibited co-occurrence patterns
that were largely random (figure 10.3; Ellison et al. 2003). Pitchers are empty (and
likely sterile) before they open (Hepburn and St. John 1927) but species colonize
rapidly once they open. Yet, the temporal sequence of species occurrence (figure
10.4; Ellison et al. 2003) did not conform to any of the classic succession models.
In short, tools designed to analyze co-occurrence and interactions within a single
trophic levels did not capture completely the complexity of the structure of a mul-
titrophic food web (Olesen et al. 2011, Cirtwill et al. 2019). In this section, we
examine the structure and function of the inquiline community of S. purpurea as
a dynamic food web: a “multilayer network” (sensu Hutchinson et al. 2019) in
which the additional layer is time.

10.4.1 Temporal changes in food-web structure
We used the data from the 1999 sampling at Hawley and Molly bogs described
earlier (table 10.3), but in this case we used data on both occurrence (presence or
absence) and abundance of each taxon (figure 10.4).

First, we used the occurrence data for each pitcher at each sampling date to
compute the different metrics of network and food-web structure described in ta-
ble (10.2). We used the food web illustrated in figure 10.1G as the most complete
network possible. For each replicate pitcher at each sample date, we assigned a
value of 1 to each node if the species was present and a 0 if it was absent.

At both bogs, all measures of network and food-web structure were lowest at
the beginning of the season as the pitchers were being colonized (figure 10.5).
At Hawley Bog, number of links, connectance, linkage density, and trophic depth
then increased to a peak in July but declined after F. fletcheri pupated in mid-
summer. There was some indication thereafter of a recovery of these measures as
H. rosa and W. smithii increased in abundance (figure 10.4). F. fletcheri consumes
available H. rosa rapidly (Błędzki and Ellison 1998) and loss of this predator
increased the likelihood we would detect H. rosa in our samples. In a warm year,
Hawley Bog is at the latitude at which W. smithii may produce two generations
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per year (Bradshaw and Holzapfel 2001); the second generation escapes some of
the predation pressure from F. fletcheri experienced by the first generation.

In contrast, ascendency at Hawley Bog was unimodal, peaking in late July
(figure 10.5). This suggests that total system throughput and its functionality were
not dependent on the presence of H. rosa. Because this rotifer is not an obligate as-
sociate of S. purpurea (Błędzki and Ellison 2003), this result was not unexpected.
At Molly Bog, where F. fletcheri was less common and abundant (figure 10.4) and
W. smithii is univoltine, all network metrics increased from their spring low to a
midsummer high (albeit generally lower than at Hawley Bog), and remained at
that level through the summer (figure 10.5).

10.4.2 Temporal dynamics of food-web
The occurrences of the inquilines recorded at each date were used to generate
food-web models using the structure defined by Butler et al. (2008; abstracted
in figure 10.1G). The abundance data were used as “storage values” to estimate
fluxes between taxa (compartments) in a model based on that of Mouquet et al.
(2008), but modified to include additional taxa (M. knabi, S. gibsoni, F. fletcheri),
with bacteria (unmeasured) pooled into the detritus compartment, and measured
values of plant size, volume of water, and quantity of detritus included as model
inputs.Following Mouquet et al. (2008), we estimated C fluxes between compart-
ments. All parameter values for the model are given in table 10.5. The model was
run repeatedly for each set of inquilines observed in each pitcher at each sampling
date.

The change in network structure and dynamics can be visualized as a series of
food-web diagrams (figure 10.6). For clarity, we illustrate modeled webs at three-
week intervals beginning with the second week of June and continuing through
mid-September. In each network diagram, only nodes with non-zero total flows
are shown. The thickness of the edges are proportional to the average flux of C and
the edges are shaded from light grey to dark black, proportional to the probability
of a given flow based on the frequency of its occurrence in the 40 replicates.

This visualization illustrates the strong effect of F. fletcheri early in the season
at Hawley Bog, where its feeding on H. rosa dominates the flux of carbon through
the system (figure 10.6). The consumption of this rotifer by W. smithii leads to an
indirect competitive effect (dotted arrow in figure 10.6) of F. fletcheri on W. smithii
that dissipates through the summer as F. fletcheri completes its life cycle. A similar
indirect effect of M. knabi on H. rosa is also apparent, as both of these inquilines
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Table 10.5: Parameter values used in our food-web model (modified from Mouquet et al. 2008).

Variable Description Element Units Value
B Bacteria C mg L-1 5.00
de Detritus C mg L-1 371.25
N Nitrogen N mg L-1 0.82
Bv Bacterivores C mg L-1 27.85
se Sediment C mg L-1 0.00
wy Wyeomyia C mg L-1 303.75
α C:N in POM ratio mg mg-1 6.62
θA C flux from detritus C mg L-1 day-1 5.39
θN Flux of DIN N mg L-1 day-1 0.08
mB Bacteria mortality individual ind. day-1 0.00
mBv Bacterivore mortality individual ind. day-1 0.01
rB Bacteria respiration C mg day-1 0.00
rBv Bacterivore respiration C mg day-1 0.00
rwe Wyeomyia respiration C mg day-1 0.01
s Sedimentation rate C mg day-1 0.01
uB Bacteria consumption of detritus C mg day-1 0.00
uBv Bacterivore predation C mg day-1 0.01
uwy Wyeomyia predation individual ind. day-1 0.59
y Plant uptake of N N mg day-1 0.10

feed on POM (detritus). Similar patterns in food-web dynamics occurred at Molly
Bog, although effects of F. fletcheri were much weaker.

Heard (1994) proposed that the S. purpurea food web was organized as a
processing-chain commensalism. This mechanism predicts a sequence of increas-
ing carbon fluxes from captured prey to the shredders F. fletcheri and M. knabi,
through bacteria and POM, to the filter-feeding W. smithii (figure 10.1c). But we
did not find evidence for this pattern in estimated carbon fluxes, possibly because
of low densities of the shredders, or high densities of W. smithii and H. rosa. As
neither presence nor effects of Habrotrocha were measured either by Bradshaw
(1983) or Heard (1994), its role in altering the M. knabi–S. smithii commensalism
remains unstudied.

Two recent studies of temporal dynamics of ecological networks provide addi-
tional insights into interpreting these results. Olesen et al. (2011) studied a bipar-
tite flower-visitation network for 12 years. Metrics of overall food-web structure
(number of species, links, and connectance) were roughly constant across years,
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but species composition and link structure were not. Specialist butterflies and their
flowers (≤ 2 links) were temporally more variable and had higher rates of species
turnover than links between flowers and generalist visitors (> 2 links). Olesen et
al. (2011) suggested that phenological shifts and metapopulation dynamics drove
rapid turnover of specialists, whereas redundancy in traits or functions of general-
ists allowed them to shift their links among other species present and “rewire” the
food web. Olesen et al. (2011) concluded that global stability of network proper-
ties coexisted with local instability of network nodes and links.

Similarly, in the S. purpurea food web, we detected phenological and succes-
sional turnover in the obligate inquilines (figure 10.4) and parallel temporal vari-
ability in measures of network structure (figure 10.5) despite most species having
> 2 links. This observed global “instability” may reflect differences between mul-
tilevel and bipartite webs, or that we sampled only the more specialized, macrobial
portion of the S. purpurea food web. If we had included the microbial generalists
(cf. Buckley et al. 2010), the food-web structure may have been more consistent
through time.

Alternatively, Cirtwill et al. (2019) identified multiple sources of variation that
can contribute to the uncertainty or unreliability in constructing networks (bipar-
tite or multitrophic) and consequently, quantifying their structure. Assuming a
species pool from which the individuals making up a particular network would
be drawn, these sources include variation in the probability of species interactions
(as we illustrated by varying the shading of the edges in figure 10.6), variation in
local occurrence (appearance and disappearance of nodes in 10.6), and variation
in detection probability (implicit in our not sampling bacteria, for example).
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Figure 10.6: Each web is a snapshot of the modeled Sarracenia purpurea assemblages at different
times within a single field season at Hawley and Molly Bogs. The modeled webs incorporated in-
formation on the occurrence and abundance of each taxon. The width of each arrow is proportional
to estimated carbon flux between two nodes, based on the model of Mouquet et al. (2008). Model
equations, parameters, and node abbreviations in table 10.6.
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10.5 Summary
Ecological networks are not constant in space or time. Like single trophic-level
ecological communities, stochastic and deterministic processes interact to produce
the patterns we see in nature. The networks we observe themselves are contingent
on where and when we sample them, and on our ability to detect the individual
species and their interactions with others species within them. The S. purpurea
food web provides a robust observational and experimental platform with which
to study network dynamics in real time within populations of pitcher plants. As
we illustrate in the next chapter, unique characteristics of the S. purpurea food
web also allow this research platform to be extended to continental spatial scales.
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Chapter 11

Scaling up: The generality of the
Sarracenia food web and its value as
a model experimental system

One finds in a single body of water. . . a little world within itself,—a
microcosm within which all the elemental forces are at work and the
play of life goes on in full, but on so small a scale as to bring it easily
within the mental grasp.

–Stephen A. Forbes (1877: 77)

Ecology has few model systems and even fewer model organisms (chapter
1). Levins (1984) summarized three features of model systems—tractability, gen-
erality, and realism—that Srivastava et al. (2004) cogently argued are present in
natural microcosms such as Sarracenia pitchers. In our two previous chapters ded-
icated to scaling, we illustrated these features for the plant itself. Sarracenia pur-
purea has physiological, stoichoiomtric, and leaf-trait scaling relationships that
are comparable to other plants (chapter 5). It also is a tractable plant for observa-
tional and experimental studies of demography that have provided general insights
into population dynamics as a function of ongoing environmental change (chapter
8). In this chapter, we explore how the Sarracenia microecosystem can be used as
a model to answer several key questions about community-level ecological pro-
cesses.

We first asked whether the S. purpurea food web and other inquiline webs
in container habitats (Kitching 2000, Srivastava et al. 2004)—Nepenthes pitch-
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ers, Heliconia bracts, bromeliad tanks, treeholes—have similar structures. Find-
ing that they did, we asked whether food-web structure scaled with system size.
Although most authors provide little if any data on system volume, we could ask
how food-web structure varies with number of taxa and their interactions. We then
used data from our own work with the S. purpurea food web to examine two other
system-indepenent, “scalable” questions: how does food-web structure vary with
spatial extent (Buckley et al. 2003, 2010, Baiser et al. 2012), and which structural
and process variables may be important to manage food webs (Gotelli and Ellison
2006a).

11.1 The Sarracenia food web and other container
webs are “normal” food webs

11.1.1 Food-web data
To place the Sarracenia food web in context, we used three databases. The first
was the database of 358 food webs assembled in GlobalWeb1 (Thompson et al.
2012), which includes the 213 food webs assembled by Joel Cohen into the ECO-
weB database2 (Cohen et al. 1990, Cohen 2010), the 27 predator-prey webs in-
cluded in the Interaction Web DataBase,3 and more than 100 others assembled
from a variety of sources. The second was the database of 104 ecosystem webs
bundled with the enaR package (Borrett and Lau 2014). The third was a database
derived from the 365 tank-bromeliad food webs assembled and studied by Déz-
erald et al. (2013). These bromeliad webs were synthesized into 11 “composite”
tank-bromeliad webs representing each of the seven species× five vegetation type
× five localities sampled in French Guiana by Dézerald et al. (2013).4 Each com-
posite bromeliad web included any species that occurred in at least 50% of the
bromeliads sampled in each species × vegetation × locality combination (n per
combination ranged from 19–63). The data in the three databases came in a vari-
ety of formats. We harmonized them by deleting stray empty rows and columns,
removing “nonstandard” characters, and wrangling them into square adjacency
matrices (as in table 9.2).

1https://www.globalwebdb.com
2https://digitalcommons.rockefeller.edu/cohen_joel_laboratory/

1/
3https://www.nceas.ucsb.edu/interactionweb/resources.html
4Composite web data kindly provided to us by Olivier Dézerald

https://www.globalwebdb.com
https://digitalcommons.rockefeller.edu/cohen_joel_laboratory/1/
https://digitalcommons.rockefeller.edu/cohen_joel_laboratory/1/
https://www.nceas.ucsb.edu/interactionweb/resources.html
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Following the convention in the enaR database, We categorized webs as either
“trophic” (59 of the webs in the enaR database, all of the bromeliad webs and
those in GlobalWeb) or “biogeochemical” (45 of the enaR webs, none of the
bromeliad or GlobalWeb webs). Matrix entries in trophic webs are either zero (no
trophic connection) or one (rows “eaten by” columns), whereas matrix entries in
biogeochemical webs are positive real numbers representing energy fluxes from
rows to columns.5 The set of 429 trophic webs included 29 inquiline webs: eight
from six different Nepenthes species; three from Heliconia flower-bracts; 11 from
tank bromeliads; five from tree-holes; and two from S. purpurea (Bradshaw et
al. 1983, Baiser et al. 2012). We augmented the dataset with the additional S.
purpurea food web shown in figure 10.1G (giving a total of 30 inquiline and 430
trophic webs). All but two of the enaR biogeochemical webs are from “natural”
(field) environments; the remaining two are webs documenting urban energy flux
(“metabolism”) in the cities of Beijing and Vienna.

Measures of network structure (number of nodes and links) and food-web
structure (effective linkage density, effective trophic depth, and ascendency) (table
9.4) were computed for each web using the enaStructure and enaAscendency
functions in the enaR package (Borrett and Lau 2014). We summarized these data
for the different categories of webs (table 11.1).

11.1.2 Food-web structure
The inquiline food webs in S. purpurea and other container habitats were simi-
lar in structure to most trophic webs (figure 11.1, table 11.1). Connectance—the
proportion (density) of potential trophic relationships among species—rarely ex-
ceeded 30%, with most taxa being connected by 3–5 effective links and arranged
in a similar number of effective trophic levels. Connectance tended to decline with
web size (i.e., the total number of taxa in a web), whereas link density and trophic
depth tended to increase with web size (figure 11.2; see also Dunne et al. 2002).
Likewise, network ascendency—the combination of total system throughput and
its organization—tended to increase with network size.

Although the magnitudes of connectance, link density, and trophic density in
the large database of food webs were consistent with previous syntheses and com-
pilations (e.g., Cohen et al. 1990, McCann 2012), the “window of vitality”—the

5Note that a biogeochemical web can be transformed to a trophic web by replacing non-zero
entries with ones. All of the metrics that we computed are based on such binary interaction matri-
ces.
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joint distribution of LDE and TDE forming an expected boundary on the universe
of food-web properties—was somewhat larger than that hypothesized by Ulanow-
icz et al. (2014) (figure 11.3). We suggest that this result derived from the de-
pendency of both link density and trophic depth on food-web size (figures 11.2,
11.4); many of the webs in our database were substantially larger than those used
by Ulanowicz et al. (2014). This explanation was supported by the placement of
the more fully-resolved S. purpurea food web (Baiser et al. 2012) outside of the
window of vitality, whereas the simpler, aggregated S. purpurea food web (figure
10.1G) was well within it (figures 11.3, 11.4).

Table 11.1: Five metrics (after table 9.4) of food-web and network structure for all 430 trophic
webs (including the 30 inquiline webs), the different kinds of inquiline webs, 43 “natural” biogeo-
chemical webs, and two urban-metabolism webs in our combined GlobalWeb + enaR + bromeliad
web database. For each class of webs, medians are given in the first row, and means (SD) are given
in the second row.

N C LDE TDE log(A)
All Trophic Webs 22.0 0.1 3.5 3.0 2.0

33.8 (32.19) 0.1 (0.08) 4.6 (3.79) 3.3 (2.28) 2.1 (1.07)
Inquiline Webs

S. purpurea 9.0 0.2 2.7 2.2 1.4
26.3 (32.65) 0.1 (0.04) 8.5 (11.01) 2.2 (0.36) 1.7 (1.06)

Nepenthes spp. 12.5 0.1 2.2 3.2 1.4
12.8 (4.89) 0.1 (0.03) 2.3 (0.77) 3.0 (0.84) 1.3 (0.41)

Heliconia spp. 7.0 0.1 1.9 1.7 0.7
7.7 (1.15) 0.1 (0.02) 1.9 (0.11) 1.7 (0.09) 0.7 (0.12)

Bromeliads 13.0 0.2 4.2 1.8 1.4
15.9 (5.30) 0.2 (0.06) 4.4 (0.43) 2.1 (0.54) 1.6 (0.27)

Treeholes 12.0 0.1 2.0 2.4 1.3
11.2 (1.3) 0.1 (0.06) 2.2 (0.78) 2.6 (0.46) 1.2 (0.31)

Biogeochemical Webs
“Natural” webs 7.0 0.3 2.1 2.9 4.0

13.0 (14.73) 0.3 (0.13) 2.1 (0.49) 2.9 (0.89) 4.0 (1.69)
Urban metabolism 8.0 0.5 2.7 2.6 3.3

8.0 (1.41) 0.5 (0.10) 2.7 (0.36) 2.6 (0.01) 3.3 (1.08)
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Figure 11.1: Distributions of network metrics (see 9.4 for definitions and computation) across the
475 webs in our combined GlobalWeb + enaR + bromeliad webs database. The marked locations
on the x-axes indicate the values of each metric for the 64-node Sarracenia purpurea web from
Baiser et al. (2012) (diamond) and the 9-node summary S. purpurea web illustrated in 10.1G
(triangle).
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Figure 11.2: Size-dependence of measures of food-web structure (connectance, link density,
trophic depth, and ascendency; see table 9.4 for definitions and computation) on food-web size
(number of nodes [species]). The points indicate the location on each biplot of each of the 475
webs in our combined GlobalWeb + enaR + bromeliad webs database. Bivariate confidence el-
lipses are drawn with solid (50%) and dotted (95%) lines. The diamond denotes the 64-node Sar-
racenia purpurea web from Baiser et al. (2012); the triangle the 9-node summary S. purpurea web
illustrated in figure 10.1G; and the grey points the remaining 473 webs in the database.
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Figure 11.3: Joint distribution of link density and trophic depth across the 475 webs in our com-
bined GlobalWeb + enaR + bromeliad webs database. Bivariate confidence ellipses suggesting the
“window of vitality” (sensu Ulanowicz et al. 2014) are drawn with solid (50%) and dotted (95%)
lines. The locations in the window of vitality of the 64-node Sarracenia purpurea web from Baiser
et al. (2012) and the 9-node summary S. purpurea web illustrated in 10.1G are indicated by the
black diamond and triangle, respectively.
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11.2 Spatial scaling of the Sarracenia purpurea food
web

The boundaries on link density and trophic depth described in the previous sec-
tion (figures 11.3, 11.4; see also Ulanowicz et al. 2014) suggest that a relatively
small number of abiotic and biotic drivers interact to constrain food-web struc-
ture. Not surprisingly, identifying these drivers continues to be a major focus of
community ecology (e.g., Pimm 1982, Paine 1988, Cohen et al. 1990, Dunne et
al. 2002, Poisot et al. 2012, 2015, Mora et al. 2018). Identifying common drivers
of food-web structure is challenging, however, because the elements that make
up food webs—individual species—normally vary in identity at different loca-
tions. Differences in species composition of local assemblages arise because the
species pools from which food webs assemble co-vary with expected ecological
drivers—ecosystem size, resource availability, and colonization history— which
themselves vary with geography and climate.

At any given location throughout its broad geographical range, however, the
S. purpurea food web is comprised of one or more subsets of the same macro-
bial taxa and the majority of its microbial taxa (figure 2.10; Buckley et al. 2003,
2010). This common species pool (a continental-scale “meta-web” sensu Poisot
et al. 2012) is, as far as we know, unique among meta-webs and their subsetted
local webs (“local realizations” sensu Poisot et al. 2012). The common meta-web
of S. purpurea has allowed us to assess natural relationships between food-web
structure of its inquilines and geography (latitude, longitude), climate (precipita-
tion, temperature), N inputs (see also chapter 4), habitat size (pitcher volume),
and the presence of the top predator (Wyeomyia smithii) without the complication
of species pools that themselves co-vary with these drivers. We looked at these
relationships using 780 replicate food webs sampled from S. purpurea pitchers at
39 sites ranging from northern Florida to Newfoundland in eastern North America
and across Canada to eastern British Columbia (figure 2.10; Baiser et al. 2012).

Among individual pitchers within sites, the link density and trophic depth of
local webs were positively correlated. Both link density and trophic depth also in-
creased with local species number, habitat size (i.e., pitcher volume), and latitude
(figure 11.5); latitude itself was strongly correlated climatic variables related to S.
purpurea food-web structure (Baiser et al. 2012). However, even though pitcher
volume and latitude had the strongest associations with the number of species in
the local webs, these predictor variables never explained more than 5% of the
observed variance in link density, trophic depth, or other food web metrics.
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Instead, abiotic and biotic variables were better predictors of S. purpurea food-
web structure among sites. The abundance of W. smithii decreased with latitude
across sites (i.e., replicate sampled pitchers pooled within sites), and the num-
ber of species in local webs concomitantly increased (figure 11.6a; Buckley et
al. 2003, 2010). This effect was significant for both bacteria and protozoa (fig-
ure 11.6b), but not for macroinvertebrates (Buckley et al. 2003). We hypothesized
that this reverse latitudinal gradient in species richness resulted from the release
of microbes from predation pressure by W. smithii (Buckley et al. 2003). In a sub-
sequent analysis, 33% in the variation in trophic depth of S. purpurea food webs
could be explained by a combination of climatic variables (captured by latitude)
and Wyeomyia abundance (Baiser et al. 2012).
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Figure 11.5: Joint distributions of link density and trophic depth across the 780 replicate Sarrace-
nia purpurea food webs we sampled at 39 sites from Florida to British Columbia. In both panels,
the shading of the points darkens with increasing latitude. In panel [a], the size of the points is pro-
portional to the volume of the pitcher, whereas in panel [b], the size of the points is proportional
to the number of species in each local web. Bivariate confidence ellipses suggesting the window
of vitality (sensu Ulanowicz et al. 2014) are drawn with solid (50%) and dotted (95%) lines.
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Figure 11.6: As abundance of larvae of the mosquito Wyeomyia smithii declined with latitude, the
total number of other taxa [a] or protozoa alone [b]present in the S. purpurea food web increased.
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11.3 The Sarracenia purpurea food web as a model
experimental system for understanding and man-
aging food webs

Habitat size (e.g., available area, patch size, pitcher size, or tank volume), preda-
tion pressure, resource availability (prey or detritus), dispersal, and colonization
all interact to structure food webs in marine, freshwater, and terrestrial habitats
(Paine 1966, Pimm 1982, Cohen et al. 1990, Thompson and Townsend 2005, Öst-
man et al. 2007, McCann 2012, Petermann et al. 2015a, 2015b, Romero et al.
2016). The roles of each of these common drivers and the importance of interac-
tions among them have been determined most frequently through compilations of
large datasets (e.g., Cohen et al. 1990, Borrett and Lau 2014) and models (e.g.,
Morton et al. 2996, Jordan et al. 2012, Mora et al. 2018, Weterings et al. 2018,
Cirtiwill et al. 2019). Replicated experiments have been less common because of
the large size of the habitat required to support a food web and because of spatial
variability in meta-webs and their local realizations (Poisot et al. 2012).

We and others have taken advantage of the small habitat size and representative
structural complexity (figures 11.1–11.4 and table 11.1) of the S. purpurea food
web to conduct well-replicated experiments on mechanistic causes of its structure
(Addicott 1974, Kneitel and Miller 2002, Ellison et al. 2003, Gotelli and Ellison
2006a, Hoekman 2007, 2010, 2011, Kneitel 2007, 2012, Hoekman et al. 2009, ter-
Horst and Miller 2012, Gray 2016, Zander et al. 2016, Miller et al. 2019). These
experiments have taken on additional urgency as anthropogenic modifications of
the global environment are changing species composition (Dornelas et al. 2019),
reducing population sizes, and accelerating species extinctions at local and global
scales (Lewin and Leakey 1996). These changes threaten the integrity and func-
tioning of food webs and entire ecosystems (e.g., Lotze and Milewski 2004, Eben-
man and Jonsson 2005, Dunne and Williams 2009, Yeakel et al. 2014, Valiente et
al. 2015, Ellison 2019b, Pringle et al. 2019).

11.3.1 Fishing down the Sarracenia food web
We took advantage of the experimental tractability of the S. purpurea microe-
cosystem to do the first experiment that tested how changes in both trophic struc-
ture and habitat size could determine the relative abundance of other species in
a complete food web (Gotelli and Ellison 2006a). In short, we asked whether re-
moving the large predatory species in an aquatic food web had similar effects on
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the S. purpurea food web as harvesting out the largest fish in oceans, rivers, and
lakes has had on marine and freshwater food webs (Pauly et al. 1998, 2000).

Working in a large peatland in northeastern Vermont (Moose Bog), we located
50 adult S. purpurea plants and assigned them randomly to one of five treatment
groups: 1) trophic removal, in which we removed the pitcher water and the lar-
vae of the dipterans Wyeomia smithii, Fletcherimyia fletcheri and Metriocnemus
knabi, counted the larvae, and refilled the pitcher with an identical volume of dis-
tilled water (dH2O); 2) habitat expansion, in which we censused the dipteran
larvae, returned them to the pitcher, and then filled the pitcher to the brim with
additional dH2O; 3) trophic removal + habitat expansion (an additive combina-
tion of the previous two treatments); 4) trophic removal + habitat contraction,
in which we removed both the pitcher fluid and the dipteran larvae; and 5) con-
trols, in which we removed the fluid and the dipteran larvae and then immediately
replaced them.

These treatments not only mimicked changes in habitat volume (expansion
or contraction) and effects of top-down control (removal or retention of dipteran
larvae), but also changed bottom-up effects because prey capture increased with
habitat volume. Prey capture was highest in the habitat expansion treatments, in-
termediate in the controls, and lowest in the habitat contraction treatment (see also
Wolfe 1981, Cresswell 1993). Each treatment was applied to all of the pitchers on
every plant in the treatment group (Gotelli and Ellison 2006a).

We non-destructively censused the macrobes and protozoa in the experimen-
tal plants weekly throughout the growing season in the summer of 2000. As a
response variable, we calculated the average abundance through time of each mac-
robial taxon (the three dipteran larvae, Sarraceniopus gibsoni, and Habrotrocha
rosa) and the abundance of all protozoa pooled within each leaf of each treatment.
We then used path analysis (Wootton 1994) to compare the fit of these abundance
data to different food-web models: single-factor models, in which abundances of
each species were hypothesized to respond individually to differences in habitat
volume, prey, or a single predator; and food-web models, in which abundances
of each species were hypothesized to respond to direct and indirect trophic inter-
actions (i.e., the network paths of figure 10.1G). For the food-web models, we
included in the path analysis a latent variable to represent the unmeasured effects
of the uncensused bacterial assemblage within each pitcher (Gotelli and Ellison
2006a).

The best-fitting model was the single-factor predation model of top-down con-
trol of abundances by W. smithii (Gotelli and Ellison 2006a). More complex food-
web models fit the data only marginally less well than the top-down predation
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model. Inclusion of bacteria as a latent variable did improve the fit of the food-
web models, suggesting a complex interaction of bottom-up and top-down control
(e.g., the processing-chain commensalism described by Heard 1994). Neither the
fit of the food-web models (with or without bacteria) nor the fit of the single-
factor predation model improved with the inclusion of habitat volume in the path
analysis.

11.3.2 Is Wyeomyia smithii a keystone predator?
Our experiment modifying S. purpurea trophic structure and habitat size illus-
trated that predator abundance alone and in concert with other species in the
food web could alter abundances of all other species in the network, and that
these effects can be much stronger than those of habitat size (Gotelli and Ellison
2006a). Top-down control is a major driver of food-web structure across ecosys-
tems (Menge 2000, Shurin et al. 2006, Frank et al. 2007, Gruner et al. 2008). Ex-
periments in the last 15 years have identified linkages between trophic structure
and habitat size in aquatic container habitats (e.g., Srivastava 2006, Petermann
et al. 2015a, 2015b) and terrestrial islands (e.g., Pringle et al. 2019), buttressing
Pauly et al.’s (1998, 2000) conclusion that top predator removal strong effects on
trophic depth and the abundance of prey species.

Similarly, our single-factor W. smithii-predation model correctly identified the
role of its larvae as predators of rotifers (see also Addicott 1974, Błędzki and
Ellison 1998) and as prey of large F. fletcheri larvae (see also Butler et al. 2008).
Removal of W. smithii led to increased abundance of H. rosa, S. gibsoni, and proto-
zoa, each of which operate at different trophic levels (figure 10.1G). Collectively,
the results of the path analyses were consistent with other studies that found top-
down and bottom-up effects of W. smithii on the S. purpurea food web (Gotelli
and Ellison 2006a). But these results do not mean that W. smithii was acting as a
keystone predator.

As originally conceived by Paine (1966), keystone predators increase the di-
versity of taxa at lower trophic levels by preferentially preying on species that are
competitive dominants (Valls et al. 2015). Subordinate species are then freed from
competitive exclusion and increase in abundance. Gotelli and Ellison (2006a) did
not explicitly test for competitive release of inquilines feeding at lower trophic
levels. However, the presence of W. smithii decreased the abundances of all prey
species that we measured. By this criterion, W. smithii exerted strong top-down
control on the S. purpurea food web, but it did not increase prey species richness
as a classic keystone predator does.
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Our results mirrored those of Addicott (1974), who deliberately set out to test
whether W. smithii was a keystone predator. Addicott (1974) also found that W.
smithii preyed indiscriminantly on rotifers and protozoa, leading to a progressive
loss of rare species with increasing predation pressure. However, a reason that nei-
ther our experiments nor Addicott’s (1974) detected keystone effects of W. smithii
may have been because thatwe did not quantify diversity or abundance of bacteria
in the food webs that we studied. When bacterial diversity has been examined ex-
plicitly, classical keystone effects of W. smithii always have been found (Cochran-
Stafira and von Ende 1998, Kneitel and Miller 2002, Peterson et al. 2008). This
dependency of experimental results on taxonomic resolution reinforces the idea
that taxonomic lumping and coarse resolution of food webs may hide important
biological details (Paine 1988, Polis 1991).

11.3.3 Dynamic food webs in dynamic habitats
In the mid-1990s, when we began our work with S. purpurea, food-web studies
neglected spatial or temporal dynamics, and metacommunity ecology was in its
infancy. In recent years, spatiotemporal dynamics have been studied, documented,
and modeled in food webs and other networks (e.g., Poisot et al. 2015, Pilosof et
al. 2017, Piovia-Scott et al. 2017, Hutchinson et al. 2019, Schiaffino et al. 2019)
and in metacommunities (e.g., Ricklefs et al. 2008, Fernandes et al. 2013, Datry
et al. 2016). But how complete food webs (not single trophic-level metacommu-
nities) assemble in a habitat that itself is changing through time and that interacts
with the food web remains unstudied. We do not know whether this lack of atten-
tion results from the rarity of such situations, our failure to perceive them, or the
difficulty in studying them. However, we do know that living container habitats
such as bromeliads, Heliconia bracts, and pitcher plants (table 11.1) provide op-
portunities to study experimentally the dynamics of a food web that re-assembles
annually in a habitat that itself is a living, growing organism.

Our experimental work on food webs in dynamic habitats was built on two
previous studies. First, Bradshaw and Creelman (1984) experimentally showed
that S. purpurea and its inquilines are mutualists. Processing of captured prey by
inquilines releases CO2 and NH4 that are taken up by the plant (Joel and Gep-
stein 1985). The plant, in turn, oxygenates the pitcher fluid, preventing a switch to
anaerobic conditions, which can nonetheless occur if prey are superabundant (see
also chapters 13 and 14). Second, following Fish and Hall (1978), we identified
clear temporal patterns in inquiline colonization, development, and maturation or
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eclosion in the inquilines (figures 10.4–10.6) that we could experimentally ma-
nipulate (Ellison et al. 2013).

Working at Swift River Bog, a 1.9-ha glacial kettle bog in central Massachusetts,
we conducted three experiments to examine the joint effects of environmental
variability and the plant itself on the structure of the macrobial inquiline food
web. In all three experiments, we quantified food web structure with a saturation
index that ranged from 0 (no species present) to 31 (all 5 macrobe species present).
Higher values of saturation indicate more complete webs, with greater numerical
weight being placed on the presence of higher trophic levels (F. fletcheri and W.
smithii) (table 11.2).

Table 11.2: Binary values used to calculate saturation of the S. purpurea macrobial food web,
and their decimal equivalents. The saturation (or completeness) of each of the 32 possible food
webs can be quantified by assigning a binary value to the presence or absence of each taxon and
summing the decimal values of their binary representations.

Taxon Binary Value Decimal Value
Metriocnemus knabi 1 1
Habrotrocha rosa 10 2
Sarraceniopus gibsoni 100 4
Wyeomyia smithii 1000 8
Fletcherimyia fletcheri 10000 16

Our first two experiments examined the impacts of atmospheric deposition of
N and P (chapter 5) on food web assembly and structure. One of these experiments
was a “pulse” experiment (sensu Bender et al. 1984) in which nutrients were added
once, early in the life of each pitcher, and effects on the inquilines subsequently
were assessed. The other was a “press” experiment (sensu Bender et al. 1984) in
which nutrients were added every two weeks throughout the growing season. Both
experiments were factorial response-surface designs (Cottingham 2005) in which
five levels each of NH4NO3 (4.7, 9.4, 18.8, 37.5, and 75.0 mM N) and PO4 (0.63,
1.3, 2.5, 5.0, and 10.0 mM P), or dH2O as a control were added to pitchers.

Pulse experiment

In the first (pulse) experiment, one of the 26 nutrient levels was added to every
pitcher of 130 non-flowering plants that were spatially grouped in five replicated
“blocks” of 26 plants each. Each plant within a block was randomly assigned to
a nutrient treatment (one of the 25 possible N × P combinations or the dH2O
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control); 20 ml of nutrient solution was added once to each pitcher 2–3 days after
it had opened and the leaf had fully hardened. The first leaves were treated on 4
June 2001, and plants were checked every three days for new pitcher production.
Macrobial inquilines were destructively censused in every treated leaf of a single
block at three-week intervals (25 June, 16 July, 6 August, 27 August, and 17
September).

In this pulse experiment, food-web saturation peaked at intermediate levels of
N added (figure 11.7) and was highest in mid-summer in leaves produced earlier
in the season (P = 0.03). Although the amount of P added did not significantly
alter food-web saturation (P = 0.42), there was a significant N × P interaction (P
= 0.04; figure 11.7).

Press experiment

In the press experiment, which was conducted concurrently with the pulse ex-
periment, we only had one block of 26 plants and one replicate plant per N ×
P (or dH2O) combination. Food webs were sampled non-destructively every two
weeks, at which time additional nutrient solution was added to maintain the total
pitcher-fluid volume of 20 ml.

As in the pulse experiment, food-web saturation peaked at intermediate levels
of N added (figure 11.7) and was highest in mid-summer (P < 0.001) in leaves
produced earlier in the season (P = 0.04). Similar to the pulse experiment, the
amount of P added did not alter food web saturation (P = 0.5), but in contrast to
the pulse experiment, there was no significant N × P interaction (P = 0.6; figure
11.7).

Experimentally testing interactions between S. purpurea and its food web

In the third experiment, done three years after the pulse and press experiments, we
quantified the joint effects of the living plant, nutrient additions, prey additions,
and predation pressure on the structure of the S. purpurea macrobial food web.
This experiment was a four-treatment factorial/response-surface experiment that
used 212 adult S. purpurea assigned randomly to unique combinations of treat-
ment levels.

The first treatment tested the influence of the living plant itself on the food web.
Pitcher interiors received one of three treatments: [1] pitchers were fitted with in-
tact polyethylene tubes (2.2-cm diameter) that physically isolated the imquilines
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from the pitcher-fluid and from interactions with the pitcher (n = 64 plants with
polyethylene tubes); [2] pitchers were fitted with polyethylene tubes that had holes
punched out of them to allow for fluid exchange and interactions between the in-
quilines and the plant (n = 64 plants with polyethylene controls); [3] pitchers were
established as unmanipulated controls without polyethylene tubes (n = 64 plants
with no manipulation).

The second treatment examined the effects of N deposition (environmental vari-
ability). One of eight different concentrations of NH4NO3 (0, 1.6, 3.1, 6.3, 12.5,
25, 50, or 100 mg N/L) was added to a randomly selected plant; there were n
= 8 replicates of each N concentration in each set of 64 polyethylene-tube, no-
tube, or tube-control treatments. Because there was constant uptake of NH4NO3

in both no-tube and tube-controls, we supplied an equivalent [NH4NO3] to each
of these plants each week. Plant liquid volume was maintained at two-thirds full
by adding nutrient solutions or dH2O water as necessary. Plants with intact tubes
were not able to assimilate NH4NO3 supplied to the tubes. We assumed loss due to
volatilization and bacterial use was small relative to plant assimilation and there-
fore we simply topped off each tube to two-thirds full every week.

The third treatment examined effects of prey availability (organic nutrients).
Supplemental prey (10 lab-reared D. melanogaster/week) were added to one-half
of each inorganic N × tube combination.

The fourth treatment assessed the influence of the top predator on the devel-
opment of the macrobial food web. Second-instar F. fletcheri either were removed
from pitchers (one-half of each N × tube × fruit-fly treatment combination) or
added to pitchers (one-half of each N × tube × fruit-fly treatment combination).

In total, this response-surface design resulted in n = 2 plants in each tube × N ×
fruit-fly × F. fletcheri combination. Finally, we also marked 20 randomly-chosen
additional plants as untouched, unmanipulated controls.

One treated plant from each treatment combination (96 pitchers) and half the
unmanipulated controls were harvested after 4 weeks, and the remainder after 8
weeks. Food-web saturation was quantified as in the pulse and press experiments.

Isolating the macrobial food web from interactions with the plant had a strong
effect on food-web saturation. Food webs in pitchers without tubes or with per-
forated tubes were significantly more saturated than food webs in pitchers with
tubes (P = 0.0003; figure 11.8 left). Food webs in tubes rarely had predators (W.
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smithii or F. fletcheri), because adults of these Diptera did not oviposit in intact
tubes. Removal of F. fletcheri from plants led to an increase in food-web saturation
(P = 0.0003; right panel), as this predator consumed both rotifers and W. smithii
larvae. Additions of prey or inorganic nitrogen alone did not alter food-web struc-
ture (P = 0.4, both cases). However, there was a nutrient × F. fletcheri interaction
(P = 0.03): in the presence of F. fletcheri, increasing NH4NO3 led to decreased
saturation of the food web. In contrast, in the absence of F. fletcheri, increasing
NH4NO3 led to increased saturation of the food web. None of the other two-way,
three-way, or four-way interaction terms were significant (P > 0.2, all cases).
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Figure 11.7: Food-web saturation in pitchers fed one of 25 combinations of nitrogen (N) and
phosphorus (P) or distilled water once, three days after the pitcher opened (the “pulse” experiment;
left panel); or three days after the pitcher opened and every two weeks thereafter (the “press”
experiment; right panel). This figure illustrates data from the first leaf of the season (fed on or
beginning the week of 4 June) at the mid-summer harvest (6 August for the pulse experiment, 23
July for the press experiment), when saturation was highest.
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11.4 Summary
The food webs of inquilines that assemble in the growing and developing pitchers
of S. purpurea have topological structures that are very similar to those docu-
mented for food webs in any other habitat. Likewise, bottom-up and top-down
processes and keystone predators control dynamics in the S. purpurea food web,
just as they do in widely-studied marine, freshwater, and terrestrial food webs.
The species that make up the food webs within individual pitchers at any site are
drawn from a meta-web whose core members are obligate mutualists that co-occur
with the plant across the North American range of S. purpurea. This uniquely
geographically large and consistent meta-web combined with the ease of doing
manipulative experiments with S. purpurea and its inquilines has enabled ecolo-
gists to test models and theories of food-web dynamics independent of geographic
and climatic turnover in species composition. Finally, the habitat in which the S.
purpurea food web assembles—the plant itself—is not an inert container or an
external “environment” but rather is a co-determinant of dynamics in this model
ecological food web.
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Chapter 12

Context: Tipping points and regime
shifts

[T]out ceci est ce qu’il y a de mieux; car s’il y a un volcan à Lisbonne,
il ne pouvait être ailleurs; car il est impossible que les choses ne
soient pas oùelles sont, car tout est bien.1

–Voltaire (1957 :36)

“Tipping points” and “regime change” are mainstays in popular culture (Glad-
well 2000) and buzzwords in scientific discourse. Nearly 325,000 books, papers,
conference proceedings, etc. on these topics have published since 1957 (when,
as discussed below, “tip point” entered the lexicon), more than 16,000 of which
are in the environmental sciences sensu lato.2 Ecologists are not immune to these
fashions: “regimes” have proliferated in the literature; either side of an ecotone,
edge, or boundary with “stable structures, functions, processes, and feedbacks”
(Angeler et al. 2016) is now characterized as a “regime” and ecological changes
from the small and continuous (e.g., changes in hydrologic flow, frequency of
fire and other “disturbances”, or fish harvesting rate: Poff et al. 1997, Freeman et
al. 2017, Harvey et al. 2017, Thom et al. 2017, Goetze et al. 2018) to the large
and abrupt (e.g., thawing of permafrost, entire turnover of fish populations and
fisheries, or different phases of the Pacific Decadal Oscillation: Mantua and Hare

1All this is for the best; if there is a volcano in Lisbon, it could not be elsewhere; it is impossible
that things are not where they are, because everything is good.

2Data from a search done using Web of Science on 17 June 2019 with the search string (“regime
shift” OR “regime change” OR “regime” OR “tipping point”)
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2002, Fogarty et al. 2016, Schuur and Mack 2018) are regularly characterized as
regime shifts, regime changes, or tipping points. Some have even suggested that
the entire Earth is near, passing, or just past a planetary tipping point (Röckstron
et al. 2009, Barnosky et al. 2011, 2012, 2013, 2016, Steffen et al. 2015, 2018; but
see Brook et al. 2013, 2018).

12.1 Tipping points defined
Tipping points are the cusp between one set of conditions and another; when a tip-
ping point is passed, change is rapid, uncontrolled, and often irreversible. Passing
a tipping point is like crossing a threshold from one room to another and hav-
ing the door locked behind you; the state of the system after the tipping point is
very different from the state of the system before the tipping point, and it is very
difficult to go back.

Tipping points originally were defined as “tip points” in the late 1950s to de-
scribe white flight from urban areas as African-Americans moved into city centers
(Grodzins 1957). Subsequently, a tipping point was also interpreted as a change
in the rate of white flight from desegregated public schools to segregated private
schools, not simply the process itself (Clotfelter 1976). In either case, however, the
implication was that the system switched from a more preferred set of conditions
to a less preferred one that, in either case, was culturally defined or conditioned.

At the turn of the 21st century, Gladwell (2000) redefined tipping points in
his eponymous book. In doing so, he changed the way we think about rapidly
emerging social phenomena, such as the Dutch tulip frenzy, the housing bubble,
and the re-emergence of a market for Hush Puppies (suede shoes, not puffs of fried
corn meal). Although some have argued that the publication of The Tipping Point
itself was a tipping point in how we think and talk about tipping points (Scheffer
2009, van Nes et al. 2016), Gladwell’s prime analogy of a tipping point was an
epidemic of a disease. Unfortunately, this analogy obscures the true meaning of
tipping points, leading to much confusion in how the general public and ecologists
think about responses to rapid environmental change and real tipping points.

The analogy is flawed because human disease epidemics require an initial in-
fection of a single individual, a pool of nearby people susceptible to the same
infection, and a mechanism for transmission from infected to susceptible individ-
uals. But epidemics do not last forever. As with other classic examples of negative
feedback loops, resistance evolves to new diseases and epidemics peak and burn
out. Similarly, all of Gladwell’s (2000) tipping point examples—the sudden emer-
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gence of fax machines and Airwalk sneakers, the resurgence of sales of Hush Pup-
pies, the rising and then falling crime rate in many cities, and sudden epidemics
of suicides—are of explosions of interest in transient phenomena followed by a
return to the status quo ante and a search for the next new fad. But they are not
tipping points.

12.2 Tipping points imply regime shifts
Formal, mathematical treatments of tipping points focus on rapid, seemingly per-
manent changes, not transient phenomena (Scheffer 2009, Petraitis 2013); in pop-
ular parlance, a tipping point presages a change in regime. Ongoing climatic
change often is used as an exemplar of a tipping point in the natural world. Some
researchers have asserted that we passed a tipping point in the 1980s, when hu-
man industry caused the concentration of atmospheric CO2 ([CO2]) to exceed 350
ppm—the so-called “safe” level of [CO2] in the atmosphere (Röckstrom et al.
2009, Barnowsky et al. 2012, 2016). But atmospheric [CO2] has not been con-
stant over Earth’s 4.5-billion-year existence or even during the ≈ 350,000-year
history of Homo sapiens. Certainly the rate of change of atmospheric [CO2] has
accelerated greatly since the mid-1800s. But what turns a certain level of atmo-
spheric [CO2]—280 ppm at the onset of the Industrial Revolution, 316 ppm in
1958, when Charles David Keeling started measurung [CO2] atop Mauna Loa,3

350 ppm in 1986, or 400 ppm in 2013—into a “tipping point”? The implication
is that when a tipping point is crossed, we have shifted from one climatic regime
into another.

For ecologists, such different regimes are examples of “alternative stable states”,
and the search for them is a long-standing focus of community and ecosystem
ecologists (Petraitis 2013). In a minimal system of two interacting species, more
than one alternative stable state can arise in even the simplest models. For exam-
ple, with certain parameter settings, the Lotka-Volterra model of two competing
species yields an unstable equilibrium in which one species or the other wins,
but not both. Modifying the density-dependent functions for the classic model of
single-species logistic population growth to include Allee effects (inverse density-
dependence at low densities) results in two equilibrium population sizes instead
of a single carrying capacity (K). The larger equilibrium point is stable, but the

3Keeling, with support from the International Geophysical Year program, began measuring
[CO2] at a time when he and his colleagues were already concerned that it was already close to
causing a planetary tipping point.
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smaller one is an unstable minimum threshold, below which the population will
decline to extinction (Gotelli 1995).

A commonly-used and powerful physical analogy of alternative stable states
is an n- (usually three) dimensional landscape in which each state variable repre-
sents a different dimension. In community ecology, for example, the dimensions
might represent the abundances of different species. At time t, the system can be
described by a point—or better, a tiny marble—located in this coordinate space.
The shape of the surface of the landscape is determined by a set of equations and
their parameters. From any starting location in the space, the equations (discrete
or continuous) describe where it will be at time t+1. The trajectory of the marble is
determined by the shape of the landscape, by external perturbations that can push
the system to new locations, and by the values of the state variables themselves. In
this physical analogy, the alternative stable states represent valleys or low points,
separated by ridges or higher points of instability (figure 12.1).
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System state
(1 or more dimensions)

Tipping point

Alternate states maintained
by negative feedback

External perturbation or
slowly changing driver 

Initial conditions
(negative feedback; ± stable)

+ feedback >> feedback
(transition; ± unstable)

Figure 12.1: Alternative stable states on an n-dimensional landscape. Initially, the system (repre-
sented as a ball) is maintained in its state by negative feedbacks operating in a particular environ-
ment. As the environment changes or the system is perturbed and the strength of positive feedbacks
exceeds negative feedbacks, the system can move into a new state. The environmental landscape
may change further so that negative feedbacks once again dominate and entrain the system in its
new state.
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12.3 Identifying tipping points and regime shifts
Tipping points are precarious and may threaten our sense of well-being. But is the
current regime or the "Golden Age" of the recent past Dr. Pangloss’s best of all
possible worlds? What about the new regime we enter after we pass the tipping
point? In the post-colonial world of the 1950s and 1960s, regime change—the
use of military force to replace one governing administration or “hostile” foreign
government by another—was usually cast in a negative light. Regime changes in
which newly emerging nations shifted their alignments towards the Soviet Union
or other non-aligned states were perceived as antithetical to the ambitions of the
United States and NATO. The superpowers of the day did everything they could
to prop up friendly regimes. In contrast, in the post-“9/11” world, regime change
became desirable in some circles, especially when “rogue states” crossed “red
lines”. But in the context of global climatic change, regime change following an
increase of [CO2] above 400-ppm, again seems like a bad idea.

Academics tend to use the more neutral term “regime shift” to remove the
value judgment inherent in regime change, but they still tend to view regime shifts
as undesirable. As a consequence, the US and the European Union have invested a
relatively large amount of research funds on identifying early-warning indicators
of impending regime shifts in global climate, economies, and societies, and de-
veloping strategies to avert them (e.g., Scheffer 2009, Scheffer et al. 2009, 2015,
Boettiger et al. 2013, Guttal et al. 2013, Cumming and Peterson 2017, Ratajczak
et al. 2018).

Regime shifts most often are induced by slow changes in one or more exter-
nal driver variables, such as atmospheric [CO2] or [P] in a lake. Slow increases
in these environmental drivers can nevertheless cause rapid changes in response
variables such as air temperature or the biomass of blue-green algae in a lake
(Carpenter and Brock 2006, Ratajczak et al. 2018). Regime shifts are identified
both by an abrupt change in slope of a time-series of observations of such re-
sponse variables (e.g., May 1977, Zeileis et al. 2003, Yasuhara et al. 2008) and by
a change in the causal relationship between the response variable(s) and the un-
derlying driver (e.g., Yasuhara et al. 2008, Bestelmeyer et al. 2011, Ratajczak et
al. 2018). Figure 12.2 illustrates how a slowly increasing driver can be associated
with a discrete step-change in the level of a response variable. A characteristic of
many regime shifts is that, even after the driver returns to low levels, the system
exhibits “hysteresis”: the response variable remains in the new state for prolonged
periods of time because of stabilizing feedback loops in the system (With and Crist
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1995, Carpenter 2003, Pascual and Guichard 2005, Litzow et al. 2008, Odion et
al. 2010, Petraitis 2013).

Variance increase 
 (indicator of impending state change)

Driver

State 1

State 2

Time

Threshold exceeded ("flicker")

Figure 12.2: General driver-response-feedback model of regime shifts. Gradual changes in drivers
begin to alter response variables. The variance in the response increases prior to the regime shift
(Carpenter and Brock 2006, Dakos et al. 2008) and the system may even “flicker” above a threshold
well before the regime shift is consistently evident (Brock and Carpenter 2010). In either state,
negative feedbacks and hysteresis in the system may slow or prevent the system changing from
one regime to another (Beisner et al. 2003, Laio et al. 2008).

12.3.1 Examples of regime shifts and alternative states
Some of the clearest examples of ecological regime shifts have been found in
freshwater and marine ecosystems. For example, Carpenter and his colleagues
(Carpenter et al. 1992, 2001, Carpenter and Kitchell 1993, Carpenter 2003, Lud-
wig et al. 2003) have shown that long-term, slow increases in phosphorus loading
of lakes can cause rapid shifts from oligotrophic to eutrophic states. Freshwa-
ter food webs can show either abrupt transitions resulting from time available for
growth of predators and prey (Steiner et al. 2009) or slow transitions following the
re-introduction of top predators (Middlebach et al. 2006, Houseman et al. 2008).
Similarly, gradual changes in oceanographic circulation have been associated with
rapid changes in the structure of marine food webs and dramatic shifts in fish
harvests (Rodionov 2005b). Alternative states—the starting and ending points of
regime shifts (Schröder et al. 2005)—have been induced experimentally in the lab
in aquatic microcosms (Steiner et al. 2009), and in the field in the rocky intertidal
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(Petraitis and Latham 1999, Dudgeon and Petraitis 2005, Petraitis et al. 2009),
lakes (Carpenter et al. 2001, Scheffer et al. 2003, Mittlebach et al. 2006, House-
man et al. 2008), pitcher plants (chapter 13; Sirota et al. 2013), and high-elevation
snowfields (Sturm et al. 2005).

12.3.2 Indicators of regime shifts
Statisticians and modelers have developed sophisticated techniques to identify
precursors to regime shifts in long time-series of data (e.g., Zeleis et al. 2003, Ro-
dionov 2005a, 2005b, Dakos et al. 2008, Litzow et al. 2008, Boettiger et al. 2013),
and the mathematical validity of these indicators has been demonstrated analyti-
cally (Sornette 2006, Scheffer 2009, Dakos et al. 2008, Scheffer et al. 2009). In
parallel, ecologists have led the way in developing mechanistic models of regime
shifts and indicators of them using analytical and simulation models (e.g., Car-
penter and Brock 2006, Scheffer et al. 2009, Brock and Carpenter 2010, Lau et al.
2018, Ratajczak et al. 2018).

Following earlier work (Brock and Carpenter 2006, Dakos et al. 2008, Schef-
fer et al. 2009, Bestelmeyer et al. 2011, Petraitis 2013, Ratajczak et al. 2018),
we suggest four empirical patterns that should be established to provide strong
support for the existence of alternative states: (1) multimodality in the frequency
distributions of response variables; (2) rapid, non-linear change from one defin-
able state to another; (3) critical slowing down preceding a shift from one state
to another; and (4) hysteresis in the response variable following a return of the
driver to its value seen in the earlier state(s). None of these patterns by themselves
is definitive, and any one of them can be generated by a variety of mechanisms
that individually do not imply different, mathematically stable basins of attraction
(figure 12.1). Nevertheless, this list can be a worthwhile starting point for thinking
about how nature is organized.

We illustrate these patterns with reference to an idealized aquatic ecosystem
that can occur in one of two states: an oligotrophic, clear-water “control” state,
and a eutrophic, turbid-water “enriched” state. This simplified system represents
a canonical example of alternative states that has been studied empirically with
both manipulative field experiments and long-term monitoring (Carpenter et al.
1992, 2001, Carpenter and Kitchell 1993, Carpenter 2003, Ludwig et al. 2003).
This toy example is based on a minimal, three-column dataset, in which each row
represents a set of measurements taken at a particular time. The first column is
time, the second column is the level of the driver variable, such as the biomass
of detritus or the concentration of critical nutrients, and the third column is the
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response variable, such as percent plant cover or [O2]. In the next chapter, we
evaluate these same patterns in data from an enrichment experiment with the S.
purpurea.

Multimodality in frequencies of response variables

The first issue to consider is whether the system is one that can even be classi-
fied into alternative states. Perhaps with the exception of indicator species (e.g.,
Braun-Blanquet 1932, Siddig et al. 2016), communities are almost never classified
on the basis of naturally discrete variables. Instead, we use variables measured on
continuous scales and then bin them into “states” that may be biologically mean-
ingful.

If we examine a system through time, the response variable should show ev-
idence of bimodality (two alternative states) or multimodality (three or more al-
ternative states). In other words, there should be some values or ranges of the
response variable in which the system spends large periods of time, and other val-
ues that are improbable or transient (Hastings et al. 2018). In contrast, for the null
hypothesis that a continuous response variable is simply tracking its continuous
environmental driver, small changes in the driver variable should be accompa-
nied by comparably small changes in the response variable. There should be no
pronounced tendencies for some levels to be favored while others are unlikely.

Figure 12.3 illustrates these idealized patterns for the frequency distribution of
dissolved oxygen in an aquatic system with linear tracking (figure 12.3 top) versus
one in which there is a bimodal distribution corresponding to oligotrophic and
eutrophic states (figure 12.3 bottom). Of course, this second pattern also could
arise with environmental tracking, but it would naturally lead to the question of
why the distribution of the driver variable is bimodal. Bi- or multimodality itself
is a relatively weak pattern, but one that needs to first be established to justify the
use of a model that bins continuous variation in nature into a smaller number of
discrete states.

Rapid non-linear change between alternative states

With incremental changes in a driver, most scenarios of alternative states predict
a period of rapid nonlinear change from one to another equilibrium state, with
stationary distributions of the response variable that differ in their mean levels
between the two equilibria (figure 12.4 bottom). In contrast, with simple envi-
ronmental tracking, small changes in the driver variable will be accompanied by
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small changes in the state variable (figure 12.4 top). The response variable may
also lag behind temporal changes in the driver. But if time lags are present, they
should not be any different for high and low levels of the driver. This distinction is
especially important for understanding the initial collapse and long-term recovery
of systems with slowly changing drivers.

Critical slowing down preceding a state change

Dynamic models of transitions between alternative states predict a period of “crit-
ical slowing down” (CSD) in which the variance or autocorrelation of the response
variable increases as the system gets close to a tipping point (middle of figure 12.2,
figures 12.4 bottom, 12.5; Scheffer et al. 2009). To date, this increase in temporal
variance has been detected in some highly simplified systems in laboratory ex-
periments that may not be representative of complex multi-species assemblages
(Drake and Griffen 2010, Veraart et al. 2012, Dai et al. 2013). More compelling
ecological examples of CSD have been observed in both long-term observations
and following experimental manipulations of entire lakes (Carpenter and Brock
2006, Brock and Carpenter 2010). Recent studies that have used space-for-time
substitutions also have found evidence for CSD and changes in variance across
aridity gradients in dry land ecosystems (Eby et al. 2017). But outside of lake
ecosystems, experimental evidence for CSD remains limited, and the theoretical
literature continues to grow faster than the data supporting it.

Moreover, increases in temporal variance and CSD do not appear in all sys-
tems undergoing regime shifts (Yashura et al. 2008, Hastings and Wysham 2010,
Boettiger and Hastings 2012, Boettiger et al. 2013, Guttal et al. 2013, Doncaster
et al. 2016). The utility of these indicators also is conditional on the size of the
“moving window” in which the temporal variance is calculated relative to the
speed of the response variable or the lifespan of the organism(s) responding to the
underlying driver (Carpenter and Brock 2006, Yashura et al. 2008, Guttal et al.
2013). Ideally, the moving window should include serially autocorrelated obser-
vations across many lifespans of the responding organism (Yashura et al. 2008,
Bestelmeyer et al. 2011).

Hysteresis following relaxation of the driver variable

Critical slowing down describes a signature pattern in temporal variance as a sys-
tem approaches a tipping point. But once the tipping point has been crossed, there
may be a long time-lag before the system returns—if ever it does—to the original
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state. The asymmetry between a temporal pattern of rapid collapse before a tran-
sition and a sluggish return after the shift (hysteresis) also is a key signature of
alternative states. However, it is difficult to interpret hysteresis without commen-
surate data on the underlying driver(s). If the level or concentration of the driver
has progressively accumulated during the enrichment period, the asymmetry sim-
ply could reflect a constant rate of processing or conversion by the system, rather
than a new stable state. Better evidence comes from state-space graphs, in which
the temporal trajectory of both the driver and response are traced through time.
The signature of hysteresis occurs when, during the return phase, the response
of the system to the same level of the driver differs significantly between the en-
richment and recovery phases of the trajectory (figure 12.6). Once again, the best
evidence for hysteresis in ecological systems has come from eutrophic systems in
which water quality and [O2] show a hysteretic response to inputs of sediment, de-
tritus, or limiting nutrients (Scheffer and Carpenter 2003, Middleburg and Levin
2009, Janse et al. 2010). The apparent “failures” of many restoration projects is
encompassed in this graph because the system has not returned to its previous
state, even though the suspected drivers have been reduced successfully to desired
levels (Schindler 2012).

12.3.3 Linking empirical patterns with mathematical models
of alternative states

Empirical analyses of alternative states involve repeated measurements of drivers
and the “response” variables of the system that they affect to demonstrate the
passage of the system from one state to another. However, there is little agreement
among empiricists as to which response variables or criteria should be used to
recognize different states, and what kinds of data and experiments are needed
to demonstrate that these states are stable. Even basic terms such as “stable” and
“non-linear” mean different things to empiricists and modelers when they link data
to analytical models (Grimm and Wissel 1997, Donohue 2017). The vocabulary
of popular metaphors, such as regime shifts and tipping points has muddied the
waters even further (chapter 12; Petraitis 2013, Angeler et al. 2016).

We suggest that support for the existence of alternative states should come
in the form of co-monitored temporal trajectories of driver and response variables
(Bestelmeyer et al. 2011). In either a controlled (experimental) or an observational
(“natural”) field experiment, we need a long time series of repeated measures of
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both variables.4 Although ecologists typically use widely-spaced census intervals
to ensure statistical independence of their samples (Dornelas et al. 2013), much
more frequent sampling is required to reliably document state changes because
the autocorrelation function is an important part of the signature of alternative
states (Carpenter and Brock 2006, Dakos et al. 2012). Unfortunately, this kind of
monitoring (long time series with frequent, autocorrelated measurements) is rare,
and it is doubtful that monitoring of traditional indicator variables can provide
enough lead-time for intervention to prevent a regime shift (figure 12.7; Biggs et
al. 2009, Contamin and Ellison 2009).

Further, we should be able to link empirical observations to a mathemati-
cal model. Observations of multimodality, non-linearity, critical slowing down,
and hysteresis need to be linked to an explicit mathematical model that describes
changes in these variables and predicts true bi- or multi-phasic behavior. Ideally,
the parameters for such a model should be estimated independently for the same
system, and sensitivity of the model predictions explored over a systematic cov-
erage of realistic parts of the parameter space (Sirota et al. 2013, Lau et al. 2018).
The general model developed by Scheffer and Carpenter (2003; see also Scheffer
et al. 2009) is a good starting point.

Finally, we should be able to reproduce observed “natural” patterns or model
predictions in controlled, spatially replicated experiments (Boettiger and Hastings
2012). But even without manipulation and replication, it remains challenging to
gather the long time series of drivers and state variables needed for robust analysis
(Bestelmeyer et al. 2011). We also need a null hypothesis to contrast with a pattern
generated by alternative states. Because most ecological systems are dynamic, a
stable state is neither a pattern of stasis nor one simply of no relationship between
a driver and a state variable. Rather, we suggest that the simple model of envi-
ronmental tracking (figure 12.4 top) is an appropriate null hypothesis. If the state
variable tracks the driver, then we may still see changes between states that could
appear non-linear (Ratajczak et al. 2018). There might even be time lags present
between a change in the driver and a change in the response variable. However,

4Note that critical drivers may or need not appear as explicit terms in mathematical models
of tipping points and regime shifts. Indeed, if the model does not include a critical driver, its
behavior often can be mimicked by including in its place a time-lag for unspecified forces. For
example, the population cycles predicted by the classic Lotka-Volterra predator-prey can be mim-
icked superficially by a single-species model of logistic growth with a time-lag (May and McLean
2007). However, the dynamics of the two systems are distinctly different after a perturbation is
introduced.
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those time lags should be relatively constant and not differ for high and low levels
of the driver.
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Figure 12.3: Continuous versus discrete distributions of dissolved oxygen concentration ([O2]) in a
simulated aquatic ecosystem. top: a continuous gamma distribution of [O2] values with a typically
long right-hand tail ( gamma shape=3, scale=5.2). bottom: a mixture of two gamma distributions
with different means and variances (shape= 45, scale= 0.15; shape=40, scale=0.6), corresponding
to a low [O2] “eutrophic state” and a high [O2] ”oligotrophic state”. Bimodality or multimodality
in space or time of a response variable could be interpreted as evidence for multiple states.
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Figure 12.4: Temporal trajectories of a system in which a response variable (concentration of
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oligotrophic state, with high [O2]; critical slowing down, with an increase in variance of the state
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Figure 12.5: Histograms of dissolved oxygen concentrations in a system with simple tracking
(upper panel) versus a system with alternative states (four lower panels) as it progresses from
a oligotrophc state, through critical slowing down (CSD) and a tipping point, and finally to a
eutrophic state. Shaded levels as in the lower panel of figure 12.4.
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Figure 12.6: State-space graph of dissolved oxygen concentration and detritus values in an en-
richment experiment to test for hysteresis. Grey points and lines indicate times during which the
system is enriched by a steady increase in detritus values. Black points and lines indicate times
during which enrichment has ended, and the system is recovering. The left panel shows a sys-
tem in which the response simply tracks the driver. The right panel shows hysteresis because the
recovery of the system is unexpectedly slow after the driver has been reduced.
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12.4 Interventions
Recent dramatic regime shifts in ecological, biophysical, and economic systems
also have highlighted the need for better advance warning of regime shifts (e.g.,
Dakos et al. 2008, Scheffer 2009, Scheffer et al. 2009, 2015, Pace et al. 2015,
Dakos et al. 2017). However, it remains an open question whether indicators that
presage regime shifts also can be used to manage, mitigate, or forestall them al-
together (Biggs et al. 2009, Contamin and Ellison 2009, Suding and Hobbs 2009,
Pace et al. 2015).

Biggs et al. (2009) and Contamin and Ellison (2009) showed that preventing an
undesirable regime shift requires far more advance warning—by many decades—
than current indicators used by ecologists and policy makers provide (figure 12.7).
Contamin and Ellison (2009) analyzed Carpenter and Brock’s (2006) model of
regime shifts in lakes and suggested that under a “business-as-usual” scenario,
nearly 50 years of advance warning of a tipping point would be required to reduce
below 50% the probability of a regime shift from a clear, oligotrophic lake to a
murky, eutrophic one. The ability to respond more rapidly or more aggressively to
leading indicators reduced the lead time required (right side of figure 12.7) to avert
a regime shift. Comparable analyses of fisheries models by Biggs et al. (2009)
gave similar results. Our work with the Sarracenia microecosystem discussed in
the next two chapters illustrates the power of experimentally manipulating a model
system to understand to understanding tipping points and regime shifts (Boettiger
and Hastings 2012).
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time of detection of an impending regime shift. As rate of intervention declines or there is higher
variance in the system (left side), earlier detection is required to avert a regime shift. With more
aggressive or rapid intervention, or lower variance in the system (right side), less advance warning
is needed to avert a regime shift. Modified from figure 9 of Contamin and Ellison (2009).
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12.5 Summary
“Tipping points” and ”regime change“ are popular metaphors for describing rapid
changes in political and social systems. They have been applied imprecisely to
everything from large and persistent sociological, political, or ecological changes
to minor, transient fads. In an ecological context, tipping points and regime shifts
describe the dynamics of models of alternative states. In these models, driver vari-
ables can be portrayed on an n-dimensional landscape. The valleys or low points
represent stable basins of attraction, and the peaks or ridges represent unstable
combinations of parameters through which the system moves rapidly from one
regime to another. Small, incremental changes in a driver variable can lead to
large, rapid shifts in a response variable that may be difficult or impossible to re-
verse. Some models of alternative states predict a period of increased temporal
variance or critical slowing down prior to a regime shift. In theory, these measures
could function as early warning indicators of impending change. In practice, how-
ever, they require nearly continuous high-frequency sampling to detect and rarely
provide enough lead time for intervention in real systems. After a regime shift,
many systems are resistant to further change, even when driver variables have
been returned to their previous levels. Such hysteresis often reflects new negative
feedback loops that stabilize a system and keep it in a local basin of attraction.
Hysteresis may help to explain some failed restoration strategies, as when state-
mandated reductions in phosphorus inputs to lakes and streams fail to return them
to an oligotrophic state.



Chapter 13

The small world: Initiating and
identifying tipping points in the
Sarracenia microecosystem

Excitabat enim fluctus in simpulo.1

–Marcus Tullius Cicero (ca. 52 B.C.E.: 445 (2010 edition))

Ecological communities do seem to display some level of stability and resis-
tance to small, incremental changes in driver variables. For “green” food webs
that have a resource base of primary producers (algae or vascular plants), drivers
often include nutrients that limit their growth. For “brown,” detritus-based food
webs like those found in many small streams, larger rivers, pitcher plants, and
bromeliads (chapter 11), drivers may be allochthonous inputs of detritus. These
drivers can be thought of as ultimate or proximate variables that are mechanisti-
cally responsible (sensu §1.5) for a substantial fraction of the spatial or temporal
variation in the state variables.

1For he was stirring up billows in a ladle. The presumed origin of the phrase “tempest in a
teapot”.
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13.1 State changes in the Sarracenia microecosys-
tem

The Sarracenia microecosystem is especially well-suited to investigating alterna-
tive states. For the brown inquiline food web found within S. purpurea pitchers
(chapter 10), the salient driver is arthropod prey that is captured by the plant (But-
ler et al. 2008, Ellison and Gotelli 2009). The corresponding response variable is
the concentration of dissolved oxygen [O2] in the pitcher fluid that reflects whether
it is an aerobic or anaerobic state. When it comes to linking empirical patterns
with mathematical models of tipping points and alternative states, the Sarracenia
microecosystem has three clear advantages relative to other, larger aquatic ecosys-
tems.

First, the Sarracenia microecosystem allows for true replication in a way that
lakes, for example, do not. Each separate S. purpurea pitcher encloses and sup-
ports an independent, fully functional brown food web that includes a base of
arthropod detritus, a diverse assemblage of microbes that break it down, and
higher trophic levels of filter feeders and shredders (chapter 10; Miller et al. 2018).
Leaves within plants and plants within bogs (figure 2.1) are natural hierarchical
levels of replication that cannot be found in other ecosystems.

Second, we can easily conduct controlled field and laboratory experiments
with S. purpurea and its food web (chapter 10; Miller et al. 2018). Manipulative
experiments are critical for establishing the link between candidate driver vari-
ables and their effects on temporal dynamics and avoiding false identification of
tipping points and regime shifts (Boettiger and Hastings 2012).

Third, we can monitor changes in the drivers and responses of the Sarracenia
microecosystem with frequent, non-destructive sampling (Sirota et al. 2013, Lau
et al. 2018). Environmental changes that may take years or decades to manifest
themselves in large ecosystems such as lakes occur in but hours or days in S. pur-
purea (Sirota et al. 2013). A single eutrophication experiment that can be done in
a week in a Sarracenia pitcher yields > 10,000 sampled values of O2 concentra-
tion recorded at 60-second intervals. For a lake system studied for a decade, this
would be comparable to taking measurements of dissolved oxygen every 8 hours,
which, although possible, yield data much too slowly for making decisions (Con-
tamin and Ellison 2009). In short, studying tipping points and alternative states in
the Sarracenia microecosystem yields rapid, cost-effective data and insights.

Similarly, in other aquatic ecosystems, excess nutrient loading quickly swamps
the capacity of higher trophic levels to control producer levels through grazing. In-
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stead, the primary producers become self-limiting through shading and biological
oxygen demand rapidly increases as microbes break down the decaying plant ma-
terial. We hypothesized that in the Sarracenia microecosystem there is the same
limited capacity for higher trophic levels to control ecosystem processes in the
face of excess inputs of prey.

13.1.1 Temporal dynamics of aerobic and anaerobic conditions
in Sarracenia purpurea pitchers

Figure 13.1 shows the O2 concentration ([O2]) in a single S. purpurea leaf mea-
sured at 60-second intervals over the course of a 10-day feeding experiment (Sirota
et al. 2013). The resulting time series of 13,978 [O2] data points (figure 13.1) is
probably the most data-dense trajectory we have for collapse in any aquatic sys-
tem; we can compare the patterns in this trajectory with the general predictions
discussed in chapter 12 (§12.3.2) and illustrated in figures 12.3–12.6.

At the start of the experiment, this leaf contained the full microbial compo-
nent of S. purpurea pitcher fluid, but we removed all of the upper trophic levels
(filter feeders, shredders, and top predators) to reduce some of the experimental
complexity. Removing most of the food web may seem unrealistic, given the im-
portance of top-down effects on trophic dynamics described repeatedly for the S.
purpurea food web by many authors (chapter 10). However, the mineralization
and translocation of N from prey into pitchers tissues occurs equally fast in the
absence or the presence of the macroinvertebrates in the S. purpurea food web
(Butler et al. 2008). That is, although the S. purpurea food web can be viewed
as a “processing-chain commensalism” (Heard 1994), the microbes are doing the
heavy lifting of detrital breakdown and nutrient mineralization, independent of the
top-down control of microbial biomass in this system.

The trajectory of [O2] in response to detrital loading had four phases (figure
13.1). During the pre-enrichment phase, [O2] in the pitcher fluid fluctuated diur-
nally, reflecting the diurnal cycle of photosynthesis and respiration by the plant
(Sirota et al. 2013; see also Bradshaw and Creelman 1984). As soon as we began
adding dried, ground, and sterilized wasps, the average [O2] immediately began
to fall even as it continued to cycle diurnally. Structural change analysis (Zeileis
et al. 2003) identified a single breakpoint ≈ 77 hours after feeding began. We
continued to enrich the system by feeding more ground wasps to the plant for an
additional five days, during which time the average [O2] was so low as to render
the system anoxic, although the diurnal photosynthesis-respiration cycle persisted
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with a very small amplitude. After we stopped feeding the plant, we continued
to monitor the system for four more days. Average [O2] continued to drift down-
ward, with no tendency to return to the pre-treatment, oligotrophic state (figure
13.1; Sirota et al. 2013).

How did these experimental results compare with our a priori predictions
(§12.3.2)?

Multimodality in state frequencies

The data did fit a simple bimodal distribution in which the pitcher fluid was either
well-oxygenated or nearly anoxic, and the system spent relatively little time be-
tween those extremes (figure 13.2). The latter was confirmed by a simple sliding-
window analysis of average values that identified a single breakpoint in this dis-
tribution. Although we described alternative state spaces based on a single driver
variable and a single response variable, the different states also could be visu-
alized by plotting other measured variables. For example, a state-space plot for
these data of photosynthetically active radiation versus [O2] also illustrated two
distinct clouds of parameter space separated by a thin link during the transition
phase (figure 13.3).

Rapid nonlinear change between alternative states

At first glance, this prediction appeared to be confirmed. However, note in figure
13.1 that the left-most part of the graph was the pre-enrichment phase. As soon
as detritus was added (left side of grey-shaded box in figure 13.1), average [O2]
dropped sharply, although the diurnal periodicity was preserved during the tran-
sition. This pattern looks more like simple environmental tracking, with a steep
decrease as soon as enrichment began, rather than a sudden non-linear threshold
that was reached after an initial period of enrichment.

Critical slowing down preceding the state change

The profile in figure 13.1 also showed little evidence for an increase in variance
or autocorrelation ahead of the state change. Perhaps this pattern would have been
more apparent in green food webs, where an initial input of limiting nutrients
leads first to an increase in primary production before subsequent die-back of
plants (algae) followed by increasing biological oxygen demand. In the brown
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food web of S. purpurea, [O2] declined steeply and immediately as soon as we
began adding additional prey.

Hysteresis following relaxation of the environmental driver

In the post-enrichment period of the experiment, the data certainly confirmed the
predictions of hysteresis. Even though no additional detritus was added, [O2] did
not recover after four days (> 100 bacterial generations). In fact, the average [O2]
continued to decline. However, without concurrent measurements of the driver
itself, this pattern does not necessarily confirm a hysteretic response. For example,
If the system had been overwhelmed by a high delivery rate, then the persistent
low [O2] simply may have indicated constant microbial activity as the bolus of
detritus was gradually broken down and mineralized (Baiser et al. 2011).

13.1.2 An alternative approach
In a subsequent experiment, we replaced the ground wasps with a soluble molecule—
bovine serum albumin (BSA)—as our source of detritus. We loaded the pitchers
with BSA, and simultaneously tracked the increase in BSA and the decrease in
O2 levels. After the system collapsed to the eutrophic state, we stopped adding
BSA, and then monitored the recovery of O2 as microbes transformed BSA and
its concentration as an aqueous solute declined. We will describe this experiment
in much more detail in the next chapter.

For now, we simply highlight that the predicted pattern of classic hystere-
sis (figure 12.6) was achieved in replicated Sarracenia microecosystems (figure
13.4). In these state-space diagrams, the driver variable (BSA) is on the x-axis, and
the response variable ([O2]) is on the y-axis. We tracked both variables through
time during the enrichment phase (black points) and the recovery phase (grey
points). This graph confirmed the classic hysteresis pattern because [O2] in the
recovery phase did not achieve the same levels as during the enrichment phase,
even when the BSA concentration was the same. As far as we are aware, this was
the first demonstration of hysteresis in a controlled and replicated experiment in
which only a single environmental driver (BSA) was incrementally increased until
a tipping point was passed.

We return to these data in the next chapter to explore patterns in ways that
have not been possible in the past but that are starting to be used by terrestrial
ecologists who are willing to make space-for-time substitutions across environ-
mental gradients. We will also show results for different nutrient delivery rates
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that reveal temporal dynamics in the Sarracenia microecosystem are far richer
than we might have guessed from even simple descriptions of hysteresis. Finally,
we will explore new work on metaproteomics, which may reveal candidate pro-
teins and other biomarkers that could give us a better early warning indicators of
state change than simply measuring oxygen.
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Figure 13.1: Dissolved oxygen concentrations [O2] during eutrophication of the Sarracenia mi-
croecosystem. Over a 10-day period, [O2] was monitored at 60-second intervals (n = 13,978
points); the grey-shaded box indicates the period of addition of excess prey in the form of ground
wasps (Dolichovespula maculata). Increasing shading levels indicate the initial oligotrophic state,
transition state, eutrophic state, and hysteresis after the termination of prey addition. Compare with
predictions of the lower panel of figure 12.4.
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Figure 13.2: Frequency distribution of dissolved oxygen concentration (%) during the enrichment
experiment illustrated in figure 13.1. Compare this result with the predictions shown in the lower
panel of figure 12.3.
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Figure 13.3: Phase-plane diagram for the sudden state change from oligotrophic to eutrophic con-
ditions in figure 13.1. The x-axis is photosynthetically active radiation (PAR), which varies period-
ically through 24 hours, and the y-axis is dissolved oxygen concentration, which depends both on
the time of day and on the nutrient regime. Each point is a consecutive observation in the 10-day
time series. Note the thin band of points that separates the oxygen-rich oligotrophic state from the
oxygen-poor eutrophic state.
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Figure 13.4: Replicated hysteresis experiments with the Sarracenia microecosystem. Each panel
represents an independent replicate. The x-axis is the concentration of bovine serum albumin
(BSA) that was added as a water-soluble nutrient source for microbes. The y-axis is the concen-
tration of dissolved oxygen. Each point represents a different measurement during the enrichment
phase (black points) and the recovery phase (grey points). The lines are separate LOESS splines fit
to the enrichment (black) and recovery (grey) phases of the trajectory. Compare with figure 13.1.
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13.2 Summary
Replicated and properly controlled enrichment-recovery experiments as in figures
13.1 and 13.4 allow for repeatable patterns and data-rich time series that provide
strong tests for tipping points and alternative states. Even the simple profiles in
figure 13.1 show the added complexity of diurnal fluctuations in oxygen concen-
tration. These patterns and processes illustrate that the Sarracenia microecosys-
tem provides ample opportunity to study the complex interplay between habitat
structures, and ecological assemblages in slowly or rapidly changing abiotic envi-
ronments.



Chapter 14

Scaling up: Using *omics to identify
ecosystem states and transitions

Existence is no more than the precarious attainment of relevance in
an intensely mobile flux of past, present, and future.

–Susan Sontag (1969: 74–75)

In the previous chapter, we used Sarracenia as a model system for understand-
ing tipping points, regime shifts, and the alternative aerobic and anaerobic states
of the pitcher fluid and its bacterial assemblage. In this chapter, we scale up from
the ecological community to consider tipping points in the context of ecosystem
function. At the same time, we “scale down” to explore the use of proteins rather
than species or OTUs to quantify ecosystem function. But first, what do we mean
by ecosystem function?

14.1 Ecosystem services and functions
Various typologies have been proposed to distinguish among ecosystem functions,
services, and goods (de Groot et al. 2002), but most of these are inevitably variants
of services that are provided to humans (Boyd and Banzhaf 2007). Whether it is
specific goods that may profit an individual monetarily (e.g., increaed biomass in
an agricultural plot) or psychologically (e.g., sense of well-being, mental health),
or general services that benefit society as a whole (e.g., climate-control, soil re-
tention), these functions all reflect the direct or indirect needs of humans.

281
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These typologies also reflect the Clementsian “superorganism” view of an
ecosystem as a set of integrated parts that work together (Clements 1916), and
the idea that these functions reflect the “health” of the ecosystem (Callicott et al.
1999). But there is no agreement on what the important functions are or whether
their specific rates are beneficial or detrimental to ecosystem health and ecosystem
services (Schroter et al. 2014).

Perhaps a more useful framework is to consider an ecosystem from the cyber-
netics perspective: a set of modules with feedback loops through which “informa-
tion” flows (Patten 1959, Muller 1997). An ecoystem can be represented as a net-
work with pools and fluxes of nutrients, biomass, and energy (Patten 1959, Symer
and Ulanowicz 1987, Ulanowicz 2004). At the level of the individual organism,
there are a relatively small number of physiological processes of plants and ani-
mals that ultimately drive these flows: water and nutrient uptake, photosynthesis,
consumption, metabolism, excretion, sequestration, and decomposition.

But how can we extract a concept of information from these processes? One
perspective is that the individuals of different species are the units of information,
so that a species-rich community with a relatively even abundance distribution has
more information (and enhanced ecosystem function) than a species-poor com-
munity in which a few species dominate the biomass spectrum (Wittebole et al.
2009; cf. Patten 1959). This formulation leads naturally to the connection between
species diversity and ecosystem functions.

14.2 Biodiversity and ecosystem function
A major research focus in ecology for the past 25 years has been to identify con-
nections, and quantify the strengths and directions of relationships, between bio-
diversity and ecosystem function (Hooper et al. 2005). Much experimental work,
mostly at small spatial scales in temperate-zone grasslands, has established that
processes such as biomass accumulation and nutrient retention are indeed higher
for multi-species assemblages than for monocultures (Balvanera et al. 2006). How-
ever, it has been difficult to tease apart how much of this effect reflects changes
in species number and how much results from changes in species composition
(Huston 1997, Cardinale et al. 2007, Pillai and Gouhier 2019). The strength of
the biodiversity effect also is rarely compared to the strength of other drivers of
ecosystem function and environmental change (Maestre et al. 2012, van der Plas
2019).
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The abundance, richness, and composition of species are both causes and con-
sequences of ecosystem processes and are themselves dynamic and changeable.
Should these species be the units of information in a cybernetic analysis of ecosys-
tems? Although some species, including keystone and foundation species, play
critical roles in determining relative abundance of co-occurring species and over-
all ecosystem structure and dynamics (Ellison 2019b), many important ecosys-
tem functions can change even when species richness and composition are held
constant (Hillebrand et al. 2008). Conversely, some species are functionally re-
dundant, so their presence or absence has only a weak effect on ecosystem pro-
cesses (Walker 1992). It also increasingly is clear that intraspecific variation—
individuals of different genotypes, ages, sizes, or phenotypes—contribute to vari-
ation in ecosystem function (Reusche et al. 2007, Violle et al. 2012).

14.2.1 Elements, proteins, and -*
In contrast to the dynamics of species assemblages, matter and elemental com-
position are conserved in closed systems. Indeed, elemental analysis forms the
basis for studies of nutrient stoichiometry, in which we consider organisms sim-
ply as mixtures of different elements (see chapters 3–5). However, at the level of
an entire ecosystem, elemental analysis may be too simpified to reflect ecosystem
processes. Even for relatively simple molecules, the same element can be biologi-
cally inert (N2) or be packaged in a form that is biologically highly reactive (NH4,
NO3).

A more useful chemical unit than the element might be the protein, which is
a relatively large biomolecule consisting of chains of amino acids that fold into
a functional three-dimensional structure (Fersht 2017). Proteins form important
structural components of organisms and perform a variety of biological functions
(Somero et al. 2017). They are rapidly synthesized and degraded during all cellular
processes, and the amino-acid chains that comprise them are synthesized directly
from information encoded in DNA sequences.

Because proteins behave as enzymes for important biological reactions, they
seem closer to the functioning of ecosystems (however that is operationally de-
fined) than either the whole organism (which carries out a variety of functions)
or the underlying DNA sequences (which are not decoded until particular pro-
teins are needed; Gotelli et al. 2012). Moreover, proteins identified in a particular
system can be screened against libraries of proteins from previously studied or-
ganisms, not only providing their identity but also a mapping to broad classes of
metabolic pathways (Kanehisa et al. 2016).
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In most ecosystems, it would not be practical to sequence all the proteins that
are present because most of them are bound up in the bodies of constituent or-
ganisms. And until recently, it was too impractical and inefficient to sequence
and identify unknown proteins that were not part of a small number of well-
studied model systems (e.g., Drosophila melanogaster, Caenorhabditis elegans,
Mus musculus or Arabidopsis thaliana). But recent advances in proteomics now
make it feasible to consider surveys of all the proteins in an ecosystem as a way
to quantify its functions (Schneider and Riedel 2010). In particular, we might
speculate that a healthy ecosystem is one that has a greater number and diversity
of biologically active proteins that should allow for better homeostatic control in
variable environments and provide more products and services that are important
to humans.

Of course, metaproteomics—the identification and classification of heteroge-
neous mixes of proteins sampled from an entire (eco)system—is just one of many
possible meta-* that could be used to characterize ecosystem function: metage-
nomics, metatranscriptomics, and metametabolomics are other ways to sequence,
analyze, or screen large assemblages of candidate molecules. Although metage-
nomics and metatranscriptomics do contain the genetic information and transcript
encodings of proteins (Vandenkoornhuyse et al. 2010), these profiles are poorly
correlated with the abundance and diversity of proteins that are actually expressed
by organisms in an ecosystem (Vogel and Marcotte 2012). Metametabolomics
provides a snapshot of the production of a small number of relatively simple meta-
bolic products (Bundy et al. 2009), but, like nutrient stoichiometry, oversimplifies
the array of biomolecules synthesized by a functioning ecosystem. Thus, on func-
tional grounds, we favor proteomics as the best proxy variable for a general assay
of ecosystem function.

14.2.2 Sampling bio- and *omic diversity: similarities
There are many similarities between a meta*omics survey and a traditional biodi-
versity survey. First, the survey has to be both taxonomically restricted and phys-
ically bounded within a specified area or habitat (such as the butterflies of trop-
ical forest light gaps [Hill et al. 2001] or the microbiome of household washing
machines [Callewaert et al. 2015]). Second, the biologically packaged units (in-
dividuals, genes, transcripts, polypeptides) must be randomly sampled. However,
this sample will always represent only a tiny fraction of the material that would
be required to capture all of the diversity in the system (Hughes et al. 2001).
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Next, each individual element has to be identified and classified into one of
a set of non-overlapping “bins” (species, OTUs, proteins). The number of bins,
composition, and relative abundances of this sorted distribution are then summa-
rized with one or more biodiversity metrics, such as the familiar number of species
or indices of evenness or species composition (Magurran and McGill 2011).

Finally, these diversity metrics need to be evaluated statistically for replicated
comparisons of different experimental treatments (such as controls versus nutri-
ent enrichment) or classification groups (such as the microbiomes of healthy ver-
sus diseased individuals). Because biodiversity and meta*omics surveys are al-
ways characterized by a few common elements and many rare ones (Morlon et
al. 2009), these biodiversity statistics are sensitive to the number of units that
are sampled and the specific methods that are used to sample them (Gotelli and
Colwell 2001). Extrapolation and interpolation methods for diversity statistics are
now well-developed and allow for standardized comparisons of any level of di-
versity and whenever sampling effort or abundance is not equivalent (Chao et al.
2014).

14.2.3 Sampling bio- and *omic diversity: differences
There also are some important differences between meta*omics surveys and tra-
ditional biodiversity surveys. In a biodiversity survey, we rely on taxonomic keys
to distinguish the different species (Farnsworth et al. 2013). In a proteomic sur-
vey, the protein sequences are mapped back to sequence libraries (NCBI Resource
Coordinators 2017). Because these libraries are mostly based on classical model
organisms studied in a biomedical context, proteins collected in environmental
surveys may be mis-classified, or simply cannot be classified at all. For exam-
ple, in our proteomic surveys of control and prey-supplemented S. purpurea mi-
croecosystems (described below), we mapped the 220 most common protein se-
quences in each treatment to taxonomic groups by running a BLAST (Basic Local
Alignment Search Tool) homology search on the metagenomic sequence data to
reveal corresponding to the protein hits (Altschul et al. 1997). Thirteen percent of
the enriched proteins and 21% of the control proteins could not be mapped back
to a taxonomic group in the BLAST library.

Although both sampling for species and *omic diversity suffer from under-
sampling, the problem is far more severe for proteomic surveys. Estimates of pro-
teomic diversity in microbial ecosystems range from 104 to 109 expressed pro-
teins (Wilmes and Bond 2006). There are approximately 6000–60,000 protein-
encoding genes in the genome of a single prokaryote or eukaryote species (Van



286 Scaling up

Straalen and Roelofs 2006). Even a single tissue sampled from a single multicellu-
lar species contains hundreds or thousands of distinct proteins (Shen et al. 2004).
In ecological assemblages that contain both microbes and macrobes, proteomic
diversity will probably exceed 1010 proteins (Gotelli et al. 2012).

Further, the proteome of an individual organism, in contrast to its genome,
does not remain constant through its lifetime because of ontogenetic changes
(Guercio et al. 2006) and responses to biotic and abiotic conditions (Nesatyy and
Suter 2007). Although there is added complexity in working with and analyzing
proteomes, they do appear to be a better reflection of the “molecular phenotype”
of the individual (Biron et al. 2006). The metaproteome also may be a better indi-
cator of changes in ecosystem function as it can change even if species diversity
does not.

Moreover, unlike individuals of a given species, proteins are not sampled and
identified as intact objects. Rather, before proteins can be sequenced and identi-
fied, they are proteolytically digested and cut into smaller polypeptide fragments
(Henzel et al. 1993). These fragments are then sequenced and re-assembled to
identify the individual proteins.

A familiar analogy for an assemblage of species is a large jar of multi-colored
jelly beans (Longino et al. 2002). An investigator samples its “biodiversity” by
taking a handful of jelly beans, sorting and counting the colors, and then makes
a statistical inference about the diversity of jelly beans in the entire jar. In con-
trast, the “jar of proteins” is filled with hard candies. After an investigator draws a
handful of candies, they are shattered with a hammer, and the investigator counts
and re-assembles the individual shards (i.e., polypeptides) before quantifying the
diversity or proteins in the sample. This additional complicating step means that
the uncertainty in identification of proteins increases as polypeptide sequences get
smaller and rarer. For this reason, most studies, including ours, emphasize changes
in the most common protein varieties in a treatment.

One final sampling issue is that, in *omics surveys, it has been common prac-
tice to pool replicate samples from an area or experimental treatment to pro-
vide more material, which in turn yields more accurate quantification of the rel-
ative abundance of proteins. However, if there is heterogeneity in protein pro-
files among the replicates within a treatment, this pooling will tend to exagger-
ate the statistical differences that are reported between treatments (Karp et al.
2005). “Technical replicates” often are created by subsampling from the pooled
replicates, but this creates a problem of pseudoreplication (Hurlbert 1981). As in
ecological studies, principles of randomization, replication, and statistical inde-
pendence need to be heeded in *omics research (Biron et al. 2006). In the results
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presented in this chapter, we are mostly describing patterns from pooled data, but
these have been confirmed with additional parametric statistical tests and random-
ization analyses of unpooled data.

14.3 Protein surveys of the Sarracenia ecosystem
Proteins are basic constituents of cells and tissues, so a proteomic survey of an
entire ecosystem would include a profile of the proteins in the component species.
For example, in a proteomic survey of three pitcher-plant inquilines (Wyeomyia
smithii, Metriocnemus knabi, and Fletcherimyia fletcheri), we identified more than
50 proteins from each species, ten of which were predominantly or uniquely found
in a single species (Gotelli et al. 2011). Using an assembled database of 100 meta-
zoan myosin heavy-chain orthologs, we identified 19 peptides unique to one of the
3 species. In a future version of the classic Star Trek “tricorder”1 (or a soon-to-be
app for our smartphones or watches), these unique molecular signatures could be
used to recognize the presence of proteins, quantify their abundance, or diagnose
a person’s health from real-time proteomic surveys of biological samples (or the
wearer’s sweat; Sarwar et al. 2019).

In many communities, from the human gut (Huttenhower et al. 2012) to acid
mine drainages (Ram et al. 2005) and terrestrial soils (Wagg et al. 2014), it is
the activity of microbes that translates into much of what we ultimately char-
acterize as ecosystem function. In nutrient-enriched aquatic ecosystems, it is the
breakdown by microbes of accumulated dead plant material that ultimately causes
eutrophication—the depletion of oxygen levels and subsequent change in biodi-
versity to favor species that can tolerate low oxygen levels (Carpenter et al. 1998).

14.4 Proteomics of Sarracenia fed supplemental prey
To explore ecosystem function in the Sarracenia microecosystem, we have fo-
cused on its microbiome and its array of sampled and sequenced proteins (Northrop
et al. 2017). We began our work by sampling microbes from intact S. purpurea
pitchers and constructing a microbial metagenome that we used as a scaffolding
for protein identification. Next, we set up a field experiment to assay protein di-
versity in enriched and control pitchers.

1https://en.wikipedia.org/wiki/Tricorder

https://en.wikipedia.org/wiki/Tricorder
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Methods

Over a five-day period in June of 2011, we selected 20 pitcher plants (10 ex-
perimental, 10 control) in the bog at Tom Swamp in Petersham, Massachusetts
(Swan and Gill 1970). The newly-opened pitchers of the control plants were fed
daily for two weeks with 1 mg-1/mL of oven-dried, sterilized, finely-ground wasps
(Dolichovespula maculata). Newly-formed pitchers are sterile until they open (Pe-
terson et al. 2008), so all microbes and macrobes have to colonize them afresh.
We did not exclude invertebrates from colonizing the experimental plants, but we
did filter and isolate for proteomic analysis only the microbial pellet from each
plant. For five of the control plants and six of the fed plants, there was sufficient
material for gel electrophoresis and tandem mass spectrophotometry. Preliminary
analyses did not reveal any microbial proteins in the ground wasps, and their gel
electrophoresis bands were very different from the bands of electrophoresed mi-
crobial pellets from fed pitchers.

At the end of the experiment, we used shotgun metaproteomics with a custom
metagenomic database to identify proteins that were mapped back to 86 named
bacterial species. Because of the impossibility of counting even a small fraction of
all the possible proteins in an ecosystem, our strategy instead was to classify and
estimate the abundances of the most common proteins in each treatment group, re-
gardless of their absolute abundances. For the S. purpurea microbiome, this turned
out to be 220 proteins in each treatment that we could sequence and identify re-
liably. Each of the these 220 identified proteins in each treatment, ordered by the
number of total peptides associated with the protein hit, was matched to a pro-
tein name. We eliminated duplicate names and used other statistical safeguards
against false positives and mis-identifications. We interpreted the total number of
peptides associated with each protein as a crude index of the relative abundance
of each protein in the sample.

Results

The metagenome was dominated by bacteria (99.1%), with slightly higher diver-
sity in the control pitchers (69 named species in 12 bacterial classes) than in the
fed pitchers (53 named species in 11 bacterial classes). Betaproteobacteria was
the most common class in both treatments (see also Koopman et al. 2010), but
with higher representation in enriched (84.4%) versus control (50.3%) pitchers
(Northrop et al. 2017).
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The protein profiles of the two treatments were quite distinct. There were only
65 proteins shared between the two treatments, with 155 unique proteins in the
controls and 155 other unique proteins in the fed treatment. If the null hypoth-
esis of no treatment effect were true, these numbers would have been reversed,
with approximately 155 shared proteins expected by chance. We ordered the top
20 most-common proteins in each treatment by the number of peptide hits and
constructed the equivalent of rank-abundance curves for them. As in a species
rank-abundance curve, there were a few common proteins and many rare ones in
each of the samples. Even restricting ourselves to the top 20 in each treatment, the
drop-off in relative abundance from the most- to the least-common protein was
about 18-fold, and this number would have increased by many orders of magni-
tude if we had continued sampling from the long right-hand tail of increasingly
rare proteins (figure 14.1).

Given that only 65 proteins were shared in the two lists of the top 220, we
fully expected that none or few of the top proteins would be the same in the two
lists. We also expected the protein composition of the most common elements to
be different in the two treatments, because this is what we always observe when
we compare the composition of macrobial species assemblages. For example, in
freshwater habitats, eutrophic and oligotrophic assemblages reliably contain dif-
ferent sets of the most common indicator taxa (Vaughn and Gotelli 2019). The
characteristic changes in the common species and their functional traits are so re-
liable and familiar that many water-quality indices and restoration objectives are
set by the presence of these indicator taxa (Poff et al. 2006). Similar differences
in taxonomic diversity and metabolic pathways of microbes are representative of
proteomic and microbial responses to nutrient enrichment in freshwater ecosys-
tems (Haller et al. 2011, Kearns et al. 2016).

But this pattern of characteristic dominant groups did not hold for the proteins
we recovered from S. purpurea pitcher fluid. Instead, we discovered that the three
most abundant proteins in both control and enriched pitchers—“EF-Tu” (elonga-
tion factor tu), “FOF1 ATP synthase subunit beta”, and a “molecular chaperone”—
were identical. The next two most abundant proteins (“branched chain amino-acid
ABC transporter substrate-binding protein”, and a “porin”) differed by only one
rank between the control and enriched pitchers. Collectively, these identical pro-
teins accounted for about 60% of the peptides in each of the treatments (figure
14.1).

It was the more intermediate proteins that differed between the two treatments.
For the next 15 proteins in the list, there were seven unique proteins in each treat-
ment. The remaining eight proteins were found in both treatments, but usually
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with very different ranks in abundance. Why should the most common proteins in
both lists have been nearly identical when the two sets differed sharply in overall
composition? The most likely explanation was that these five proteins are part of
evolutionarily conserved pathways for critical cellular functions. Although pro-
tein profiles do ultimately map back in some ways to species identity, there is not
a simple congruence with other measures of species diversity.
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Figure 14.1: Relative numbers (peptide hits) of the top 20 identified proteins in control and en-
riched S. purpurea pitchers. Unfilled bars: proteins with the same rank in control and enriched
treatments; grey bars: proteins with differing ranks in control and enriched treatments (positions
illustrated with line segments); black bars: unique proteins that were identified in only one of the
two treatments.
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14.5 The cybernetics and information content of the
S. purpurea proteome

With the protein data in hand, we returned to the cybernetics of ecosystems and
ask whether there was a difference in the information content of the proteomes
of the control and enriched pitchers. We asked, if we were to randomly grab two
protein molecules from a pitcher, what would be the probability that they are dif-
ferent proteins? We used Hurlbert’s (1971) PIE (probability of an interspecific en-
counter) to answer this question. As a single measure of information to character-
ize a rank-abundance distribution, PIE has several advantages. First, it is relatively
insensitive to sampling variation (Gotelli and Graves 1996) and is influenced most
strongly by the relative abundance distribution of the most common proteins. Sec-
ond, it is algebraically related to the Gini coefficient of income inequality (Wit-
tebolle et al. 2009). Third, it is a measure of the slope of an individual-based
rarefaction curve at is base (Olszewski 2004) and can be transformed to one of the
Hill numbers (q = 2) of biodiversity (Chao et al. 2014).

Despite the distinct protein composition of the intermediate ranks, PIE was
almost identical in the two treatments (control PIE = 0.94, enriched PIE = 0.92),
so there was no evidence that the relative evenness of these distributions differed
beween the control and fed pitchers. However, we obtained a different result when
these same proteins were mapped back to different taxonomic groupings. Al-
though there were comparable numbers of bacterial classes detected in the two
treatments (control = 12, enriched = 11), the taxonomic PIE for the control plants
(0.71) was significantly higher than in the enriched plants (0.31), indicating a more
even relative abundance distribution in the controls (figure 14.2).

As with the protein identification, there were important shifts in composition:
aerobic bacteria (Betaproteobacteria) were more common in control pitchers and
facultatively anaerobic bacteria (Alphaproteobacteria) were more common in en-
riched pitchers. Finally, we detected some differences in KEGG molecular path-
ways of nucleotide and energy metabolism. In sum, distinct differences at the
protein and peptide level corresponded to differences in molecular pathways and
taxonomic differences at the genus, family, and class levels.
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Figure 14.2: Relative numbers (peptide hits) of the most frequent bacterial classes in control and
enriched S. purpurea pitcher fluid. Taxonomic identifications were constructed by mapping iden-
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14.6 Early warning indicators, hysteresis, and the
twisted path of funded research

Scientific research rarely happens as we describe it in our research proposals
or even in the subsequent papers we write. Based on our discovery that pro-
teomes were distinctly different for control and enriched Sarracenia assemblages
(Northrop et al. 2017), we received NSF funding to search for proteins that might
serve as early-warning indicators that a system was on its way to collapse (figure
12.2). The hope was that key proteins that reflect changes in microbial activity
might give us more lead-time for intervening in aquatic ecosystems nearing a tip-
ping point.

In a nutshell, we proposed to use supplemental prey to enrich Sarracenia mi-
croecosystems, track key bioindicator molecules with real-time proteomic screens,
stop feeding immediately upon detecting reliable indicator molecules, and test
whether our intervention (the “stopping rule”) would stop the impending collapse.
The S. purpurea microecosystem seemed like an ideal model system for this work
because we could create replicated ecosystems, enrich them, and trigger a col-
lapse on a time scale of hours to days, rather than years to decades for larger
natural systems.

Unfortunately, it didn’t work out that way. We thought that by varying the rate
of prey addition, we could control the rate of collapse in [O2]. To our dismay, we
found that the system either collapsed within eight hours of the initial prey addi-
tion or did not collapse at all. This observation was important because it showed
that the Sarracenia microecosystem switched rapidly between high and low [O2]
but spent little time at intermediate concentrations. This kind of bimodality in the
distribution of a continuous response variable is one of the criteria used to rec-
ognize a system with alternative states (figure 12.3). But it meant that we had
insufficient human-time to use real-time proteomic assays to cue and initiate an
intervention.

What to do next? We had already shown from press experiments that the tem-
poral trajectory of [O2] changed with increased prey addition (figure 14.3; Siorota
et al. 2013). With no or little prey addition, [O2] exhibited a strong diurnal cycle
with peaks from diurnal photosynthesis and troughs from nocturnal respiration.
With increasing prey, these cycles broke down and the system exhibited more
complex and unpredictable dynamics. At the two highest levels of prey addition,
[O2] collapsed quickly. After the collapse, a diurnal [O2] cycle was restored, but
at much lower levels and with a greatly reduced amplitude. In a series of pilot
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pulse experiments in which we briefly enriched the system, we noticed that the
dynamics after the collapse also were affected by the size of the enrichment pulse.
Collectively, these results suggested that it might be profitable to examine the
“back end” of eutrophic collapse and investigate hysteretic responses of S. pur-
purea pitchers as they recovered from anaerobic conditions.

14.6.1 Hysteresis, environmental tracking, and anti-hysteresis
in the Sarracenia microecosystem

A clear demonstration of hysteresis in ecological systems has not been easy, in
part because of the long duration of ecological change in most ecosystems. One
of the best examples comes from experimental grassland plots in which nitrogen
addition was halted 20 years ago, but vegetation composition and structure still
has not converged on that of the unfertilized control plots (Isbell et al. 2013). But
in that study, there also was ongoing climatic warming during the two-decade
recovery period that could have interacted with the experimental treatments and
altered the return trajectory of the plots after fertilization was stopped.

The Sarracenia microecosystem seemed ideal for an experimental study of
hysteresis. We could easily push the system from an aerobic to an anaerobic state
by adding prey or inorganic nutrients and monitor subsequent changes in [O2]
with microelectrodes. A signature of hysteresis would be a difference in the [O2]
trajectory during the decline and recovery phases. But a new problem arose as we
started to design these experiments. Although we could easily monitor [O2], we
could not monitor the amount of remaining detritus—the driver variable (Lau et
al. 2018). Measurements of undigested ground wasps were not feasible because
the material was difficult to extract and weigh accurately, and a proteomic assay
would require destructive sampling to get enough material. For over six months,
we experimented with alternative delivery schemes, including using dried ants (a
natural resource packet) and even “tea bags” of ground wasps that were steeped in
the S. purpurea “teapot.” But all of these measurements were either too disruptive
to the system or simply too noisy to give accurate estimates of undigested detritus.

Our *omics collaborator Bryan Ballif solved the problem. He suggested that
instead of using natural sources of detritus, we switch to bovine serum album
(BSA), a nitrogen-rich soluble molecule that microbes readily consume and trans-
form. By adding additional DNA salts, we were able to create an aqueous molecu-
lar cocktail that had nutrient ratios similar to natural prey. We confirmed with pilot
experiments that the collapse and recovery of [O2] in S. purpurea pitchers laced
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with BSA was similar to the [O2] profile generated by feeding pitchers with whole-
insect prey or ground wasps. We also established that BSA was a stable molecule
that did not break down or decompose except in the presence of microbes. BSA
concentrations in water can be accurately measured from µL samples using the
Bradford assay (Zor and Seliger 1996), so we could frequently monitor the re-
maining undigested levels of BSA in our system while simultaneously monitoring
[O2] with a micro-electrode.

Methods

We established replicate pitchers assigned to three treatments: low, medium, and
high rates of BSA addition (0.5, 2.0, or 5.0 mg BSA · mL-1. At the start of the
experiment, each pitcher was seeded with an aliquot from a common stock of S.
purpurea pitcher fluid that had been passed through a 30 micrometer frit bed of
a chromatography column filtered to remove all macrobes and detritus. We added
BSA, monitored [O2] and BSA until the system collapsed, then stopped adding
BSA and continued to monitor until [O2] returned to approximately their starting
values (about 20% for a typically well-oxygenated Sarracenia leaf).

Results

The trajectories of collapse and recovery were repeatable for different pitchers
that received the same treatment (figure 13.4). But the trajectories differed in a
predictable way based on the BSA treatments (figure 14.4). In the low BSA treat-
ment, the trajectory followed a classic pattern of hysteresis. After collapse and
the termination of BSA additions, [O2] remained low even though BSA levels
had declined from microbial activity. [O2] did not begin to rise again until BSA
had declined to fairly low levels. The pattern is reminiscent of many large aquatic
systems in which N and P additions have been reduced or eliminated, but the sys-
tem fails to recover rapidly to a “clean” (oligotrophic) regime with high levels of
oxygen and biodiversity.

In the intermediate BSA treatment, there was no evidence of a hysteretic re-
sponse. After we stopped adding BSA, the [O2] profile retraced its steps in parallel
with the decline in BSA. This trajectory characteristic of systems in which the re-
sponse variable quickly tracks the environmental driver with little or no time lag
in the response to changing levels of the driver variable (figure 12.1).

In the high BSA treatment, we discovered a pattern of “reverse” or “counter-
clockwise” hysteresis: [O2] during the recovery phase was actually higher than it
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was during the collapsed phase. This pattern of reverse has been recognized pre-
viously in clinical pharmacology trials (Louizos et al. 2014), sediment discharge
studies (Williams 1989, Evans and Davies 1998), heart rate in lizards during heat-
ing and cooling treatments (Grigg and Seebacher 1999), and in a Chinese flood
plain (Zhang and Werner 2015). But the anti-hysteresis we observed in S. pur-
purea pitchers is the first example of this kind of dynamics in a controlled and
replicated ecosystem experiment in which treatments differed only in the delivery
rate of the environmental driver.

insights

Our hysteresis experiments provided several new insights. First, even in a repli-
cated, controlled experiment in which we varied only the delivery rate of mi-
crobial substrate, the resulting dynamics were far richer than had been described
previously. The diversity of dynamic responses in this simple experiment may
explain why some restoration projects at larger scales have failed. The outcome
of a restoration project may depend not only on the current levels of an environ-
mental driver, but rather on the past history and levels of the driver during the
pre-intervention phase (Jones and Schmitz 2009). Specifically, our results suggest
that systems that have been exposed to persistent low levels of an environmental
driver may be especially difficult to restore. For this reason, long-term records of
environmental monitoring may be important for predicting the success of restora-
tion projects.

Second, although it is not apparent from the graphs in 14.4, both the [O2] and
the time scales are very different in the recovery phase of the trajectories. At low
and intermediate BSA levels, the return time to a fully oxygenated state occurred
in ≈ 15 days. But in the high BSA treatment, full recovery did not occur until
35 days, and a few pitchers still had not fully recovered when we terminated the
experiment.

Finally, despite their differing trajectories, the pitchers in the different treat-
ments eventually returned to initial [O2]. But had they actually returned to the
same initial state? With a proteomic assay, we confirmed that the pitchers in all
three treatment groups did have the same microbial profile at the start of the ex-
periment. But by the end of the experiment, the taxonomic profiles of microbes
identified from the proteomic assay differed significantly among the three treat-
ments (figure 14.5). One hypothesis to explain this result is that there was some
taxonomic redundancy in the microbial assemblages and the same functions were
being provided by different taxa in the different assemblages. Alternatively, the
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imprint of the past was been lost and ecosystem function was no longer the same,
even though [O2] levels were restored. A definitive experiment here would be to
run the treatments through a second cycle of enrichment and recovery, with further
proteomic assays at different point in time. We will leave that experiment—and
others described in the next chapter—to a future generation of ecologists.
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Figure 14.3: Trajectories of dissolved oxygen concentration ([O2]) in the Sarracenia microecosys-
tem exposed to different enrichment regimes. Each panel depicts the average (black line) and 95%
confidence interval for 6 replicate ecosystems. From top to bottom, the enrichment rates were: 0
(control), 0.125, 0.250, 0.500, and 1.000 mg · mL-1 · d-1 of dried, ground wasps (Dolichovespula
maculata). In the control and low enrichment treatments (a, b), there was a daily periodicity to
[O2] reflecting a diel cycle of plant photosynthesis and respiration. At the highest concentration
(e), there was a collapse of [O2] followed by a diel periodicity but with a greatly reduced ampli-
tude.
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Figure 14.4: Hysteresis dynamics of the Sarracenia micro-ecosystem. Each panel represents the
average values for replicated pitchers in different experimental treatment, with Low (0.5 mg/ml),
Medium (2.5 mg/ml) and High (5.0 mg/ml) rates of daily enrichment with bovine serum albumin
(BSA). For the first four days of the experiment, pitchers were enriched once a day, with [O2] mea-
surements taken with a microelectrode immediately after enrichment. Standing concentrations of
BSA and [O2] were measured twice daily during days 0–20 of the experiment and once daily for
days 20–28. Pitchers were monitored until [O2] levels returned approximately to starting condi-
tions before nutrient enrichment. The Low treatment exhibited a classic pattern of hysteresis, the
Medium treatment exhibited a pattern of environmental tracking, and the High treatment exhibited
a pattern of reverse or counter-clockwise hysteresis.
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14.7 Summary
Much current research is focused on defining and measuring ecosystem function,
but most definitions ultimately reflect categories of ecosystem services that are
beneficial for human health and well-being. Proteins are biologically important
molecules for all physiological functions of organisms, and the array of proteins
generated by an entire ecosystem (the metaproteome) may be a useful way to char-
acterize ecosystem function. Because microbes are responsible for the decompo-
sition of detritus, expressed proteins could serve as potential biological indicators
of impending regime shifts in enriched aquatic systems. In enriched and control S.
purpurea pitchers, the microbial metaproteome differed significantly in the iden-
tity of proteins that could be mapped back to different microbe taxa and cellular
pathways.

In an enrichment experiment with treatments of low, medium, and high addi-
tions of bovine serum albumin, we found contrasting trajectories of hysteresis (low
enrichment), environmental tracking (medium enrichment), and anti-hysteresis
(high enrichment) during the recovery phase. Although all three treatments even-
tually recovered to control oxygen concentrations, the taxonomic diversity derived
from protein assays was still different in the three treatments at the end if the ex-
periment. Further experiments are necessary to understand whether this reflects
taxonomic redundancy in ecosystem function, or whether other ecosystem func-
tions other than [O2] remain different following recovery from anoxic conditions.
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Chapter 15

Whither Sarracenia?

We perfected and practice [f ]oretelling . . .[t]o exhibit the perfect use-
lessness of knowing the answer to the wrong question.

–Ursula K. Le Guin (1969: 57)

Forty-two.

–Deep Thought, in Douglas Adams (1981: 180)

In chapter 1, we described three uses of scale in ecology: [1] experiments and
observations conducted at different spatial and temporal grains and extents (Levin
1992); [2] scale-free analyses of dimensionless parameters that describe constant
relationships between variables (West et al. 1997); and [3] model systems such
as Sarracenia for which results can be scaled up to other systems that operate on
longer time scales and are harder to manipulate in replicated experiments (Ellison
et al. 2003). In this closing chapter, we take stock of the ground we have covered
and make suggestions for future research.

Most of our work on scaling fits within Levin’s (1992) framework. We have
scaled hypotheses, methods, and results up or down by changing the grain and ex-
tent of spatial and temporal observations, measurements, and experiments. Some
of our analyses of stoichiometry and food-web structure have been, if not dimen-
sionless, at least scale-free (Brown et al. 2004). For example, in chapter 5 we
asked whether nutrient stoichiomettry of Sarracenia leaf tissue was consistent
with the global spectra of plant traits (Díaz et al. 2016). And in chapter 11, we
asked whether inquiline food webs of Sarracenia conformed to Ulanowicz et al.’s
(2014) “window of vitality” (Ulanowicz et al. 2014).

307
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More generally, we have tried throughout this book to make the case that S.
purpurea and its inquilines is a true model system for ecological research. Like the
more familiar model organisms used in laboratories around the world, S. purpurea
and its inquilines are easy to propagate and grow in the lab and in the field. The
inquilines, especially the protozoa and bacteria, have short generation times, and
their growth is responsive to resources, abiotic conditions, and interactions with
each other and with the plant. As genetic data and phylogenies of Sarracenia and
its inquilines become more readily available (Ellison et al. 2012, Merz et al. 2013),
it should be easy to maintain stock cultures of genetic lines of them that exhibit or
lack key traits, just as we currently do for fruit flies, mice, roundworms, and cress.

Resources, nutrients, and stoichiometry

Some of our first work with Sarracenia focused on prey and how the plant re-
sponds to it. Treating prey as a packet of resources for the plant, we have now
been able to ask how Sarracenia compares to the global spectra of leaf traits and
nutrient ratios measured in other terrestrial plants (Díaz et al. 2016). Although
some carnivorous plant species differ greatly in their tissue nutrients from most
terrestrial plants, the genus Sarracenia does not. Similarly, when Sarracenia was
supplemented with additional prey, the shifts in nutrient allocation stayed within
the ranges observed for other plant species. However, when Sarracenia was sup-
plemented with inorganic nutrients, the stoichiometric “rules” were broken, at
least in the short-term.

Two competing hypotheses in litt. for understanding stoichiometric ratios are
homeostasis and the “you are what eat” hypothesis (chapter 3). Scaling these hy-
potheses from individuals to populations suggests parallels with population reg-
ulation and density-dependence (Sibley and Hone 2002). Homeostatic control of
nutrients should result in relatively constant nutrient ratios with limited variation
around an equilibrium point. This constancy is analogous to the density-dependent
birth and death rates that limit fluctuations in population sizes of plants and ani-
mals. Gotelli et al. (2017) scaled up population-level regulation one step further.
They found evidence for regulated trajectories of community-level species rich-
ness and total abundance in a variety of assemblages that had been monitored
annually for over 10 years. In contrast, the more flexible stoichiometric ratios that
reflect “you are what you eat” are equivalent to expectations of a null model of
an unconstrained random walk, either for population growth or for Gleasonian
succession (chapter 9).
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Can these concepts of homeostasis and random walks be scaled up to entire
ecosystems (Patten and Odum 1981)? In collaboration with Angélica González
(Rutgers University), we are starting to examine these competing hypothesis in
all the different nutrient “pools” of the Sarracenia microecosystem: leaf tissue,
pitcher water, prey and detritus, microbes, and macrobes. Using press and pulse
experiments, we are experimentally altering nutrient inputs to pitcher water and
then measuring stoichiometric ratios of these nutrient pools in the same plant. We
are asking : [1] how much do nutrient ratios fluctuate in these different pools?
[2] Are some pools stable and homeostatic whereas others are more labile and
variable?

Answering these questions will require careful comparisons with an appropri-
ate null hypothesis. As a first pass, we are sampling additional technical replicates
(subsamples of pooled replicates; see §14.2.3) to estimate the fraction of vari-
ability in each nutrient pool that simply represents measurement error. We are
combining these experimental studies with measurements of nutrient profiles in
Sarracenia (chapter 4) and in arboreal bromeliads (§4.2; González et al. 2011)
along a geographic gradient from Canada to Brazil. This gradient encompasses
great variation in rates of atmospheric deposition and potentially in the relative
importance of P- versus N- limitation (Reich and Oleskyn 2004). Detailed knowl-
edge of the food webs of Sarracenia, bromeliads, and other cavity-dwelling as-
semblages (chapter 11) across geographic gradients also will improve our ability
to scale the dynamics of resource use across levels of biological organization.

Demography and species distributions

Demography is at the root of population biology (Egerton 2012), and forms the
basis for simple projections of population growth. Our demographic work on S.
purpurea started with classical methods of tracking individuals within cohorts,
measuring rates of dispersal, establishment, and density-dependence, and incorpo-
rating demographic vital rates into matrix population projection models (chapter
6). We wanted to use these basic demographic models to predict the risk of extinc-
tion in response to environmental drivers such as atmospheric nutrient deposition.
However, most current methods for forecasting fates of populations in response
to environmental change ignore demography. Instead, they use geo-referenced
specimen records combined with data layers of down-scaled environmental vari-
ables estimated for current or future conditions to forecast future habitat suitability
(Guisan et al. 2017).
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In chapter 7, we proposed an alternative methodology based on demogra-
phy: [1] experimentally manipulate potential environmental driver variables (e.g.,
warming, nutrient deposition) in small-scale field experiments; [2] measure life-
table responses of demographic vital rates to differing levels of the driver; and
[3] construct stochastic or deterministic models of population growth to estimate
λ, the projected rate of population growth as a function of the driver variable. In
chapter 8, we scaled this approach up to the North American continent. We ap-
plied the projection model we had built for Molly and Hawley Bogs (two pixels
in the map of North America) to the native range of S. purpurea in the US by
combining the life-table response functions with continental measures and future
projections of atmospheric N and P deposition.

This framework could be expanded and improved upon in at least four ways.
First, individual and population-level responses to the same environmental driver
may depend on the position of the population within its geographic range (Hampe
and Petit 2005). Thererfore, small-scale experiments should be conducted at the
center and at the margins of a species geographic range. Second, we should gather
information on the frequencies of different genotypes within and between popu-
lations, which may improve the forecasts of demographic and species distribution
models (Clark et al. 2011, Gotelli and Stanton-Geddes 2015). Common-garden
experiments that bring together a range of genotypes collected throughout the geo-
graphic range of a species would also be informative (Whitham et al. 2006). Third,
we should incorporate density-dependence into demographic models, which may
generate more realistic estimates of long-term population persistence (Ehrlén and
Morris 2015). Finally, we should integrate direct effects of environmental drivers
on individual physiology and population growth with the indirect cascading ef-
fects of changes in the abundance of other species in the assemblage (Diamond et
al. 2017). Attention to these issues may yield more insights than further statistical
refinements of species distribution models that are built only specimen occurrence
records.

Food webs and other networks

The starting point of our research on the Sarracenia microecosystem was the in-
quiline food web and its mutualistic interactions with the plant. These interactions
also reflect the property that the S. purpurea food web assembles and develops in
a living habitat that itself is changing on a comparable time scales. Although this
is not a universal property of food webs, the network properties of the S. purpurea
are similar to those of a wide range of more typical trophic and biogeochemical
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networks from more “static” habitats. Already in 1997, we were designing experi-
ments to add a temporal dimension to food-web assembly (chapter 10) with an eye
towards linking the three major strands of community ecology: co-occurrence and
assembly rules, food webs, and succession (chapter 9). As with our analyses of
Sarracenia nutrient stoichiometry, our work on its dynamic food webs suggested
ways to scale from individuals to ecosystems and to identify structural network
properties that are independent of the level of biological organization.

Much research in community ecology has emphasized organismal traits, phy-
logenetic constraints, and temporal dynamics. Over the past two decades, traits
and phylogeny have been steadily incorporated into analyses of classically de-
fined “communities”—taxonomic or functional guilds operating at a single trophic
level. Much more recently, interest has emerged in temporal analysis of “multi-
level” food webs and other networks. Simultaneously, sequencing of entire assemblages—
metagenomics (a.k.a. community genomics)—has been revealing the true diver-
sity of microbial assemblages and providing much finer taxonomic resolution of
the microbial compartments of food webs. Despite these advances, community
ecologists continue to make a somewhat artificial distinction between the static,
abiotic “habitat”, and the dynamic biotic community it contains. Now is a good
time to move beyond this dichotomy.

The Sarracenia microecosystem is an excellent system for research in all of
these advancing avenues. Several research groups are currently focused on the
metagenomics of the microbial inquilines in several Sarracenia species (Koopman
et al. 2010, Satler et al. 2016, Grothjan and Young 2019). Much past research on
the inquiline food web has focused on top-down control by the Sarracenia macro-
invertebrates but within a few years, we will be able to tease out the role of bottom-
up processes controlled by microbes. Specifically, it should soon be possible to
construct custom microbial food webs in S. purpurea either by selective addition
of specific taxa (OTUs) or selective deletion of them using targeted antibiotics or
fungicides. Although the microbial component of the S. purpurea food web is the
primary engine of nutrient mineralization and immobilization (Butler et al. 2008),
we still do not know whether or how the plant itself competes with microbes for
macro- and micronutrients.

The phylogeny of Sarracenia has been resolved reasonably well (Ellison et
al. 2012), and Jonathan Millett is leading an effort to build a database of traits for
Sarracenia and other carnivorous plants. Parallel efforts for the macrobial and mi-
crobial inquilines would be of great use. In particular, we need more data for the
apparently co-speciating clade of Sarraceniopus mites (Naczi 2018), the group
of sarcophagid flies that co-occur with multiple Sarracenia species (Dahlem and
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Naczi 2006), and the rotifers and microbes that occur in Sarracenia and its sur-
rounding habitat. Open questions include: [1] How does a dynamic (living and
changing) habitat act as a “filter” for trait-based community assembly? [2] Can
we add habitat dynamics as another dimension into models of multi-layer net-
works? [3] Does the inclusion of intraspecific variability alter food-web dynamics
in the Sarracenia microecosystem, as it appears to in many others (Poisot et al.
2015a)? To link some of these questions to evolutionary dynamics and longer
time scales, a map of the quantitative trait loci of prey-capture traits (Malmberg et
al. 2018) and the phylogeny of Wyeomyia smithii associated with its post-glacial
range expansion (Merz et al. 2013) will provide key data .

Tipping points, regime shifts, and alternative states

Tipping points and regime shifts are on the au courant bandwagon, but theoretical
work has far outstripped the data available to test them (Petraitis 2013). Indeed,
our experimental work with tipping points and alternative states was motivated
by modeling studies of lake and ocean ecosystems, which suggested that cur-
rent methods for identifying early-warning indicators are woefully inadequate for
managing ecological change (Biggs et al. 2009, Contamin and Ellison 2009). In
the Sarracenia microecosystem, we could replicate entire ecosystems, manipulate
a single environmental driver, and continuously monitor the system to rigorously
identify alternative states. Most importantly, we could generate the densely sam-
pled, autocorrelated time-series data required by the models, but that are rarely
collected by ecologists (Bestelmeyer et al. 2011). We used the Sarracenia mi-
croecosystem to scale down from ecologists’ conventional, macroscopic view of
system-level tipping points and state changes to begin to develop a mechanistic
understanding of these processes at *omic levels.

Defining potential alternative states and determining whether changes between
them are abrupt or smooth are the first two challenges in the study of tipping points
and regime change. The Sarracenia microecosystem was of great value here be-
cause, like many other freshwater and marine ecosystems, it has only two states
that are relatively straightforward to identify: a well-oxygenated, oligotrophic
state, and an anoxic, eutrophic state1. Despite this apparently simple two-state

1Whether such states are truly “stable”, merely “resilient” (Thorén and Olsson 2017), or
ephemerally “transient” (Hastings et al. 2018) depends on the precise definition of stability (of
which ecologists have literally hundreds: Grimm and Wissel 1997, Donohue et al. 2016). Rather
than wade into that jargon-laded quagmire of assumptions and metaphors, we simply let the ex-
perimental data speak for themselves.
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system, manipulations of a single environmental driver revealed a rich array of
complex temporal dynamics. Nevertheless, with a replicated, controlled system,
and the ability to lift proteomic fingerprints from the active microbes, we could
successfully identify state changes and characterize the tipping points between
them (chapters 13, 14). However, the precise control over the tipping point that
we had hoped to achieve has so far proven elusive. More experimental work, both
with Sarracenia and other ecosystems, is needed if we are going to use models of
tipping points and regime shifts to manage and control ecosystems in the face of
rapid environmental change.

In this regard, the Sarracenia microecosystem provides a scalable model for
two other important topics. First, ecologists usually interpret the shift from one
state to another and its subsequent return to the initial conditions as a return to
the original state.2 In our experiments with S. purpurea, pitchers forced into an
anaerobic state with additions of prey or bovine serum albumin eventually recov-
ered to control oxygen concentrations. However, the taxonomic diversity mapped
from protein profiles differed between the initial and final aerobic states, and be-
tween ecosystems that had experienced different rates of enrichment. Did this re-
sult reflect taxonomic redundancy in microbes responsible for ecosystem function
and the outcome of unmeasured interspecific interactions among them? Or was
our focus on [O2] too myopic, causing us to miss differences in other important
ecosystem functions between the aerobic states observed after the recovery from
anaerobic conditions? This distinction mirrors current debates about the relative
utility and value of ecosystem restoration and rehabilitation (Callicott et al. 1999).

Second, the time scale of change is crucial for interpreting tipping points and
regime shifts. Bestelmeyer et al. (2011) illustrated that what we perceive as a
regime shift looks very different to an organism with a very different lifespan.
The hours-long shift from an aerobic to an anaerobic regime in a S. purpurea
pitcher is too fast for us to forestall. But for the microbes driving the system, this
interval of a few hours spans multiple generations—long enough for natural se-
lection and evolution to occur (Ware et al. 2019). At the same time, inferences
about, and management of, tipping points and state changes must account for how
human activities are altering the temporal (and spatial) scales of many ecological
processes (Rose et al. 2017). We see great potential in using the Sarracenia mi-
croecosystem to do experiments on the time scales relevant to the plant and the

2This interpretation guides most of restoration ecology, which explicitly aims to recreate con-
ditions prior to human intervention (usually European, ca. 1491), which have been wistfully de-
scribed as “ecologically privileged assemblages of organisms, endowed with distinctive qualities
of stability, beauty, and self-organizing capacity” (Jordan and Lubick 2011).
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inquilines with different lifespans and life histories that live in concert with it.

In sum, the Sarracenia microecosystem has been an ecological gold mine. It has
yielded decades of important insights into processes ranging from nutrient stoi-
chiometry and atmospheric deposition, through demography and community as-
sembly, to tipping points and ecosystem function. We hope we have convinced
you that there are still many treasures left to uncover in this most excellent of
ecological model systems.
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steinii, 187

Craurococcus roseus, 37
Cyclidium

elongatum, 187
sp.sp., 187

Cyrtolophosis elongata, 187
Darlingtonia californica, 15, 25, 33,

36, 83

Dictyostelium discoideum, 10
Dolichovespula maculata, 81, 272,

288
Drosera, 24, 83

capensis, 45
whittakeri, 81

Drosophila melanogaster, 10
Endothenia daeckeana, 38
Escherichia coli, 10
Exyra

fax, 38
ridingsii, 38
semicrocea, 38

Fletcherimyia, 36
fletcheri, 34, 39, 186, 187, 200,

203, 207, 208, 237, 238, 243
Formica subaenescens, 36
Guzmania

berteroniana, 74
lingulata, 74

Habrotrocha rosa, 34, 186, 187,
203, 207, 208, 238

Hafnia alvei, 37
Heliamphora, 15, 36

nutans, 73
Leipothrix darlingtoniae, 39
Limonium peregrinum, 15, 17
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Metriocnemus
edwardsi, 36
knabi, 34, 36, 186, 187, 208, 237

Moesziomyces aphidis, 37
Monas, 187
Mus musculus, 10
Musca domestica, 81
Myrmica

alaskensis, 36
lobifrons, 36

Mytilus californianus, 11
Nepenthes, 11, 83

rafflesiana, 33
Pantoea agglomerans, 37
Papaipema appassionata, 38
Pisaster ochraceus, 11
Pogonomyrmex barbatus, 11
Poterioochromonas, 187
Rahnella aquatlis, 37
Rhodotorula babjevae, 37
Saccharomyces cervisea, 10
Sarcophaga, 36
Sarracenia, 83

alabamensis, 19
alata, 38
canadensis, 17
flava, 17, 24, 38, 45
leucophylla, 38
minor, 25, 38
oreophila, 19
psittacina, 38
purpurea, 11, 15, 17, 38, 45, 84
purpurea ssp. purpurea, 18

purpurea ssp. purpurea f.
heterophylla, 73

purpurea ssp. venosa, 18
purpurea ssp. venosa var. burkii,

18
purpurea ssp. venosa var.

montana, 18
rosea, 17, 19
rubra, 18, 38, 84
variolaris, 25

Sarraceniopus
darlingtoniae, 36
gibsoni, 34, 186, 187, 203, 238

Serratia
fonticola, 37
plymuthica, 37
unidentified species of, 37

Sphagnum, 42, 44, 129, 138
Thuris limpidi, 15
Tillandsia, 73

capillaris, 74
elongata, 74

Trichogramma, 38
Tricimba wheeleri, 36
Triffid, 45
Urotricha ovata, 187
Utricularia

livida, 45
Vriesea sintenisii, 74
Wyeomyia smithii, 22, 34, 36, 186,

187, 204, 207, 208, 230,
237, 238, 243
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