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ABSTRACT

Forests play an important role in mitigating climate change by removing carbon
dioxide (CO;) from the atmosphere via photosynthesis and storing it in plant tissues and
soil organic matter (SOM). Plant roots are a major conduit for transporting recently fixed
CO; belowground, where carbon (C) remains in SOM or returns to the atmosphere via
respiration of soil microbes. Compared to aboveground plant processes related to the C
cycle, there is little understanding of how belowground plant-C allocation to roots,
symbiotic root fungi and secretions into the soil influence the gain or loss of C from the
soil. Further, the uncertainty in the timing and amount of root growth that occurs in
forests is a barrier to understanding how root activity responds to global change and feeds
back to the C cycle. Therefore, the objective of my research is to quantify the timing and
magnitude of C allocation to roots and soil via data compilation, field studies and
modeling across broad spatial scales. Using data compilation at the global scale, I show
that root and shoot phenology are often asynchronous and that evergreen trees commonly

have later root growth compared to deciduous trees using meta-analysis across four



biomes. At the plot scale, field studies in a mid-latitude forest demonstrate that deciduous
stands allocate more C belowground earlier in the growing season compared to a conifer
stand. The difference in phenology between stands can be attributed to the timing of root
growth. At the root scale, zymographic analysis demonstrates that microbial extracellular
enzyme activity is concentrated near the surface of roots and that the rhizosphere can
extend well beyond 2 mm from the root surface. Finally, I developed a new model of
microbial physiology and extracellular enzyme activity to assess how climate change
may affect plant — microbe interactions and soil organic matter decomposition. I show
that increases in temperature and the quantity of C inputs substantially alter
decomposition. Collectively, these results demonstrate the importance of belowground

allocation to the C cycle of terrestrial ecosystems.
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CHAPTER ONE: INTRODUCTION

For over a century, researchers have recognized the link between atmospheric
carbon dioxide (CO;) concentrations and the re-radiation of thermal energy back to the
Earth’s surface (Arrhenius & Sandstrom, 1903, Chamberlin, 1899). In 1957, Roger
Revelle and Hans Seuss were among the first to suggest that the observed accumulation
of fossil-fuel-derived CO; in the atmosphere would not only contribute to a warmer
climate, but that the extent of climate change may depend on interactions between the
atmosphere, biosphere, and geosphere that are not yet known (Revelle & Suess, 1957).
“Thus,” they write, “human beings are now carrying out a large scale geophysical
experiment of a kind that could not have happened in the past nor be reproduced in the

future.”

From 1750 to the present, the terrestrial biosphere and ocean have mitigated
climate change by sequestering 300 of the 550 Pg C released from the combustion of
fossil fuels (Stocker et al., 2013). There is at present substantial uncertainty regarding the
size of the terrestrial sink over the coming century with continued climate change
(Ahlstrom et al., 2012). There is also debate as to whether the feedback between climate
change and the land sink for atmospheric CO, will mitigate or exacerbate future climate
change (Stocker ef al., 2013). On the one hand, if the growing season lengthens as a
result of warming temperatures, C uptake is expected to increase because of sustained

photosynthesis (Richardson et al., 2009). On the other hand, extension of the growing



season may exacerbate drought, fire frequency, and stimulate decomposition resulting in

a net loss of CO;, to the atmosphere (Piao et al., 2008, Wu et al., 2013).

The terrestrial sink for atmospheric CO; is in plant biomass and soil. Typically 2-
to 3-fold more C is stored in soil than biomass, increasing substantially with latitude
(Ciais et al., 2014). The activity of soil microbes, often referred to as heterotrophs, is
temperature sensitive, with greater respiration consuming soil C and releasing CO; to the
atmosphere. Heterotrophic respiration is expected to increase with warming temperatures,
but the magnitude of this effect depends on the extent to which microbes physiologically
acclimate to warm temperatures, microbial community composition is changed, or the
availability of soil C declines (Bradford et al., 2008, Hartley ef al., 2007). As a result, the
long-term effect of global warming on heterotrophic respiration is unclear (Frey ef al.,

2013, Melillo et al., 2002).

The research presented in this dissertation is a continuation of the effort to
understand feedbacks between plants, microbes, soil and the atmosphere. Ultimately all
soil C is derived from plant matter and thus plants are intimately tied to the activity of
soil microbes. The main process by which this occurs is referred to as “allocation” of C to

leaves, stems, and roots.

Plant C allocation is an inherently seasonal process. The timing of seasonal
events, or phenology, of aboveground plant organs and the tools used to observe it are
advanced compared to studies of root growth and mortality. For example, there are

records from the 9™ century of cherry tree flowering in Kyoto, Japan, as well as a myriad



of historical phenological records of various plant phenomena dating back to 18" century
England and 19t century United States (Aono & Kazui, 2008, Margary, 1926, Miller-
Rushing & Primack, 2008). Since the 1970s, “remote sensing” technology using
satellites, unmanned aerial vehicles, and mounted cameras have been instrumental in
estimating growing season length and C uptake over the globe (Sharma et al. 2013,

Hufkens et al. 2012).

In contrast to aboveground phenology, root dynamics are hidden from view, and
there is no non-invasive technique analogous to remote-sensing that can be used to
accurately assess root biomass, growth, or turnover. Root biomass has been estimated
using coring and excavation for over half of a century (Lyford, 1980, Lyford & Wilson,
1964). In these and similar studies, root growth was measured by taking the difference in
root biomass between two sample intervals. Beginning in the early 1980s, Vogt, Persson,
Gower, and others popularized “sequential” coring in plots over a finer resolution of time
and ingrowth techniques to separate rates of root growth from those of mortality
(Persson, 1980, Vogt et al., 1986). By the late 1980s, minirhizotron cameras were
developed to capture magnified images of root growth and death along the surface of a
plexiglass tube installed into the soil (Brown & Upchurch, 1987). Though root boxes and
minirhizotrons have been in use for some time, only recently has the automation of image

capture and annotation begun to develop (Roberti et al., 2014, Zeng et al., 2008).

Carbon allocated belowground is used for root production, respiration and

exudation, but these fluxes are difficult to measure individually. In 1989, Raich and



Nadelhoffer proposed that calculating the difference between outputs (i.e., soil CO;
efflux) from the soil and inputs (i.e., litterfall) to the soil provides a useful estimate of the
total quantity of C allocated belowground (Davidson et al., 2002, Litton et al., 2007).
This estimate assumes that soils are in steady state. Otherwise, it is necessary to measure

the change in the C pool associated with roots and soil, as in:

TBCF = Fetrux — Flitter + A(Croots + Csoil) [1]

where TBCF is the total belowground carbon flux, Feux 1S annual soil respiration,
Fiitter 1s annual litterfall, and A(Cioots + Csoir) 18 the annual change in the C pool associated
with roots and soil. If A(Cioots + Csoit) 1S €qual to zero, then it is only necessary to measure

Fefﬂux and Flitter-

The assumption that the pool of C in roots and soil does not change over time is
often violated. For example, Giardina & Ryan (2002) found that the change in the root
and soil pool was about 14% of measured TBCF in a Hawaiian Eucalyptus plantation. In
my study, [ found that 0.2 - 40% of TBCF can be represented by the change in the root
pool. The most accurate method to estimate belowground C allocation may be to compare
multiple methods, such as using the difference between soil CO, efflux and litterfall in
combination with measuring belowground allocation to roots [production, respiration,

exudation] directly (Drake et al., 2011).

Once C enters the soil via root exudation or turnover, it is available to the

microbial community for decomposition. Soil microbes are able to utilize a diverse array



of substrates for metabolism (Bai et al., 2013). Given the metabolic flexibility of
microbes and the amount of energy stored in soil organic matter, it is paradoxical that
there should be more than 1500 Pg of soil organic matter remaining on Earth (Ciais et al.,
2014). Most soil organic matter has an irregular structure and is therefore difficult to
characterize by chemical or spectral analysis. Indeed, for the past several decades, the
prevailing paradigm to explain the persistence of SOM was that most organic matter
cannot be degraded because of its irregular chemical structure (Oades, 1989, Skjemstad et
al., 1996). Recent research has placed more emphasis on the physical separation of SOM
from the microbial extracellular enzymes that would degrade them (Schmidt et al., 2011)
and the physical protection of SOM bound to or within soil aggregates (Conant et al.,

2011).

The wealth of research over the past century has clarified many feedbacks
between the biosphere and atmosphere, by demonstrating that phenology has changed
with warming, and that respiration and C allocation may also change (Bradford ef al.,
2008, Melillo et al., 2011, Richardson et al., 2009). As a result, we have a greater ability
to monitor and simulate C pools and fluxes at global scales than we did only two decades

ago (Stocker et al., 2013, Tang & Riley, 2015).

Despite these advances, many mechanisms of belowground C allocation are not
yet clear. Individual studies have observed many different seasonal patterns of root
growth (Bevington & Castle, 1985, livonen ef al., 2001, McCormack et al., 2014), but it

is not clear if particular biomes or plant types have synchronous or lagged phenology.



Because belowground C allocation data are few, we know little about the seasonal C
partitioning to roots and how this varies between tree species, growth form (e.g.,
evergreen, deciduous), or mycorrhizal association. In part because of the paucity of data
with which to parameterize models and infer process-level relationships, terrestrial
biosphere models struggle to represent the soil C cycle mechanistically and often default
to defining belowground C allocation as an instantaneous, fixed fraction of net C uptake
at each time step (Medvigy et al., 2009, Oleson et al., 2010, Smith et al., 2013). There is
little understanding of the priority of C allocation in both plants and microbes, though
some promising frameworks for determining allocation to different plant organs are
emerging from evolutionary theory based on competition for light and nutrients (Craine

& Dybzinski, 2013, Dybzinski ef al., 2011).

Microbial allocation to extracellular enzymes, biomass growth, and respiration is
largely unknown, and is a major difficulty in parameterizing microbial physiology
models (Averill, 2014). Fortunately, allometric relationships for microbial communities,
as well as models of microbial metabolism are emerging frameworks for estimating
microbial allocation to different processes (Harcombe et al., 2014, Sinsabaugh ef al.,
2014).

The interaction between plant roots and microbes is similarly data-limited. For
example, including my findings, estimates of the size of the rhizosphere, defined as the
zone of soil around a root where microbial exoenzyme activity is stimulated, ranges from

0.1 cm to over 7 cm (De Neergaard & Magid, 2001, Spohn & Kuzyakov, 2014). This



wide range reflects the few studies that have made these measurements, and suggests that
there is either a large methodological uncertainty about how to quantify the rhizosphere
extent, a large heterogeneity in the actual size of the rhizosphere, or both.

The research community is uncertain how rhizosphere and bulk soil microbes will
respond to changes in temperature and substrate supply (Davidson & Janssens, 2006,
Tang & Riley, 2015, Wieder et al., 2013). Long-term field studies of soil warming
indicate that a large initial increase in heterotrophic respiration decreases over time,
suggesting some combination of acclimation, microbial community shift, or substrate
limitation (Frey et al., 2013, Melillo et al., 2002, Melillo ef al., 2011). Regional climate
projections also predict that some areas of North America, particularly the northeastern
United States, will receive more precipitation, and others less (Melillo et al., 2014). It is
unclear how changes in soil moisture in combination with warming will affect microbial

activity.

Dissertation Overview
The objective of the research in this dissertation is to better understand the
seasonality, magnitude, and partitioning of C to root and soil processes at global-to-local
scales. To achieve this objective, I used a combination of data compilation, field studies,
and computer simulation. In Chapter 2, my objective was to determine the relationship
between above and belowground phenology. I performed a meta-analysis, compiling data
that quantified the offset between the maximum in root and shoot growth in woody and

herbaceous perennial plants. Using data from 40 studies, 63 species, and 4 biomes, [



found that root and shoot phenology are often asynchronous and that evergreen trees
commonly have later root growth compared to deciduous trees. I also found broad
differences in phenology across biomes, finding that boreal biomes had later root growth
than did temperate biomes, possibly due to the predominance of evergreen trees in boreal
ecosystems.

In Chapter 3, my objective was to determine the magnitude, timing and
partitioning of seasonal belowground C allocation at the plot scale, using field studies at
the Harvard Forest in Petersham, MA. I recorded the total amount of C allocated
belowground monthly during the growing season in three mono-dominant stands, white
ash (Fraxinus americana), red oak (Quercus rubra), and eastern hemlock (7suga
canadensis). | found that the red oak stand allocated more C belowground earlier in the
growing season compared to the eastern hemlock stand. This difference in the phenology
of belowground C allocation can be attributed to the timing of root growth, making this
finding consistent with the observation in Chapter 2 that deciduous trees have earlier root
growth than evergreen trees. The magnitude of the belowground C flux was highest in the
red oak stand, consistent with the observed increase in aboveground biomass of red oak
at the Harvard Forest over the past 20 years (Keenan et al., 2012, Urbanski et al., 2007).
The belowground C flux was lowest in the eastern hemlock stand due to a decline in
allocation to root production over the study period. This decline is coincident with the
arrival and spread of the hemlock woolly adelgid in this stand.

In Chapter 4, my objective was to estimate the spatial extent of the rhizosphere at

the scale of individual roots, using a recently-developed enzyme imaging, or



zymography, technique. I incubated chromatography paper soaked in the substrate of four
C-, N-, or P-releasing enzymes on rooted soil surfaces. When an extracellular enzyme
decomposed substrate fixed to the paper, the cleavage resulted in a colorimetric or
fluorometric tag that remained on the paper. These zymograph images were digitized
along with photographs of roots in the sample area. I developed a quantitative framework
for analyzing these image data. I used two regression models, a spatial error model that
accounted for the autocorrelation between image pixels, and a “break-point” regression
model that estimated the location of a change in the slope of the relationship between
extracellular enzyme activity and distance from a root. I used this break point as a proxy
for the rhizosphere extent. The rhizosphere extent varied depending on the resolution of
image analysis, as a result of increased sample size, background staining, or
misalignment of images. Nevertheless, I found that extracellular enzyme activity was
concentrated near the surface of roots. The break points that I estimated suggest that the
rhizosphere can extend beyond 2 mm from the root surface, suggesting that recent
estimates of rhizosphere contributions to decomposition and nutrient mineralization are
very conservative (Finzi et al., 2015).

In Chapter 5, my objective was to develop a combined model of microbial
physiology and extracellular enzyme activity to assess how climate change may affect
plant—-microbe interactions, soil organic matter decomposition, and soil C storage. I
merged two existing models: the Dual-Arrhenius Michaelis Menten (DAMM) model
(Davidson ef al., 2012) and the Microbial Carbon and Nitrogen Physiology (MCNiP)

model (Finzi et al., 2015). The combined model reproduced heterotrophic respiration
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measured in a trenched plot at the Harvard Forest in central Massachusetts. It also
captured the seasonal pattern of C efflux better than MCNiP alone, and predicted C efflux
during wet-up events better than both models alone. DAMM-MCNIP predicted that
stands with a wide C:N ratio [litter, roots, microbial biomass] stored more C, consistent
with recent empirical findings at the global scale (Averill ef al., 2014). When subject to a
series of climate change simulations, the model predicted that C mineralization increases
with either +5°C warming or a 50% increase in soil moisture. The response to added soil
moisture was unexpected given that oxygen (O;) availability limits microbial activity at
high soil moisture, and suggests that in this model O, limitation has a small effect on
microbial respiration relative to substrate diffusion.

This research demonstrates that belowground C allocation affects C balance on
the plot-to-global scale. There are broad differences in root phenology across biomes and
plant types, and in a mid-latitude temperate forest, there are stand-level differences in
both the magnitude and partitioning of C belowground, driven primarily by allocation to
root growth. A significant amount of root C is allocated to the microbial community,
where it stimulates microbial activity. I demonstrate that the C:N ratio of root exudates
influences both the magnitude of SOM decomposition and the mechanism by which
decomposition is stimulated. These findings demonstrate the importance of plant roots to

the terrestrial C cycle.
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CHAPTER TWO: ARE ABOVE AND BELOWGROUND PHENOLOGY IN
SYNC?
Abstract
Globally, root production accounts for 33-67% of terrestrial net primary

productivity and influences decomposition via root production and turnover, carbon (C)
allocation to mycorrhizal fungi and root exudation. As recognized aboveground, the
timing of phenological events affects terrestrial C balance, yet there is no parallel
understanding for belowground phenology. In this paper I examine the phenology of root
production and its relationship to temperature, soil moisture, and aboveground
phenology. Synthesizing 87 observations of whole plant phenology from 40 studies, |
found that on average root growth occurs 25 + 8 days after shoot growth but that the
offset between the peak in root and shoot growth varies > 200 days across biomes
(boreal, temperate, Mediterranean, and subtropical). Root and shoot growth are positively
correlated with median monthly temperature and mean monthly precipitation in boreal,
temperate, and subtropical biomes. However, a temperature hysteresis in these biomes
leads to the hypothesis that internal controls over C allocation to roots are an equally, if
not more, important driver of phenology. The specific mechanism(s) are as yet unclear
but are likely mediated by some combination of photoassimilate supply, hormonal

signaling, and growth form.
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Introduction

It is widely acknowledged that roots play a fundamental role in terrestrial C
cycling, consuming up to 70% of net primary production (Grier et al., 1981, Jackson et
al., 1997), yet there is little understanding of the factors controlling patterns of root
growth (Pregitzer et al., 2000). Fine root production can occur in a single flush but often
occurs in multiple flushes throughout the growing season (Bevington & Castle, 1985,
Harris et al., 1995, Reich et al., 1980, Steinaker et al., 2010). Soil temperature, moisture
and nutrient availability affect the growth of roots (Fukuzawa et al., 2013, Noguchi ef al.,
2013), but there is often no temporal correlation between these abiotic factors and root
growth apart from obvious growing-to-nongrowing season transitions (Hendrick &
Pregitzer, 1996, Joslin et al., 2001; Table 2.S1). In these cases internal signaling such as
photoassimilate transport may control root growth (Sloan & Jacobs, 2008), such that
roots cannot grow when shoots are consuming the majority of photoassimilate.
Supporting this, several studies have observed patterns of alternating root and shoot
growth (Cardon et al., 2002, Drew & Ledig, 1980, Mickelbart et al., 2012, Reich et al.,
1980).

Most conceptual and terrestrial biosphere models allocate C belowground as a
fixed fraction of net C uptake, which by definition makes root phenology synchronous
with aboveground growth (Table 2.1). The purpose of this review is to show that current
data support asynchrony between above and belowground growth. I acknowledge that the
available data are few and that inference regarding broad-scale patterns is subject to

change as more data become available. I hope, however, that bringing currently available
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data to light in this regard will generate the collection of new data, and refine current
understanding of belowground phenology and its relevance at the ecosystem scale.
A compilation of available data

It is commonly assumed that root growth peaks early in the growing season and is
therefore synchronous with aboveground growth (Medvigy et al., 2009). While this can
be true (Misson et al., 2006, Scagel et al., 2007), there are many exceptions (Lahti et al.,
2005, Palacio & Montserrat-Marti, 2007, Willaume & Pages, 2006). Some studies report
root growth lagging shoot growth by several weeks, an observation attributed to air
temperature warming faster than soil temperature in the spring (Steinaker & Wilson,
2008). Others report root growth preceding shoot growth by several weeks to months
(Broschat, 1998, Ploetz ef al., 1992). In a common garden study in Pennsylvania, some
species such as Acer negundo and Pinus strobus had large interannual variability in root
phenology while others such as Liriodendron tulipfera did not (McCormack et al., 2014),
suggesting that some trees may be environmentally cued while others are inflexible in
their timing (i.e., phenological programming sensu Hendrick & Pregitzer, 1996, Joslin et
al., 2001).

To address broad-scale patterns in phenology, I conducted a literature survey to
quantify the offset between the maximum in root and shoot growth in woody and
herbaceous perennial plants. Web of Science was searched using the following keywords:
belowground phenology, root phenology, root allocation, and root growth in combination
with shoot phenology, aboveground, stem growth, leaf out, budburst or greenness. I

considered only studies that simultaneously measured both root and shoot production. Of
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the 13,934 results from the keyword search, only 40 studies had suitable data. There were
a total of 87 datasets containing shoot and root growth for 63 species (see Paper
selection, Gross and net root production, Monthly root and shoot growth, and
Temperature and precipitation data in Supplementary Information for a more detailed
description of the data used in this survey). The data are compiled in Tables 2.S2 and
2.S3. Each observation was classified into one of four biomes (boreal, temperate,
Mediterranean and subtropical) based on Whittaker’s biome classification system (1970).
In order to visualize findings from the literature, I quantified the difference between peak
shoot and root growth using the equation,
Offset (days) = DOY waximum root — DOYmaximum shoot [1]
where DOY is the day of year of maximum root or shoot growth as indicated. In
plants with multiple root and shoot flushes, maximum root or shoot growth rate was used
to calculate offset. Positive offset values therefore indicate peak shoot growth preceding
the peak in root growth whereas negative values would indicate root growth preceding
the peak in shoot growth. Differences in root and shoot data collection methods
marginally affect offset (Fgg0=2.17, P = 0.055), so they were included in stepwise model
selection (see Offset in Supplementary Information). Soil coring methods tended to detect
later root growth relative to shoot growth.
Primary Data Findings
There was wide variation in the timing of maximum shoot growth relative to root
growth (Figure 2.1). In the majority of cases maximum shoot production occurred before

root production (offset > 0 in 54 out of 87 observations) and the mean offset for all
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studies (25 + 8 days) was greater than zero (one sample t-test; t = 3.15, df = 86, P < 0.01)
indicating that root and shoot growth are not synchronous on a broad geographic scale.
There was no difference in offset between tree, shrub and herbaceous growth forms.

As the data are largely from extratropical, northern hemisphere localities, there is
a significant correlation between growth and temperature (Table 2.2, Figure 2.S1). At the
biome scale, subtropical plants were significantly different from all other biomes, with
the peak in root growth occurring 45 + 19 (n = 11) days earlier than shoot growth,
whereas offset in boreal, Mediterranean, and temperate biomes occurred 48 + 8 (n = 20),
36 £19 (n=11), and 28 £ 12 (n = 45) days after shoot production, respectively (Figure
2.2a). The generally late root relative to shoot growth in boreal biomes may, however, be
confounded with tree growth form. Conifer (n = 14) root growth peaked 44 + 12 days
later than deciduous tree species (n = 20, Figure 2.2b).

Similar to temperature, there is a positive linear correlation between growth and
mean monthly precipitation (MMP) in boreal and subtropical biomes (Table 2.2). In these
biomes median monthly temperature (MMT) and MMP are highly correlated (p = 0.89
and p = 0.85 for boreal and subtropical climate variables respectively), so it is difficult to
separate the precipitation from the temperature effect. By contrast, precipitation predicts
growth poorly in temperate and Mediterranean biomes (Table 2.2). In the temperate data
set precipitation did not have large seasonal variation (Figure 2.3b). In the Mediterranean
data set shoot growth occurs in a large spring pulse following winter rain, whereas root

growth appears to proceed at a steadily rising rate over the year (Figure 2.3c).
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To visualize the phenology of root relative to shoot growth, I plotted the
proportion of peak root growth as a function of peak shoot growth and generated a
hysteresis plot for each biome. Deviations from the 1:1 line indicate dominance of root
relative to shoot growth (or vice versa) across the year (Figure 2.3e-h). In boreal
ecosystems root growth remains low throughout spring shoot expansion with the largest
proportion of root growth observed in the summer through autumn (Figure 2.3¢). In
temperate ecosystems, however, root growth is entirely proportional to shoot growth,
with all data plotting closely to the 1:1 line (Figure 2.3f). The Mediterranean observations
are unlike the others. There is no clear hysteresis between root and shoot growth (Figure
2.3g). The subtropical biome is similar to the temperate biome in that root growth mirrors
shoot growth not deviating from the 1:1 line (Figure 2.3h).

Some Implications of the Data

The available data suggest that root and shoot growth is largely asynchronous. At
broad spatial scales temperature and precipitation influence this asynchrony, for example,
the positive offset between peak shoot and root growth with decreasing annual
temperatures (data not shown). As suggested by Steinaker & Wilson (2008), air
temperature rises more rapidly than soil temperature in the spring and hence root growth
is delayed later into the spring or summer (Figure 2.3a-d). The boreal dataset supports
this hypothesis. A corollary to this observation is that thermal buffering allows soils to
remain warm through the autumn and, as a result, the duration of root production can be

40% longer than shoot production (Steinaker & Wilson, 2008, Steinaker et al., 2010).
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Once again, this observation is strongly supported by the boreal zone data set (Figure
2.3a).

There is, however, at least as much variation in the offset between peak root and
shoot growth within and between biomes as that explained by climate variables (Table
2.2). This leads to the ecologically interesting hypothesis that endogenous control of plant
C allocation is an important driver of root phenology. What evidence is there in support
of this hypothesis?

For the purposes of this paper, I define endogenous cuing as any factor that
influences the growth of roots other than direct effects of temperature and precipitation.
One of the clearest examples of endogenous root cuing is the production, storage and
transport of photoassimilate (Palmroth et al., 2006, Pregitzer et al., 2000). There are
important stores of carbohydrates in plants that can fuel production (Richardson et al.,
2013), and root growth depends on these stores as well as newly fixed C from
aboveground organs. Isotopic labelling studies have confirmed that substantial C used in
root biomass is newly fixed (Keel et al., 2006, Trumbore ef al., 2006). Root growth stops
or is greatly reduced in response to experimental manipulations such as girdling and stem
chilling that cut off the supply of photoassimilates from the canopy (Hogberg et al., 2001,
Johnsen et al., 2006) and thus belowground phenology must be in part regulated by
aboveground phenology (Litton ef al., 2007).

Does the difference in root growth phenology implicate the supply of
photoassimilate? It does appear to provide a parsimonious explanation. Leaf area and

photosynthetic rates in temperate deciduous forests tend to be highest in the spring and
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decline through late summer and rapidly in autumn as a consequence of canopy
senescence (Wu et al., 2010). This seasonality is highly synchronous with the most active
period of root growth, and the progressive summer decline in photosynthesis and
autumnal leaf senescence correlate with reductions in root growth (Figure 2.3f). The
prolonged autumnal root growth in the boreal zone may also reflect photoassimilate
control in that the retention of live-needles in the canopy sustains the supply of
photoassimilate even as temperatures cool and day length declines (but soils stay warm).
Additional support for photoassimilate-regulated autumnal root growth is observed when
separating the boreal dataset into evergreen trees vs. deciduous woody and herbaceous
species. Doing so shows that autumnal root growth in evergreen trees dominates the
hysteresis (Figure 2.S2a) in Figure 2.3f. Autumnal root growth in the deciduous plants
follows that found in the temperate biome data (i.e., maximum root growth in the spring
and very little in the autumn; Figure 2.S2b). Boreal evergreen trees may also utilize
stored C during late season root growth (Nordgren et al., 2003).

The subtropical and Mediterranean data are challenging to interpret. The
subtropical data come from evergreen species, largely palms, in a consistently warm
environment, yet there is a distinct phenology in shoot and root production with the peak
in both following the wettest months of the year (Figure 2.3d). I speculate that the distinct
phenology may be analogous to observations from seasonally dry Amazonian rainforests
where evapotranspiration rates are highest in the dry season (Hutyra ef al., 2007) because
of reductions in cloudiness and light-limitation of photosynthesis (Restrepo-Coupe et al.,

2013). It 1s possible that the reduction in late summer and autumnal precipitation is
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sufficiently large that PAR does not limit photosynthesis during this period of time and
peak growth occurs.

The Mediterranean observations are the most challenging to interpret under the
assumption that the majority of C used for root growth is newly fixed. Shoot and root
growth are not correlated with MMT or MMP and root growth is apparently decoupled
from shoot growth (Figure 2.3g). The one exception is a concentrated pulse of vernal
shoot growth following winter precipitation and the delay in peak root relative to shoot
growth (Figure 2.3¢). The strong asynchrony between shoot and root growth that extends
across the year, however, suggests that endogenous cuing and subsequent allocation of
stored carbohydrates is a dominant driver of root growth in Mediterranean plants. Root
and stem nonstructural carbohydrates generally decline during the growing season and re-
accumulate in autumn (Loescher ef al., 1990, Richardson ef al., 2013), as stored
carbohydrates are allocated to respiration and growth during the growing season.
However, limited data availability in this biome may prevent any meaningful
conclusions.

Finally, I note that the time scale of the data analysis here cannot address the
occurrence of alternating above and belowground growth, for example, as found in
Quercus spp. (Cardon et al., 2002, Reich et al., 1980). Whether this is common is not
well known, but at least these data suggest coordination of C allocation across the
growing season, which may be mediated by both above and belowground plant organs.
For example, roots produce and transport several shoot regulating hormones acropetally,

such as abscisic acid, cytokinin and strigolactone, that can affect stomatal closure, shoot
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and bud growth respectively (Domagalska & Leyser, 2011, Sharp, 2002). Roots may also
control photoassimilate transport by modifying the rate that photoassimilates in the
phloem are taken up by root tissues (Patrick, 1997) that feedback to genetic regulatory
networks (Koch, 1996). Numerous studies provide support for shared control of C
allocation (Davidson & Holbrook, 2009, Farrar & Jones, 2008).
Moving Forward

At the extreme, root and shoot phenology can be offset by £200 days, and both
are mechanistically linked by temperature, water and C allocation. This dataset
establishes possible generalizations regarding root and shoot phenology based on biome
and growth form (i.e., evergreen, deciduous). Temperature and moisture are positively
correlated with the phenology of both shoot and root growth in three of four biomes
suggesting that abiotic factors both directly and indirectly affect root physiology.
Endogenous factors (e.g., allocation of photoassimilate, source-sink dynamics, hormonal
control) are also likely to be important drivers of phenology but as yet [ am not able to
make any broad conclusions with the possible exception that photoassimilate supply,
storage and transport are key drivers of root growth phenology. The temperature
hysteresis in Figure 2.3 provides support for endogenous controls—particularly the
boreal and Mediterranean datasets. At the present time, there are few data available in the
literature probably because of the difficulty in making measurements of seasonal root
growth. Current datasets are derived from techniques that are relatively indirect (soil
respiration), often destructive (coring), labor intensive (minirhizotrons) and hence

expensive to implement. In addition to the paucity of data, many methods are difficult to
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compare often with known biases (e.g., minirhizotron vs. isotopic methods; Guo et al.,
2008), and suffer from chronic under-sampling (Taylor et al., 2013). However, for my
purposes these methods capture temporal change in root length or biomass well enough
to characterize its timing, though perhaps not its magnitude. I hope that improved scaling
methods (Taylor et al., 2014) and standardization across large networks (Keller, 2010)
will alleviate sampling difficulties and allow for more accurate and generalizable data to
emerge over time. Root growth is an important conduit for photosynthetically-fixed C
into the soil with well-established feedbacks on C and N cycling (Averill et al., 2014,
Brzostek et al., 2013, Drake et al., 2011, Schmidt ez al., 2011). Quantitative models
assume the phenology of root growth is synchronous with that of aboveground phenology
despite empirical evidence to the contrary. Whether the addition of belowground
phenology will affect total C efflux in terrestrial biosphere models is presently unknown.
In the temperate biome where phenology is largely in sync such a change may be
unnecessary, but in boreal biomes late season root allocation may explain observed fall
increases in soil respiration that are currently poorly explained by temperature and soil
moisture (Davidson et al., 2006, Giasson et al., 2013). Since both root growth and
decomposition are known to be temperature-sensitive, and the latter also substrate
limited, understanding the phenology and drivers of above- vs. belowground-C allocation
is important for estimating ecosystem C fluxes under global change.
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Table 2.2. Regression statistics for the proportion of maximum monthly root or shoot growth as a function of
median monthly temperature (MMT) or mean monthly precipitation (MMP). The slope estimate (§) for MMT
are in units of growth per °C and MMP growth per mm precipitation. Significant variables and overall model
significance are indicated by: NS = not significant, * P < 0.05, ** P <0.01 and *** P < 0.001.

Biome Organ MMT Ragi’ MMP Ragi’
All biomes Root 0.02"" 0.48 0.01" 0.09
Shoot | 0.01° 0.21 0.01" 0.17
Boreal Root 0.02"" 0.79 0.017" 0.83
Shoot | 0.02° 0.47 0.01" 0.67
Temperate Root 0.02" 0.80 0.01" 0.01
Shoot | 0.02°" 0.75 0.011N 0.01
Mediterranean Root 0.01™ 0.01 0.01™ 0.18
Shoot | 0.01™ 0.00 0.01N8 0.01
Subtropical Root 0.05" 0.61 0.01" 0.37
Shoot | 0.04° 0.38 0.01" 0.31
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Figure 2.1. Kernel density curve of the offset in days between the maximum in root and shoot production. A
kernel density curve is analogous to a histogram, but rather than showing counts of binned data, it estimates a
probability density function of offset using sample data. The curve is smoothed using a kernel bandwidth of 1.
Offset is defined as DOY yaximum root — DOY maximum shoots Where DOY refers to day of year from 1 to 365. Data
include 63 tree, shrub, and herbaceous species from 40 studies (Table 2.S2), grouped by biome. The black
vertical dotted line is the grand mean of all offset values.
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Figure 2.2. (a) Offset in days between maximum shoot and root production for 87 observations averaged across
four biomes: boreal, temperate, Mediterranean and subtropical (Table 2.S2). Letters indicate a statistically
significant difference in means (a = 0.05) calculated using Tukey’s HSD after one way ANOVA (offset ~ biome +
root collection method, biome: F; gy = 5.0, P = 0.0032, root collection method: F;g,=2.67, P = 0.053, model Fg g, =
3.83, P =0.0021). (b) Deciduous (n = 20) trees had a significantly smaller offset than did evergreen (n = 14) trees

(ANOVA, F, 3,=7.52, P = 0.009).
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Figure 2.3. The proportion of maximum monthly root and shoot growth for each month in (a) boreal, (b)
temperate, (c) Mediterranean, and (d) subtropical biomes (Table 2.S3). In panels a-d, dark brown corresponds
to root growth and light green is shoot growth. The blue dotted line is mean monthly precipitation (mm, right
side y-axis). The color bar across the top is a heat map showing seasonal temperatures ranging from -10°C
(purple) to 25°C (red), with 0°C as bright blue. Panels e-h plot the proportion of maximum monthly root vs.
shoot growth. In these panels, black lines join consecutive months and the direction of the arrowheads indicates
time from January to December. This approach assumes that shoot growth is a suitable proxy for the initiation
of photosynthesis. Calculating the proportion of peak root or shoot growth rather than absolute growth rates
enables us to plot the different types of data on the same y-axis (i.e., minirhizotron vs. soil coring). Note that
these proportions are not a probability distribution function (i.e., area under the curve # 1) and that no point
equals 1 because multiple studies with differently timed maximum growth were averaged.
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Supplementary Information

Paper selection

Web of Science was searched using the following keyword search: (belowground
phenology OR root phenology OR root allocation OR root growth) AND (shoot
phenology OR aboveground OR stem growth OR leaf out OR budburst OR greenness), in
order to capture a variety of above and belowground measurements. There were 13,934
returns on Feb 3, 2014. I evaluated all papers at the abstract level for mention of seasonal
root and/or shoot data. All candidate papers were read in full. Data including
measurements of root and either leaf or stem production were included. Studies
measuring transpiration rates, flowering, or single phenological events with no time

series were not included.

Gross and net root production

In this study, offset is calculated using both gross and net root production. The
phenology of net root production may be affected by seasonal variations in root mortality,
especially when growth and mortality are asynchronous [1]. However, studies in
temperate and boreal regions show that rates of root mortality are roughly synchronous
with root growth [2, 3], implying that in these cases measurements of net root production
may underestimate the magnitude of growth but not the timing of growth peaks. I found
no significant difference between offset calculated using either gross or net root
production (ANOVA, F; 3= 0.788, P = 0.38) in the observations used in this study.

These and all other analyses were performed in R [4].
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Offset

Each observation was classified into one of four biomes based on Whittaker’s
biome classification system (1970). When median annual temperature and mean annual
precipitation were close to the edge of a biome, classification was determined using
USDA Natural Resources Conservation Service Major Biomes Map [5]. Day of year for
peak root and shoot production was calculated as a mean of replicates with varying
sample size (n = 2-48). For samples that produced multiple shoot and root flushes, the
day of year of the largest peak was used to represent the above or belowground peak.
Offset was calculated as the number of days between the peak in shoot and root
production (offset = DOY peak root — DOY peak shoot)- Negative offset values indicate that
peak root production preceded peak shoot production. To explore possible biome-specific
effects, [ used analysis of variance to test for the effect of biome, root collection methods,
and study on offset. Differences in root and shoot data collection methods (ANOVA:
offset ~ root collection method + shoot collection method, F¢g0=2.17, P =0.055), and
study author did not affect offset (ANOVA: offset ~ study author, F; gs=0.00004, P =
0.99). Stepwise model selection using explanatory variables 1) biome, 2) data collection
method, and 3) study author indicated that the [biome + root collection method] model
had the lowest AIC value (stepAIC[library:MASS] Initial model: offset ~ biome + shoot
collection method + root collection method + study author, AIC = 749.6731; Final model:
offset ~ biome + root collection method, AIC=737.1790) . Offset between the peak in
root and shoot production in the subtropical biome was significantly different from other

biomes (Tukey’s HSD after ANOVA: offset ~ biome + root collection method, biome:
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F350=15.0, P =0.0032, root collection method: F3gy=2.67, P = 0.053, model Fe go= 3.83,
P =0.0021, Figure 2.S1a). Offset was not affected by plant growth form (herbaceous, tree

or shrub; ANOVA: offset~growth form, F,34=0.827, P = 0.44).

Monthly root and shoot growth

Measurements from literature were used to estimate monthly root and shoot
growth rates for each biome. Growth rate of roots and shoots were tabulated from each
study (excluding those that did not include seasonal data [i.e., measured DOY 1 as start
of experiment rather than the Julian day]) and converted to a % of the maximum growth
rate. Growth rates were averaged for each month with > 5 observations. Most rates do not
exceed 1 because multiple studies with differently timed maximum growth were
averaged (Table 2.S3). For all biomes, root and shoot growth together have a positive
relationship with MMT and MMP (Growth = 0.0148:MMT + 0.123, F; 35 =41.05, P <
0.0001, R,q;* = 0.32; Growth = 0.00190:MMP + 0.240, F; g5 = 14.19, P < 0.001, Ryg° =
0.13). There was no significant interaction effect between MMT and MMP when both
were included in a model (MAT:MAP P =0.15, model F3 g3 = 17.22, P <0.0001, Radj2 =

0.36).

Temperature and precipitation data
To explore whether the seasonal variation in organ growth was the result of
changes in temperature or precipitation, I obtained monthly daily maximum and

minimum temperature as well as monthly mean total precipitation data for the station
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located nearest each study site from the World Weather Information Service [6]. Means
are based on 30 year averages from 1959-1997 (Greece), 1961-1990 (Chile, Czech
Republic, Malaysia, Sweden), 1971-2000 (Canada, Finland, France, the Netherlands,
Spain), or 1981-2010 (Japan, United Kingdom, United States of America). Daily
maximum and minimum temperatures for each month were averaged to obtain a median
monthly temperature (°C). Precipitation was reported as monthly mean total precipitation
(mm). Precipitation refers to all types of precipitation in Sweden, Canada, France,
Netherlands, and Spain. Only rainfall was measured in Greece, Chile, Czech Republic,

Malaysia, Finland, Japan, United Kingdom, and United States of America.
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Figure 2.S1. Proportion root (a) and shoot (b) growth for data in all biomes plotted against median monthly
temperature (°C). Color and symbol shape indicate biome. Regression statistics are found in Table 2.2.
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boreal deciduous tree, shrub and herbaceous plant roots. Arrows indicate the direction of time from March to
September.

33



34

(to'0>

d ©15U ‘OF"0- 01 0°0- = J :Apoom

‘TO00 > d 035U ‘8£°0- 03 TO0

(rT] - = 1:snoadeqiay) IS (T000>
d 01S0°0>d 90+ 01 ET0+

=1 :Apoom ‘T00°0> d 03 T0'0>

‘€9°0+ 01 ZH 0+ = 4 1SNoddeqiay) |

{100°0> d ‘09'0+ = 1 :152.0]

ponn{b pasid

pupBain snunid
SIjPItaPI220 sodipouoydwiAs
SISUSPDUDD DIpIaYdaYs
HSpoOM DSOY

winpdoos winpAyapzIyIS
SiflontB bhojathog
pssaidwiod bod

SIi2DI8 DI13[P0Y

Dign.4 poNYSa4

uolznpoid 1001
ul yead alo4aq uolesuo|s Jooys

snabpy snghy
SijpIUaRI020 sodipajoydwiAg
sapjo[nwiail snindod

psuap pyjaUIboas

BpEUE) ‘UBMBUDIEYSES

[oT] 100'0 > J ‘85°0+ = J :puesseld) ueinpoud joo. dds bod EPEUED ‘UBMBUDIENSES
IMS (SO°0> d ‘07°0- = 1:159404 Ul 3ead alojag ucileuo|s 100US SIfi2048 DLIB[30Y
‘SO0 > d ‘OT'0- = J :puessels) | dds uoiAdoiby
sijo0aB bnojanog
-dds xain
DIDWI0D pdns
J3gquinu 3001 auly uj aFueys .
[8] efu XeW 210,30 4IMe.3 1(BY XEW SHDUIWIA XIDS uspams ‘pueiddn
[8] (+) Y3013 3003 $3igp Dadj Ue[ul{ ‘BIUCAES UJSYHIO
8 15 131Je pue 3109 UIWMols 100y 4 'd PUEU Tl S UISHHON
‘(s1s24935AY “ uoINpoud 100 514388A1AS SNuj UE[UId ‘BIUCAES UISYHO paJo,
[£] 3 ‘(s1s21915AY -/+) L Ul 3ead 21043 UOIIERUO[S 100US 11594 id PUB|uId ‘BIUOABS UJSYLION jpaiog
ABojouayd punoadmolaq
ERIETEIEN s1aAlIQ 2]q1550d sajoads uopelo] awolg

0} -anoqe Jjo diysuoiie|ay

SNOUITOPUS “ “JUANU0D IHeM [108 “‘IANS omesadud) ‘g “UAIS [T 49315 Jo [)SUaDS
pue uondaap 1ay) ‘Asojousyd punosdsmofaq Jo sIaALIp [enuajod se [[om se sassadodd punoiSmolaq pue punoisssoqe uaamlaq sdigsuonead [essoouayJ "1S°7 d[qeL



35

dds whybios

[6T] (+) 2Mms e/u DIUOPOIIaY SNIdAIbINT Bljellsny ‘AdolLIS] WISYMoN
DU snidApang
Huajaqa0l Xjuaotd
10000 molg pupiffozunwios sniboAs .
(8T] P . A p i ¥SN ‘epliold
>d '/69°0+ OIFSE 0+ =1) 1S 100ys 31043 Yimois jooy DJ5fionu 50200
pifal pauoIsAoy
DIDIjOf143
[£1] Heme e Om 61 b/ ) w_sm 061 BUE 100US SUl MMH. n SNIIDUOG X SISUBUIS SIIND SN ‘eplicid jp2idoigns
(S0°0>d 480+ 01 ¢/ 0+ = 1) 1S 1 pue jooy bl Y LYGUDS SNIND X SISUBUIS SIND
wnpipd wnoAg
‘0>»d 01 . SISUSPPASU DIPAYA. )
(o1] N :oo.o d 01/1T0 e/u (2 payd3 ¥Sn ‘epensy
=d ‘8'0+ 01GFT0+=1) DMS psownp pisoiquly
DIPIIBPIY DBIIDT
[stl (+) 1s S|qelleA psotspuod shuid VSN ‘Elulojijed
WNSo2INIfNS Wwinuy
135440 ‘uolznpold 300l winipingns winpiday
‘ ‘ de ¢
(Tl 3 HIMS L ul yead s103q uolESUC|3 J00US DijOfiiNPUDAD] DIAJDS uleds "eosanH
winprioy winlindsounyag
[eT] (+) =oMs ‘(+) =15 SNOUIYDUAS psosapuod snuid vSN ‘elulofen UnIUBLIRPIN
SBUl|paas
(z1] ) a3nJds Ul uoile3uo| JooUs $31qD D3I UBlUl ‘BILGABS L1BULIO 0340
zt 15 310430 paleniul Ymols 1001 5141834145 ShUiid PUEIUL "l 5 HHON f g
‘sgul|paas auld Jo) SNOUCIYIUAS
A3ojouayd punoiSmolaq
ERIEIETEN| S19A1I( 3|q15S0d sapadg uoije’o awolg

0} -anoqe Jjo diysuonie|ay




36

SuDpIdpa 5115046 pue puIno

[gzl (0Zg"0+ =1) xn|} uonelpel e/u ponsa4 AQ PaIRUILIOP PUE[SSRID Wwopaury pajun ‘eliquing
(T00>d '65°C
- 1JUBIDIYB03 uoIssalgal) dws) P ——
118 {TO'0 >d ‘98 7+ :JuU3|D1})200 : .
[z2] :o_mm_‘_u._”._muo.; %Ewpmwmumt:m .Qu_mwo.o e/fu snso.iinnhs snaung wopdupy| pajun ‘euqun)
’ DIAO DIN]S3
>d ‘G/'G+ IUBIDIROD UOISSIFRL) ’ #524
XN[j uclielpel ‘g09 0+ =1 [Spowl
l9z] 3°(50°0>d “+) IMS ‘LS e/u SISUBYINS DB Wopauny payun ‘salijwng
wnigqna 182y
() UOREZIEIBUI N /-) JUBWIBIUI 13Y1oue u| 193e ‘1edh bropuapipupil snindod
[sz] T : ' 3UO U] JUSWaIDU] J3JWEIp Ul sistuatupyBaip nin1ag BpEUE) D303nD
Io18Welp “(+) oMms () IS
' yead a10jag Ywold jood 18sH0 pijofipunib snbo4
WNJDYIIDS 132y
[tZ] 3 s3usni ignJ snaiany ¥SN ‘1N21193UUc)
1001 pue Jooys uljeulayy ’
winiqna 132y
e e ||@MsSpNg UM SNOUOIYDUAS sisuaiupyBajip niniag .
[ee] 11(10°0>d‘TL80=4) 1 Y3042 1004 40 UOREIU] oyofipuDIB SNBD. SN oA MaN aaaduiaf
WiNJpyaIDs 130y
Bweued
[zz] (+) oms e/u 15340} Islow |edidou | ‘pue(s| OpEJOjoT OLeg
[tz] e/u uoiesuol3 DUDIIBWD D35Ia4 vsn ‘epliojd
100UsS 21043¢ UOI1RZUO|D J00Y ’ ’
apaopiqioydng
apaaninD7
loz] (S0°0>d ‘6E0+=4) DMS e/u 2032014 eIsAe|ey ‘Yeqes [paudoaigns
ELERLIIET
apa20din20433dig
ERITEIETEN] S13A1I( 3|qISSOd Agojousyd punoigmolaq sajoadg uoI}ed07 awolg

o} -aaoqe jo diysuoie|ay




37

saysnj}

[9g] El 1001 puE 100ys FUIEWISIY suaasaghd sn24ahpD 2oueld ‘ulopag
[s€l (+) OMs “(wnuwndo) 15 efu pgrp snoiany ¥SN ‘Unossiy
el (wnwiido) auniesadwal 100 efu XDW 8D SN ‘Buljcle) YHION
DOPUDJLIDW SN21BND
[e€] 3 s34sniy DUIINYBA SN2IdNTD V5N ‘LNossIA
100J puk Jooys uljeulsyy ’ : ’
by sn2idhyD
240BinA WNapioy ,
43} (s301dwAse dway YFIY Yum +) 1S efu sndou passpig wopauly payun ‘saysyleg
psotapuod snuld
bLIOLOD SNuUld
[tel (wnuwndo) 15 e/u D19204d $2/qY ¥SN ‘uciduiysem
SHiqRWID $3iqy
i1s8)zuaui DBNsIOPNasy
{T0000> snEny
‘'0- = J :susaned ABojouayd Ul 3a9Mm 35114 J934e uolpnpold snutid snaian
log] d't+'0 u | Y [l s 4y 13onp L o] VSN ‘9553UUB)
UMOU| Y}M UOIIR|31103) 1001 9]3}|| ‘UoISURdX3 JE3| Dgp SN2IdANYD
3(10'0>d ‘ST0+=1) OMS J334e uolpnpold 1001 13540
15n8ny alojaq uolpnpoud
[62] e/ju |enUUe JO %08 ‘Uoisuedxs Jea| pgip sn2idnYD vsn ‘uediysiin ajpiadiuag
210}9q uolpnpold 3001 SWOoS
ABojouayd punoi3molaq
ERITEYETEN] s19A14( B]qISSOd sapoads uones’o] awolg

0} -anoqe jo diysuolie|ay




38

[TT] 33¢ 3’7 1€ /871 NGE uoianpoad 1004 T 95T (94) uonnonpoud jooys - A 1ISPOOA DSTY EpUBLED
‘uemayoienses
[t1] 88¢ :3rd 61 6.1 Lu& uaanpoud Jo0u z 0971 (0g) uoiyonpoud Jo0ys - H 0Iqn PINISaS epueued
‘uemaioienses
[t1] 8¢ 87T 71 5871 NGE uoanpoud 3001 T i1 (8g) uoizonpoud jo0ys - H wnpdoas epueue)
winiifiyaoziyas ‘uemayolenses
[oT] 3¢ 3'T 1T 997 NAN.E;F; T SHT (%) uonenpouid jes) - H osuap ojjaubolss EpEUED
uoanpoud 3001 “dds pod ‘sijianib ‘uemalyoleases
origraay “dds
voifdosby ‘sijionib
onojaineg “dds
Xa407) ‘DivWod bans
[ot] 88¢ 8'¢C g9t 991 S ww) T 61T (%) voonpoidyes) - m snoap; Epeue)
uonpoud 1004 sngny ‘sjo3uap;20 ‘uemalyoledses
sodinajioydwAs
‘sapioniuasy
snindod
[6] 6ES 89 6 857 Aquinu T 91 (wo) - M SDUIWIA XijpS  USpams ‘puelddn
jo04 2uly ul 23ueyd W=y jo0ys Wnwixew
[8€] 309 T'E 0z THE S sun,ww) T 1ZE (fuodprw) 3 Mm siirsanjds snuid puejuly
uonesuo|a jool uonefuo|a ooys ‘eljaley YHoN
[8] 809 T'e S orl L T §TrT (Pwi,wojuswanu 3 M §a)qb vadld puejuiy
oWy, W) uswaIoul ey w 28ueys ‘eljauey YHON
j001 Ul 9BUEYD
[€] 809 T€ §'96 €17 { Pwn,8) ssewoiq T RTA (ww)iysiey 3 m §3/q0 03Jd puejuly ‘elucaeg posg
1004 U 28uey> Bu pses ul 28uey> wisypHoN
JUBLIRINSERW B|qEMEA 1 M
434 dIAA LN 19SHO dd punoudmoeq  dv# d¥ JNOIqE 10 JUdWAINSEdW 10 10 sapadg uopeao] awolg
jo adA) punoiSanrcqejoadi] g H

DUAIRI ‘I ‘(uru) uonendpaad Lpuowt ueawn ‘JINA £(Do) dmeaadura) Apuown uejpaw
LINIAL “Apoos © pp ‘snoddeqaay ‘H ‘syead uonpnpoud punoismoaq Jjo Lqumu ‘Jg# Sjead punoadsoaq 1eds jo Lep ‘Jq syead uononpoad punoi3asoqe Jo Jdquunu

‘dv# Head punosdasoqe Jeak jo Lep ‘Jv (Xn[Yd 70D [0S, X0( J00.1 J0 HO.HOZNA P[IY,. UOLOZ[YIIUINL, ‘SSEWIol] Joo.X Ul 33ueyd, ) Apnjs £q pariea uogonpo.ad yoox
AINSEIW 0} PIST SPOYPITA] "7 PUE [ ST LY ul syead Ymoss punoidmoaq pue punoi3asoqe uadm)aq Jasjo ) Aprenb o) pasn aunjea)i Wodj SPIIWAINSEIY "7§ 7 dqe L



39

[{Zd] 86TT 6'0T 6T 4 9€T ,Uonendsal jlos 4 L12 (w2 a Mm 04qNi $N28NY ¥SN ndipeuuo)
uonanpoud jooys
[zl 86TT 60T LT Z 02 JMonendsal jlos 4 06T (W) a M B4GN4 $N24300 ¥SN M2APUL0)
uonanpoud jooys
[zl 86TT 60T € 4 €61 Luonendsal jlos 4 96T (w2 a m 04qNi $N218ND ¥Sn ‘nd1psuuc)
uonanpoud jooys
[zl 86TT 60T T1- Z 6TC JMonendsal jlos 4 0€e (W) a M B4GN4 $N24300 ¥SN M2APUL0)
uonanpoud jooys
[z+] SG0T v'6 0 T e L.x; uoianpaud joou T FAN4 (wo) uswarour g M WnIDYI208 132y ¥SN 404 MaN
ey wnwnixew
[Tr] £00T 01T L- T §'95 2w, wo) T S'€9 ((punpww) g Mm DUBILIBUIDING 3N ‘puejguz
yidua| 001 W3y wans vl a8ueyd snindog
juatedde ul aSueyo
[ot] €6/ 1'6 22T T gee L.x; uoianpaud joou T €12 AN.E,.E Juswaloul - H odivoorsof xain spuelayien
SSEWOIG WNLWIXew RUEETEN
[ov] €6/ 1'6 77T T (=13 L.x; uolpnpoud 1001 T €17 AW‘E*E JuUSWaIUI - H DipUDIp X807 spuejiaylap
SSEWOI] WnWIXew ‘ya2u1n
[o%] €61 L'6 €gT 1 gee L.x; uoianpaud joou T 8T AN.E,.E Juswaloul - H SjuULIOfI3NID X803 spuelayien
SSEWOI] WNLWIXew RIRETR]
[ov] €6/ 1'6 0 T €17 L.x; uolpnpoud 1001 T €17 AW‘E*E JuUSWaIUI - H D1D41SO4 X84D7) mv:w_hw;umz J——
SSEWOIG WNLWIXew FULTIET,)
[6€] 809 T'€ S'9 Z §'e Afquinu T ST ((punww) 3 Mm SLSANAS SNUiid puejuld ‘eluoAes
100. auy Ul 25ueyd Yol jooys uIayHoN
[TT] 88¢ 27 08 T 172 L.x; uoianpaud joou T vT (%) uenonpoud jooys - H sijron.b priaraoy EpueUE)
‘uemaydIeyses
[T1] 88¢ 87 9 Z s0T (%) uoanpoud 1004 T 154" (95) uonanpo.d jo0ys - M S§ijo1uap1a20 Epueue)
sodioaioydwds ‘uemayieyses
[TT] 88¢ 87 5 Z 98T L.x; uoipnpaoud jo04 T 67T (24) uenanpoud jo0ys - M DULINBIA SNUNIG epueue)
‘uemayoieyses
[T1] {8¢ 34 i z 8T L.x; uoianpaud joou T ol () uononpoud 300ys 3 M 02n2i5 Da2ig EpueUE)
‘uemaydIeyses
[t1] 83¢ - 3rd 6E z S6T L.x; uolpnpoud 1001 T 95T {24) uoionpoud jo0ys - H DsSaIdUIod DOy EpUBUED
‘uemayoieyses
[TT] 88¢ 27 g T €72 L.x; uoinpoad jood T /8T (%) uenonpoud jooys - H siyo04b pnojanog EpueUE)
‘uemaydIeyses
[t1] 83¢ - 3rd 1€ z 907 L.x; uolpnpoud 1001 T S/T {24) uoionpoud jo0ys - M SiSUSpOUDI EpUBUED Do
vipraydays ‘uemayieyses ! g
JUIWAINSEILW Jceriea 1 M
43 dIAN LN 19sygO  da# d4 puncidmoleq  dvH d¥ Jnolige lojuawalnseaw 1o 1o sapadg uopeao] awolg
jo adA) puncudanoqejoadi] g H




40

[2t] S50T v'6 88 € 827 [ Pu%)ymoudioor 1 orT ([Py%) UamosB ooys - M £30}N31324 BBULAS ¥SN BJOAMIN
[2¥] SS0T 6 [49 € S6T £17.Px%) Yamoid jo0u T €rT ((Px%)ymoiByooys  a M D3UI2300 sN2iENY ¥SN SHOA MaN
[2¥] S50T v'6 1€ z €T Px%)umoidioor 1 428 ([ Px%) pmoi3 Jooys g M pojupsuuad ¥SN Y04 MmN
SIIIXDAS
[2t] §50T v'6 ¥z T 89T [ Pu%)ymouBioor T [ Px%) ymmosBooys  a  m euinjo? snidio) ¥SN SHoAMBN
[op] 06% 6'8 - 1 96T AP/ ssewolq 5,8) T 002 ([ Px ssewolq 8,8) - M pasdoa xijos Jqnday yaez)
o1k Ypwmalud sanjejad a1 YImoud aajelal ‘elwayog yinos
[ot] 06t 6'8 9.1 T 99T P/ ssewolq 8,8) T (44 ([ Py Ssewog 8,8) - m 0a.doa XijpS alqnday yoez)
91kl IMOJE Bnle|al ®1EJ LIM0IZ BARE|R ‘e|weyog yinog
[ov] 061 68 597 z 9/1 1{P/, ssewolq 3,8) T A (Px Ssewolq 5,8) - M 031602 XijoS alqnday yosz)
a1k) YImoud ane|al 21kJ YImoad aniejal ‘elwayog Yinog
[s¥] or6 9'€T 627 Z 4218 1{%) uonanpaid 300. € SST (%) ymoag jooys 3 M bpao; snuld wsn
‘euljolen YyHoN
[Pl q16 0T 9t- T T0Z Wl P, WyD8) T L1e (awi,, - H tniolinils ¥5N emal
uopijesidsau |jos w,D8) uoionpoud WinjyIuox
ssewolq punoJganoqe “dds sniyjupiouiy
[tt] ST6 +'0T cF T €12 Wlp Pz Wy 28) T 041 (Wi, - H sisuaou! YSN ‘emo|
uonendsal |los w,H8) uoipnposd shiyubuisag
ssewolq punoiSesoqe D3101418 DUBGLSH
‘sisuapiuo2 obopijos
‘paundind paapuiya3
“dds p1i013s ‘supinu
whizsoybios
‘Wingoban Wnaiog
[Pl q16 0T §'g T T0Z Wl P, WyD8) T §'897 (awi,, - H Win3oBIA Wndjudd ¥5N emal
uonendsal |los w,H5) uoipnposd
ssewolq punosfeaoqe
[¥t] S16 0T F94 T €17 Wlp Pz Wx28) T TrT (awi,, - H D3IDUIPUNID vSn ‘emo|
uonendsal jlos w,H8) uoipnposd srpjeyd
ssewolq punolfasoge ‘biprawolb siAo0g
‘S UL SWolg
[ev] L€8 g 6- T 1] 4 Sww) yiSus T 9'81¢ (wo) g m D03uapipUDIH wsn ‘uedipin
1004 Ul 23ueyd 14B1ey waeis ul a8ueyd snyndog
[szl 5901 0'g i1 z €61 Py 4 9.1 ((Pxww) g m winagn epeue) ‘oaganp
Y, ) yimeoad joou JUBWIRIOU] IZISWEIP 132y ‘Dipuapipunib
snindod
‘sisuatuoybajp awsadway
ojniag
‘profipup.ib snbo4
.E.J‘.Gt_uu_m_m.hm,u._\
U3 WAINSEAL ECEITEN ER
434 dWNIN LN 19SHO  d9#  dd punoiBmolaq dy# dY J110ICE 1O JUIWAINSEAW 10 10 sapadg uopelo] awolg
jo adA) punoidanoqejoadi] @ H




41

[gs] TLTT €711 ¥3T T 8vT (( 3uswdas, anpe T 9 ((3uswdes,eape - m sijiqoaads snqny ¥Sn ‘uogai0
Jaquinu) ymoad jood Aequinu) ymweu? jooys
[ts] €191 TLT St T TIE Jdpewmwo)yBus T G99z ((pumww) -y winioyipunth ueder ‘eom|ny
1001 Ul 93ueyd y18ue| 100ys ul adueyo owosng
[¥s] €191 TLT St T TIE Jewmwa)yBus T G99z ((pumww) -y winiofpuoth ueder ‘ejonmyny
001 Ul 93ueyd yrfua| Jooys ul 23ueyo owosng
[es] T0TT 09T §'872 ¥ £5E Jewnwa)yiBus) 7 gpET ([pwn,g)ssewoq - M D3OUBII X3jf ¥sn
001 Ul 23ueyd 100ys ul 23ueyd ‘euljoled YyHoN
[gs] T0TT 09T S6T- z 09T dpewmwa)yBus) 7T gpse ([pwiB)ssewoq - M oijofizof jw|oy ¥sn
001 Ul 23ueyd 100ys ul 23ueyd ‘euljole] yHoN
[9€] 58S T'ST LT L A T4 e Pxwd)oes T L6 LGPl @ m suazsagnd snaiand 2oueld ‘uopag
ymoud jood |elsie| uolpnpoad eale yea|
[zl LI €TT 43 € 6ST ePu BiBw) ¢ THT ((Pu BB} - m AD3jD4qID, ¥sn ‘uof=uo
o181 ymoud ane|al o181 Ymoud aaneal voIipuapopoyy
[zs] TLTT €T 0 z €17 pPu BiBw) g €17 ((Pag BB} - M ,winasoy ysitbug, ¥sn ‘uoZa10
o1k Ymouad ane|ad o1k Ymodd aael voIpuapopoyy
[zs] TLTT €T 0 z €1T pPr BuBw) €1T ((Pu BxBw) -y, 0dwo) WZIN [, ¥sn ‘uofa1g
a1 Ymoud aae|al o1kt Ymoud aaneal voIpuapopoyy
[e€] POET 091 17 v oter [ P«%)uymoiBioon  p ra usnijses] 4 M 84} sN2ienD VSN ‘Wnossipy
40 jooys Jolesuo ueaw
[1¢] §S0T ¥'6 37 T 68l Py Bdnhsicon) T o1 (i pswojpmois yooys - m stysanjAs snjopy ¥SN oA MEN
ymoud ool
[15] S50T v'6 T 1 L7A oA Px; Bdnds3001) T €57 ( Pxw) ypmold yooys - M spsanfAs snjopy ¥SN HA0A maN
ymodd ool
[os] 80TT 1T 98- S 68  (%)uomonpoidiool T g'GHT (uodpiw) g m 0GIp SN2IAND ¥Sn
uoneduola jea| ‘eluenjAsuuad
[os] 80TT TIT vs- 9 68 ~(%]) uonanpoud joo. T €L1 (uodpiw}) g m oubjuBHA SNUNI] ¥sn
uopeduols jes| ‘eluenjAsuuag
[os] 80TT 11 vs- 9 ver  (%)uomdnpoidioos T 8.1 (uodpiw) 3 m snqots snuld vsn
uoijezuole jes| ‘BIUEAJASUURY
[os] 80TT T 56 L 8€T  _(%)uomonpoidicos T g'8TT (uiodpiw) - m ouafdling ¥sn
uoneduole jes| voipuapoly ‘eluenjAsuuag
[os] 80TT T 18- € 0T (%) uononpoidioos SsT (uodpiw) g m ouqoph odio) vsn
uoneduale yes| ‘eluenjAsuuag
[og] 80TT 1T §Th- 9 68  l%)uomdonpoidiool T gOET (uiodpiw) g m WrIDY2DS 180y ¥sNn
uoneduole jes| ‘elueAjAsSUURd
[6t] TSPt €9 T2- T 99T bW sseworg 1 81 (W) pdusjwags - M winiofiysnBuo epeue)
001 Ul 93ueyd WY UI20A B11005 EAON
8t S8 5’8 18- AN 2 T S8zl swiw) yPmois jooys - M 01pdNIND $nG.ios 3N ‘pueIods
. [Awi W)y Y q pue
WyBiem Ap ul 23ueyo
[s¥] gT8 5’8 STET 1 05T AB) T gselT  (Aun,w)ymosFiooys 3 M s13SanjAs snuld 3N ‘pueIods J—
1yB31em Adp up aBueyd
juawainseaw g|qeliea 3 M
434 dINIA 1NN 18540 da# dg punoiBmoljeq dyvi# dY J1j0IgE 10 JUWAINSEaW 1o 10 sapadg uoneloq awolg
jo adA) punoidanoqejoadd] H




42

[ 44] UL 6T 16- € 941 e T 11T (;.Pyliw] amold Jooys - M DUIIBWE DISIE] wsn ‘epHold
Prliw) yamod s yoou
[12] LTl 6T 69- 4 6.1 . z f:3 24 ([ Pxww) yamoiZ zooys - m DULILIBUID D3SIFd ¥Sn ‘epol4
Paw) yimoag joou
log] UL 6T L9- z 69 e T 9T (Pyww]pmosd wegs - m SISUBUIYD 12T ¥Sn ‘epliold
Priw) yamol s jood
[65] 5861 641 91- T 10z ( Wuow, ey, o8w) € 12 ( usuow, ey,08w) - m 1saiof dipzoiaydia eishejely
uojenpodd jood uolenpoud jes) “emeles
[65] 9861 6L €e- T e [ yuow, ey, n3w) 99€ ( yuow, ey,n8w) - m 1sasof dipdosaydig eishejely
uonenpoud joou uonpnpoud jes) S emeles
[81] UL 67T £9T- T 0T lpeemyww) g 697 (Aeemyww) - m oupiffozipuios ¥Sn ‘epHold
ymaa g yool ymodd Jooys sntboAs
[sT] UL 67T 0z- 4 707 Slpeemww) g T (eem,ww) - m piBa1 pauoshoy vSn ‘epoly
ymoad oo ymoad Jooys
[81] LTt 6'vT 85- € 13:14 A CELMET T 68T ((Aeemyww) - om Husjaqaos xliaolyd ¥Sn ‘epuold
ymodg yool ymodd Jooys
[s1] (244NN 8 74 TZ- T 6% S CELIUIT) 0% (Aeem,wuw) - m viafianu s620) ¥Sn ‘epliold
ymou g jood ymoa? Jooys
[L1] 0SET 67T 8z S Ly g 617 (pswo)ypmol2jooys - m o3ojj0f143 SNHUOd vSn ‘epHold
Py Wa) Ymo. s yood X SISUBUIS §NI3D
[21] 0SET 672 89 s £62 @ 67T ((Pxw2] ywmold Jooys - M Hyquisl snigo VSN ‘epuol4 do.ngns
Py W2) ymodF yoou X SISUSUIS SNI3D
[aT] it 19T 8 T 81z, WEF:&EF; Aysusp 1 €T (w2) uswaiour ydsy 3 M osoiapiod snuld ¥Sn ‘eludoyen
BaJUe jJo0l mau
[g1] Tiv 19T 17 T opr [ ww, ww)hysusp T 671 (wo)wewanuydey 3 Mm osouapuod snuld ¥SN ‘eluwioyed
E3JUE 1001 mau
[8s] 144 0'sT %6 € :144 e, w,8) [4 9cl (aum,, a m D.48f12200 sn2IenD 308349
WSem Aup u 28ueyd ‘w,3) uonanpoud jooys ‘eluopaoey
FELI])
[#T] [1€ 0'sT (74 € 6 HGS ymoad oo T €7 (20) - H winsoo13on4fns snury uieds ‘easeny
2ouelnooo aseydouayd
[¥1] 1€ 0'sT 0z- T 89 %) ymosZio0r T 88 (%) - H winpitoy uleds ‘easany
2ouelndo0 aseydouayd wnypdsouyaz
[#T] L1E 0'sT 1z T i3 (%) yymois yo0. 4 5647 (%) - H DijOfifNpUDAD] DINDS uleds ‘easany
2ouelndo0 aseydouayd
[¥1] 1€ 0'sT ¥9- z vL (%) ymosZioor T 8T (%) - H  wmomgns wnpidat uleds ‘easany
2ouelind0 aseydouayd
€1l 8L€ ¥'91T 0 T ST (%) ymoiZioor 1 9T (%) ymoadooys 3 M psoizpuod snuld ¥SN ‘eluloy|e)
[£8] 6L€ 9'8T €ST 4 097 (%) =3e] yamoiZ 3o0. T L0T (%) @180 amodd lo0ys - oM DURDLIGUID D3SIad ¥Sn ‘eluioyed
[£8] 6/€ 9'8T [~ z 791 m?\a 2364 YmolF Jool 1 /0T (26) @384 yImoud Jooys - M DUDIILUD DISII ¥Sn ‘eluoyed
[95] €1€ sl S€ € SLg o[, 2w, wo) T S'6EE L a m wnino snunid 31y ‘|eodeyaed upaupLIaNpa
yymous joou 8w, Wa) ywmoud jooys
JuaWaINsEA W ECEIED I M
434 dANIN LI 319SBO d9#  dg punoiBmojeq  dy#  d¥ JR0Iqe 10 JUBWRINSERW  J0 U0 sapads uopeao] awolg
jo adA) punoiBanoqejoadi] H




43

Table 2.S3. Monthly root and shoot growth rates for each biome estimated from literature. Growth rate of roots

and shoots were tabulated from each study (excluding those that did not include seasonal data [i.e. measured

DOY 1 as start of experiment rather than the Julian day]) and converted to a % of the maximum growth rate.

Growth rates were averaged for each month with > 5 observations. These rates do not exceed 1 because many
studies with differently timed maximum growth were averaged. MMT, median monthly temperature (°C);

MMP, mean monthly precipitation (mm).

Biome Month Growth (% max) Organ  MMT MMP

Boreal (n=17) Jan - 4 - root -13.229 22.38
Feb - + - root -10.221 16.85
Mar 008 L+ 0.06 root -3.9353 2251
Apr 024 L+ 0.07 root 44382 25.75
May 029 + 007 root 11.7118 47.65
Jun 065 + 0.09 root 16.6588 69.85
Jul 071 + 0.09 root 18.8676 67.5
Aug 055 4+ 0.08 root 17.6882 5241
Sep 035 4 0.08 root 11.6382 39.82
Oct 039 L+ 015 root 5.1824 30.59
Nov 018 4+ 011 root -3.6735 24.36
Dec - + - root -10.506 25.04
Jan - + - shoot -13.229 22.38
Feb - + - shoot -10.221 16.85
Mar 0.03 + 0.01 shoot -39353 2251
Apr 0.15 =+ 0.07 shoot 4.4382 25.75
May 066 + 0.09 shoot 117118 47.65
Jun 0.68 L 0.06 shoot 16.6588 69.85
Jul 046 + 010 shoot 18.8676 67.5
Aug 0.27 + 0.08 shoot 17.6882 5241
Sep 0.18 = 0.07 shoot 11.6382 39.82
Oct 0.12 L+ 0.07 shoot 5.1824 30.59
Nov 0.05 £+ 0.02 shoot -3.6735 24.36
Dec - + - shoot -10.506 25.04

Mediterranean (n=20) Jan 025 4 0.07  root 11.525 452
Feb 020 i+ 0.07 root 13.335 4842
Mar 045 4+ 011 root 15.27  36.89




Biome Month Growth (% max) Organ MMT MMP
Mediterranean (n=20) Apr 0.31 0.08 root 16.82 29.02
May 031 4 0.10  root 19.745 30.3
Jun 0.52 4+ 0.16 root 22.67 23.62
Jul 041 4+ 0.15 root 25.215 1831
Aug 0.53 =+ 0.15 root 25.145 14.35
Sep 041 =+ 0.13 root 22.875 18.28
Oct 0.54 =+ 0.10 root 19.025 25.17
Nov 0.55 = 0.14 root 14.555 33.7
Dec 0.52 =+ 0.11 root 11.725 40.38
Jan 0.08 =+ 0.08 shoot 11.525 45.2
Feb 0.04 =+ 0.03 shoot 13.335 4842
Mar 039 L+ 0.13 shoot 15.27  36.89
Apr 0.76 1 0.13  shoot 16.82 29.02
May 070 4 0.11 shoot 19.745 30.3
Jun 0.18 0.07  shoot 22.67 23.62
Jul 013 £+ 0.06 shoot 25215 1831
Aug 0.16 =+ 0.06 shoot 25.145 14.35
Sep 011 £+ 0.05 shoot 22.875 18.28
Oct 0.08 = 0.05 shoot 19.025 25.17
Nov 014 =+ 0.11 shoot  14.555 33.7
Dec 0.02 + 0.02 shoot 11.725 40.38
Subtropical (n=11) Jan 021 + 0.08 root 19.4333 59.1
Feb 023 4 0.07 root 20.4222 61.63
Mar 036 4 0.08 root 21.6611 75.92
Apr 031 £ 009 root 235111 67.56
May 041 =+ 0.06 root 25.8111 118.6
Jun 0.51 =+ 0.12 root 27.6333 2124
Jul 064 L+ 011 root 28.7 118.5
Aug 071 £+ 010 root 28.6889 159.7
Sep 091 =+ 0.03 root 27.95 182.8
Oct 071 4+ 0.09 root 259056 109.7
Nov 059 4+ 009 root 23.1333 69.36
Dec 036 4+ 0.12 root 20.6222 54.36
Jan 0.26 4 0.08 shoot 19.4333 59.1
Feb 0.31 4+ 0.10 shoot 20.4222 61.63
Mar 0.27 4 0.11 shoot 21.6611 75.92
Apr 041 4+ 0.10 shoot 23.5111 67.56
May 038 =+ 0.13 shoot 25.8111 118.6
Jun 044 =+ 0.11 shoot 27.6333 212.4
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Biome Month Growth (%max) Organ MMT MMP
Subtropical (n=11) Jul 038 + 0.11 shoot 28.7 118.5
Aug 078 £+ 011 shoot 28.6889 159.7
Sep 0.73 £ 0.09 shoot 27.95 182.8
Oct 054 £ 010 shoot 259056 109.7
Nov 043 4+ 013 shoot 23.1333 69.36
Dec 033 £ 011 shoot 20.6222 54.36
Temperate (n=38) Jan 0.04 L+ 002 root -0.5392  79.24
Feb 010 + 0.04 root 09284 7246
Mar 023 + 0.06 root 49851 82.22
Apr 031 + 0.07 root 10.1203 78.32
May 044 4 006 root 150743 863
Jun 063 4+ 005 root 192946 90.63
Jul 066 L 006 root 217824 86.54
Aug 043 + 0.07 root 21.2757 7834
Sep 027 4+ 0.05 root 17.4554 83.59
Oct 029 4L+ 005 root 11.6743 79.73
Nov 0.18 + 0.06 root 6.2986 94.68
Dec 0.08 L+ 0.03 root 1.273 89.37
Jan 0.08 + 0.06 shoot -0.5392 79.24
Feb 0.06 + 0.06 shoot 09284 7246
Mar 020 L 0.07 shoot 49851 82.22
Apr 030 + 0.07 shoot 10.1203 78.32
May 064 + 0.06 shoot 15.0743 86.3
Jun 059 + 0.06 shoot 19.2946 90.63
Jul 060 L 0.07 shoot 217824 86.54
Aug 046 + 0.07 shoot 21.2757 78.34
Sep 029 + 0.06 shoot 17.4554 83.59
Oct 0.23 + 0.05 shoot 11.6743 79.73
Nov 020 + 0.05 shoot 6.2986 94.68
Dec 0.08 + 0.05 shoot 1.273 89.37
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CHAPTER THREE: SEASONALITY AND PARTITIONING OF ROOT
ALLOCATION TO RHIZOSPHERE SOILS IN A MID-LATITUDE FOREST
Abstract

Fine roots are a seasonally dynamic carbon (C) pool that accounts for a large
proportion of net primary production. Roots affect the composition and function of the
soil microbial community through turnover of root tissues, exudation of labile organic
compounds and allocation of C to mycorrhizal fungi. As such root growth, mortality, and
exudation are important components of biogeochemical cycles, yet data on the timing and
partitioning of C to these processes are rare. The objective of this study is to estimate the
seasonality, magnitude, and partitioning of C allocated belowground across the growing
season in three mid-latitude hardwood and conifer stands at Harvard Forest in central
Massachusetts using a minirhizotron camera, infrared gas analyzer, and cuvette collection
to measure root production, respiration and exudation, respectively.

Fine root growth and respiration were both positively correlated with temperature,
but differed in their phenology. Root phenology was characterized by multiple flushes of
growth and mortality, whereas root respiration was unimodal across the growing season.
Deciduous hardwood stands allocated C belowground earlier in the season compared to a
conifer-dominated stand. Total belowground C flux (TBCF) was highest in the red oak
stand, consistent with the observed increase in aboveground biomass of red oak at
Harvard Forest over the past 20 years. TBCF was lowest in the eastern hemlock stand due
to a decline in allocation to root production over the study period. This decline is

coincident with the arrival and spread of the hemlock woolly adelgid in this stand. This
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study elucidates the seasonal partitioning of belowground C within the context of long-

term stand dynamics.
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Introduction

Fine roots are a dynamic carbon (C) pool that accounts for 10-60% of net primary
production (NPP, Keyes & Grier 1981, Helmisaari ef al., 2002, Ostonen et al., 2005).
Allocation of C to roots is the main conduit by which C is transported belowground and
incorporated into soil organic matter (SOM). Roots affect the composition and function
of the soil microbial community through tissue turnover, exudation of labile organic
compounds and allocation of C to mycorrhizal fungi. Root exudation stimulates microbial
biomass growth and extracellular enzyme activity, thereby increasing the decomposition
rate of SOM, liberating plant available nitrogen (N), and releasing carbon dioxide (CO,)
to the atmosphere (Kuzyakov, 2010, Phillips et al., 2011). As such root growth, mortality
and exudation are important components of biogeochemical cycles (Finzi ef al., 2015).

Root respiration can account for up to 70% of total belowground C allocation and
over half of soil CO, efflux (Burton ef al., 2008, Drake et al., 2011, Fahey et al., 2005).
Soil respiration is a large flux that integrates information about autotrophic and
heterotrophic processes that together follow the seasonal cycle of air temperature and
photosynthesis, and as a result it is relatively easy to detect the seasonal pattern of soil
respiration. In contrast, measuring individual processes that contribute to belowground C
allocation and soil respiration, such as autotrophic respiration, is far more challenging
because of disturbance effects associated with sampling, small sample volume and small
fluxes. A compromise approach measures the rate of root respiration indirectly by
subtracting soil respiration rates in trenched and untrenched plots. While seasonally

resolved, this method may over- or under-estimate autotrophic respiration as a result of
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root death and decomposition (Drake et al., 2012, Savage et al., 2013) or the loss of
priming effects (Finzi et al., 2015). Perhaps as a result of these difficulties, few studies
assess seasonal patterns of belowground C allocation, making it difficult to understand
how the belowground C flux is partitioned among roots, exudates, and mycorrhizal fungi
(Drake et al., 2011). There are a handful of studies that have included seasonally resolved
measurements of root respiration using chamber measurements on intact or excavated
roots (Burton et al., 2002, Davidson & Holbrook, 2009, Davidson et al., 2006). Similarly,
there are few seasonally-resolved measurements of fine root nonstructural carbohydrates
(NSC) pools despite their potential importance to ecosystem-scale C cycling (Boldingh et
al., 2000, Li et al., 1996). Even less is known about the seasonality of root exudation
(Phillips et al., 2008, Pritchard et al., 2008).

Despite the paucity of process-level data, there are sufficient studies that
document notable variations in the phenology of belowground C allocation. For example,
Cardon et al. (2002) report multiple flushes of root production in oak species throughout
the growing season. There are also observations of differences in the phenology of root
growth between different tree species in the same geographical location, indicating that
belowground phenology depends in part on internal cues (McCormack et al., 2014). At
the biome scale, root production is commonly asynchronous with aboveground growth,
particularly where coniferous tree species are present (Abramoftf & Finzi, 2015).

In previous work I found that the phenology of belowground autotrophic activity
1s sensitive to variations in temperature, precipitation, and substrate supply (Abramoff &

Finzi, 2015, Giasson ef al., 2013). One observation common to both studies is a peak in
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soil respiration or maximum root growth occurring after the peak in ecosystem
respiration and maximum shoot growth, respectively. Neither of these studies, however,
directly measured the components of belowground C allocation and their phenology
using the same methods through time.

The objective of this study is to assess the phenology, magnitude, and
partitioning of C allocated belowground across the growing season in mid-latitude,
hardwood and conifer stands at the Harvard Forest in central Massachusetts. Based on the
results of my previous work, I hypothesize that (1) deciduous stands allocate C
belowground earlier in the growing season than the conifer stand; (2) root growth,
mortality and respiration are positively correlated with soil temperature and precipitation;
and the (3) total belowground C flux (TBCF) is highest overall in the red oak stand
compared to the white ash and eastern hemlock stand, consistent with the observed
increase in red oak aboveground biomass throughout the Harvard Forest over the past 20
years (Urbanski et al., 2007), and consistent with the arrival of the invasive pest the
hemlock woolly adelgid to the hemlock stand (Ellison ef al., 2015).

Materials and Methods

Study Site
This study was conducted in the Prospect Hill tract of the Harvard Forest Long
Term Ecological Research site, a 120+-year-old secondary-growth forest located in
Petersham, MA (42°N, 72°W, elevation 340 m; Wofsy et al., 1993, Goulden ef al., 1996).
The dominant species are northern red oak (Quercus rubra) and red maple (Acer

rubrum), with smaller populations of eastern hemlock (7suga canadensis), white ash
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(Fraxinus americana), white pine (Pinus strobus) and red pine (Pinus resinosa). The site
is located on former agricultural land that was abandoned in the mid-1800s allowing
forest regrowth beginning late in the 19" century (Foster et al., 2003). Forest uptake of C
has increased since 1990 from ~2 Mg C ha™ yr'' to ~5 Mg C ha” yr'' (Keenan e al.,
2012, Urbanski et al., 2007). Soils are Typic Distrochrepts derived from glacial deposits
of granite, schist and gneiss.

Plots were established in three mono-dominant stands: white ash, red oak, and
eastern hemlock (Figure 3.1). Each stand occupies an area of 3.4, 8.3, and 10.9 hectares,
respectively. I established 6 biometry plots per stand (N = 18) and 10 minirhizotron tube
plots per stand (N = 30). The basal area in each 8-m-radius biometry plot is composed of
80% dominant tree species, with the inner 5-m basal area containing only the dominant
species. The three stands differ in soil chemistry and biogeochemistry (Brzostek & Finzi,
2012). The white ash stand has a lower ratio of C-to-N content in the soil than the oak

and hemlock stand (Table 3.1).

Root Production and Biomass
Root production and turnover were measured April-December 2012, March—
November 2013, and April-November 2014 using a BTC-100x high magnification
minirhizotron camera system (Bartz Technology Company, Carpenteria, CA).
Measurements were made bi-weekly during the growing season in 2012 and monthly in
2013, 2014, and during the snow-free dormant season of each of the three years. There

was no sampling from December 2012 to March 2013 and November 2013 to April 2014.
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The camera system was inserted into cellulose acetate butyrate tubes installed at a
45° angle to a vertical soil depth of 40 cm. Thirteen tubes were installed in the center of
each minirhizotron tube plot at Harvard Forest 10+ years ago (n =4 in red oak, n =9 in
eastern hemlock). Seventeen tubes were installed in November 2012 (n = 6 in red oak, n
=1 in eastern hemlock, and n = 10 in white ash) for a sample size of n = 10 for each
stand in 2013 and 2014. Minirhizotron tubes installed in November 2012 likely severed
existing roots during placement and may have increased root growth rates in the
following seasons. To test for this effect I conducted an analysis of variance using growth
or mortality as the dependent variable and sample date and whether or not the sample
came from a recently installed minirhizotron tube as fixed effects for 2013 and 2014.

The camera captures thirty-nine sequential images that are 13.5 x 17 mm in size
along the upper axis of each tube at each sampling interval. The resulting images were
processed using the open source imaging software Rootfly (Rootfly Development Team,
Version 2.0.2, GNU General Public License). In each image, every root or root segment’s
length and diameter was annotated. Length (mm) and diameter (mm) were scaled to mass
(g) using a site-specific relationship based on n = 20 per species. For each root sample |
recorded length and diameter, and dried it to constant mass at 60°C for 4 days. The
polynomial fit to mass as a function of length and diameter was of the form:

mass = length+[a~(diameter)’ — bs(diameter)] [1]
where the coefficients [a, b] were [3+10™, 1.107], [6+107, 5:107], and [4+107,
9:107 ], for white ash, red oak, and eastern hemlock respectively. The R? value for this

relationship was greater than 0.94 for each species. Root biomass was estimated from the
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images assuming that the viewing depth is 0.7848 mm and calculating the diameter of the
imaged root using the method of Taylor et al. (2014). Assuming that roots are cylindrical,

the relationship between the true diameter (D) and diameter perceived (p) at depth (f) is:

b (F2+,p%)

; [2]

Daily fine root growth and mortality (g root d') in each minirhizotron image for

each sampling interval were calculated as:

Growth (g root d”) = % when m,, —m;; >0 [3]
2= L

Mortality (g root d’) = % when m;; —m,; <0 [4]
2= t1

where m is the total mass of roots traced on day of year (DOY) ¢; and .. Gross
root production refers to total fine root growth summed over an interval of time. Net root
production is the sum of growth and mortality for that interval. Root production
measurements were scaled to g C m™d' using the assumption that each minirhizotron
image is representative of a 0.173 cm’ (13 mm x 17 mm x 0.7848 mm) volume of soil
(Taylor et al., 2014).

The standing biomass of roots was estimated from field samples. I collected three
10 x 10 cm samples of the organic horizon and three 5 cm diameter mineral soil samples
to a depth of 15 cm monthly in each plot. Roots were removed and sorted into fine (<2
mm), coarse (> 2 mm), live and dead pools. Roots were then dried and weighed to obtain
standing biomass for live fine roots (g m?). Subsamples of roots from monthly soil
coring were assayed for carbon content (%C) using an elemental analyzer (model

NC2500; CE Instruments, Milan, Italy). Fine root standing biomass for the organic
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horizon down to a depth of 15 cm in the mineral soil was scaled up to g C m™ by
adjusting for the horizontal area of the soil core, the carbon content of roots in each stand,

and rock content.

Root Respiration

CO; efflux was measured directly on recently severed roots using an infrared gas
analyzer (LI6400, LiCor Biosciences, Lincoln, NE). Measurements were made monthly
from March to October 2013 on three samples per stand. Respiration rates have been
measured successfully using severed roots in previous studies (Burton ez al., 2012,
Burton & Pregitzer, 2003). Furthermore, I compared respiration measurements of an
attached and severed root system for each stand on three separate days and confirmed that
respiration rates were similar between the two types of roots (correlation coefficient =
0.78) and stable up to approximately 7 hours.

Two measurements per sample were made on each sample date within 7 hours of
collection, one in the field at ambient temperature and one in the lab at a constant
temperature. Field measurements of CO, efflux were fit to the Arrhenius equation,

Rg =A*eFaRD [6]
where Rg is the respiration rate (umol CO, s g'l), E, is the activation energy (kJ
mol™), A is a pre-exponential factor (umol CO, s™ g™, T is temperature (Kelvin) and R is
the gas constant (kJ Kelvin™ mol™). The parameters E, and A were estimated using non-
linear curve fitting in SigmaPlot (Version 10.0, Systat Software, San Jose, CA). I then
estimated growing season rates of Rg using daily soil temperature measured at 10 cm

depth from HOBO data loggers installed in March 2013 in each stand. Mass-specific Rg
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(umol CO, g root™ s™) was scaled to g C m™s™ using the mass of root per square meter

ground surface area and converting from umol to pg.

Nonstructural Carbohydrates

The pool of NSC was estimated as the sum of the concentration of sugars
(assumed to be glucose:fructose:galactose in 1:1:1 ratio) and starch using the method of
Chow & Landhausser (2004). I collected three ~1- 2 g root samples from each biometry
plot monthly from May to November 2011 and four times from March to November
2012. Roots were excavated, washed, and frozen in liquid nitrogen until analysis. Sugars
were extracted from dried and finely ground root tissue using a 12:5:3
methanol:chloroform:water solution before being developed with 2% phenol and
concentrated sulfuric acid. Absorbance was measured at 490 nm using a digital
spectrophotometer (Spectronic 20D+, Thermo Scientific). Starch was extracted using a

0.005 N sulfuric acid solution at 95°C and developed as described above.

Root Exudation
Root exudates were collected from six root systems per stand in June and August
2012, and April, May, July and October 2013 following the method of Phillips ez al.
(2008, 2011). In brief, roots were excavated 48 hours prior to collection, washed, and
incubated in a moist soil-sand mixture. Roots were placed into cuvettes with glass beads
and a C-free nutrient solution 24 hours prior to collection. At the time of collection,
exudate-containing nutrient solution was extracted with two additional flushes of C-free

nutrient solution to ensure that exudates adhering to glass beads were flushed into
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solution. Samples were transported back to the lab on ice and analyzed for non-purgeable
organic carbon content using an elemental analyzer (Shimadzu TOC-VCSH analyzer,
New Haven, CT). Exudation rate (g C g root™ d™') was scaled to g C m™ d”' using root

. 2 .
biomass (g root m™) from soil cores.

Total Belowground C Flux
To estimate the quantity of C allocated belowground during the growing season
(herein abbreviated as “gs”), I define a simplified belowground C flux budget (sensu
Litton et al., 2007, Drake et al., 2011) using two different approaches. First, a top-down
estimate of total belowground C flux (TBCF, g C m~ gs) is defined as:
TBCFiop = Festiux + Fieaching — Fiitter + A(Croots + Csoil) [7]
where Femuy 1s the growing season rate of soil respiration, Fieaching 1 the flux of
dissolved organic C into streamwater, Fjier 18 litterfall, and A(Cioots + Csoit) 1S the growing
season change in the C pool associated with fine roots and soil. Fesyx is estimated from a
22-year synthesis of soil CO; efflux data using a range of methods across multiple stand
types (Giasson et al., 2013). Fjier is measured using litter baskets (Barker Plotkin, 2010,
Brzostek, 2012, Frey & Ollinger, 1999, Hadley, 2009, Lemos, 2013, Munger & Wofsy,
1999). I estimated AC,;,0ts using net root production from this paper. I set ACq,i1= 0,
assuming that it is small relative to the timescale of this study (Gaudinski et al., 2000).
Second, a bottom-up estimate (TBCFpqttom, g C m> gs'l) 1s defined as:
TBCFuottom = Froots * Fresp + Fexudates [8]
where Froos 15 gross fine root production, Fr.p, 1s fine and coarse root respiration,

and Fexudates 18 To0t exudation. Fryots, Fexudates, and fine root respiration are estimated using
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measurements from this study. Coarse root respiration is estimated using the observation
that mass-specific rates of coarse root respiration are ca. 70% lower than fine root
respiration rates in the same stand (Desrochers et al., 2002, Fahey et al., 2005, Pregitzer
et al., 1998). Coarse root respiration (umol CO, g root™ s™) was scaled to g C m™s™
using coarse root biomass to 15 cm from soil pits in evergreen and hardwood stands at
Harvard Forest and the Harvard Conservation Trust (Harvard, MA, 42°31°N 71°32°W),
respectively (Lemos, 2013).

I did not include transpiration of dissolved inorganic C, fungal production or
throughfall leaching in the calculation of C outputs or inputs as these terms are generally
< 5% of the C budget in other mid-latitude forest stands (Fahey et al., 2005, Drake et al.,
2011). Coarse root production may account for 5-10% of total C inputs (Fahey et al.
2005; Drake et al. 2011), but I had no data on coarse root production at Harvard Forest
and therefore did not include it.

Belowground C pools were derived from the Harvard Forest Data Archive and
this study. Soil C content data were from both published (Bowden et al., 2009, Brzostek,
2012, Frey et al., 2014, Lemos, 2013, Nadelhoffer ef al., 1999, Orwig & Foster, 2009)
and unpublished sources (Drake, unpublished data; Sorensen, unpublished data).
Standing biomass of roots was estimated using data from this study as well as a previous
study conducted on the same plots (Lemos, 2013). Soil microbial biomass in the hemlock
stand was measured in June, July, August, and September of 2012 (Averill, unpublished

data). Soil microbial biomass in the ash stand was measured in July of 2011 (Averill,
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unpublished data). Microbial biomass data in oak-dominated hardwoods stands were
taken from Drake et al. (2013) and more recent studies (Sorensen, unpublished data).
Monthly values of gross primary production (GPP) were estimated using
partitioned NPP measured in 2012 at the eddy-covariance towers located in a mixed
hardwood stand and a hemlock stand at Harvard Forest (ORNL-DAAC, 2013). Data were
not available for ash stand GPP or soil CO; efflux; for the purpose of this budget I
assumed these values were equivalent to oak-dominated hardwoods, although I recognize
this makes the ash belowground C budget less certain. [ used PhenoCam data
(http://phenocam.sr.unh.edu/) to determine maximum canopy greenness in red oak and

eastern hemlock stands.

Data Analysis

All statistical analyses were performed in R Statistical Software (R Development
Core Team, 2013). Stand-specific and seasonal-to-interannual variations in fine root
growth, mortality, respiration, NSC concentration, and exudation were modeled using a
mixed-effects model with stand, sample date, and year as fixed effects and plot as a
random effect. A Tukey’s HSD post-hoc test was used to test for differences between
stands. Analysis of variance (ANOVA) was used to test for the effect of newly installed
tubes on root growth and mortality, to test for the effect of stand on root tissue [N], to test
for the effect of stand and soil horizon on root biomass, and to test for a significant
difference between TBCFpotiom and TBCF . I also used ANOVA to test for differences

in C content, N content, and organic horizon mass between stands, averaging across
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subsamples. All mixed effects and ANOVA models were constructed using the aov
function in base R.

Linear regression was used to correlate root growth with root mortality, and to
correlate root growth with temperature for each stand separately. Multiple linear
regression was used to model mass-specific respiration as a function of soil temperature,
precipitation, and stand. I used a linear-mixed-effects model to model root mortality as a
function of temperature, precipitation, stand, year, and day of year with tube as a random
effect. Precipitation and day of year were not significant effects and were dropped from
the final model. I also used a linear-mixed-effects model to model root growth as a
function of temperature, precipitation, stand, year, and day of year with tube as a random
effect using the /mer function in the /me4 package in R (Bates ef al., 2014). In mixed-
effects, ANOVA, and regression models, fine root growth and mortality were log-
transformed to meet assumptions of normality.

Results

Root Production and Biomass
There was a measurable but transient effect of tube installation on root production
in red oak. In 2013, mean red oak root growth was 0.34 ¢ C m™ d”' higher in newly
installed tubes compared to tubes established a decade earlier (F,79 = 2.7, P = 0.07), but
this difference diminished in 2014 to 0.09 g C m™> d' (P = 0.12). There was no detectable
installation effect on red oak root mortality or on the single hemlock tube installed. All
white ash tubes were newly installed in November 2012 so it was not possible to

establish an effect of installation on white ash root production.
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Root growth was positively correlated with soil temperature in each stand (P <
0.001, Table 3.2), but was not correlated with precipitation (Table 3.3). As a result root
growth was concentrated in mid-summer, but with distinct stand-level differences (Figure
3.2, a-f). Red oak root growth occurred in 1-3 flushes over the growing season, with
highest mortality in mid to late-summer (Figure 3.2, a-c). Root mortality was not
correlated either with soil temperature (P = 0.13) or precipitation (P = 0.76). Hemlock
root growth was low throughout the growing season with smaller production peaks
occurring in the fall in 2013 and 2014. White ash root growth peaked in mid-summer with
high mortality in late-summer. In red oak and white ash stands the peak in maximum
canopy greenness (data not shown) occurred ~20 days earlier than in the eastern hemlock
stand, but the peak in root growth occurred ~50 days earlier. As a result, the deciduous
stands had a smaller offset between maximum canopy greenness and peak root growth
than did the hemlock stand. Similar to the phenology of gross production, net fine root
production increased in early to mid-summer in the deciduous stands. In 2012 hemlock
fine root NPP was positive but in 2013 and 2014 there was no net production of fine
1oots.

Root biomass was significantly higher in the red oak (P < 0.001) and eastern
hemlock (P < 0.1) stand compared to ash, largely because of a surface organic horizon
(F1111=47.9, P <0.001). White ash stands at Harvard Forest lack an organic horizon,
possibly the result of bioturbation by exotic earthworms that are not present in the red

oak or eastern hemlock stands. In this stand, surface litter is incorporated directly into the
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mineral soil horizon in less than 1 year. As a result, there is relatively little variation in
the root depth profile in this stand (Table 3.4).

In all years, red oak and white ash stands allocated more C to fine roots compared
to eastern hemlock (Figure 3.2, g-i). Averaged across growing seasons 301 + 76 g C m™
gs and 133 +42 g C gs™ were allocated to fine roots in red oak and white ash stands,
respectively. C allocation to gross fine root production in eastern hemlock was 42 £ 13 g

Cm”gs’.

Root Respiration

The phenology of fine root respiration was similar between stands, with highest
mass-specific respiration rates in mid-summer (Figure 3.3a). This follows from a positive
correlation with soil temperature (Figure 3.3b, Rzadj =0.68, P <0.001). Mass-specific
rates of fine root respiration were significantly higher in the white ash stand than in oak
and hemlock (Figure 3.3b). Arrhenius fits to mass-specific data indicate that white ash
root respiration had a lower apparent activation energy (E, = 20 kJ mol™) across the
growing season compared to that of red oak (E, = 40 kJ mol™) and eastern hemlock (E, =
29 kJ mol™). The pre-exponential constant A (umol CO, g™ s™) varied over three orders
of magnitude between stands and was highly correlated with E, (R* > 0.99).

Root respiration measured in the lab increased across the growing season (Figure
3.4). The average rate of fine root respiration for the six month growing season was 191 +
24,167 +33,and 205+27 g C m™ gs ! for red oak, eastern hemlock, and white ash,

respectively (Figure 3.3c).
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Nonstructural Carbohydrates and Root Exudation

There was large inter-annual variability in the concentration of NSC in fine roots
(Figure 3.5). In 2012, there was a decline in NSC concentration mid-summer relative to
the spring and fall. In 2011, there was a slight but significant increase in NSC
concentration across the growing season (P < 0.001). Red oak roots had significantly
lower NSC concentration than white ash and eastern hemlock (P < 0.001, Figure 3.5).

Exudation rate was highly variable and there was no clear stand level difference
or seasonal pattern, although there were significantly lower exudation rates in early
spring (DOY = 106) compared to summer and fall (Table 3.5). Exudation rates for red
oak, eastern hemlock, and white ash were 47 +£ 24, 55+ 25, and 46 + 11 g C m> gs'l,

respectively.

Total Belowground C Flux

In the red oak stand, total belowground C flux was 577 + 85 g C m™ gs”' based on
TBCFpottom- Of this, 52% was allocated to root production, 40% to root respiration, and
8% to exudation (Figure 3.6, orange bars). TBCF,, was 791 £ 94 g C m? gs'l. In the
eastern hemlock stand, TBCFyortom Was 340 = 51 g C m™ gs™'. Approximately 13% of this
flux was allocated to root production, 71% to root respiration, and 16% to exudation
(Figure 3.6, purple bars). TBCF,, was 474 £29 g C m~ gs'. In the white ash stand,
TBCFpottom Was 449 £ 57 g C m> gs'l. Thirty percent of TBCFpqom Was allocated to root
production, 60% to root respiration, and 10% to exudation (Figure 3.6, blue-green bars).

TBCFy,p, was 633 £ 58 g C m™ gs'l.
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TBCF,o, was larger than TBCFy0m 1n all of the stands, but this difference was not
significant (Table 3.6). In the red oak stand, TBCF,, was 214 + 127 g C m~ gs™' larger
than TBCFyottom-

The phenology of TBCFyoom differed between stands (Figure 3.7). Red oak
stands allocated more C belowground earlier in the growing season compared to white
ash and eastern hemlock. The peak in TBCFpoy0m in red oak was coincident with the
spring ramp-up of GPP. In eastern hemlock stands, the phenology of TBCFyttom Was not
pronounced. In both oak and hemlock stands, soil respiration peaked later in the season
than either GPP or TBCFyotiom.

Discussion

Data on timing and partitioning of C to belowground processes are rare
(Dohleman et al., 2012, Fahey et al., 2013). This paper provides a first look at the
seasonal dynamics of multiple root processes over 2-3 years in a mid-latitude forest. I
observed significant stand-level differences in belowground C flux and its partitioning to
root growth, exudation and respiration. The phenology of TBCF also differed broadly
between stands, especially in the evergreen hemlock stands compared to the deciduous
red oak and ash stands where the peak in TBCF was coincident with the peak in GPP. I
found broad support for my three hypotheses (discussed below) and a proximate
explanation for the increase in the biomass of red oak throughout the Harvard Forest over
the last two decades. The emergence of a forest pest, the hemlock woolly adelgid, during
the course of this study negatively affected belowground C allocation and root production

in hemlock from 2012 to 2014. The data reported here suggest that belowground C flux is
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sensitive to variations in temperature and C supply. Follow up studies are needed to

assess the impact of belowground phenology on soil biogeochemistry.

Phenology of Root Growth and Mortality

In a recent meta-analysis I found that deciduous trees have more synchronous
above- and belowground phenology than evergreen trees (Abramoff & Finzi, 2015).
Consistent with the meta-analysis, I found that the offset between maximum canopy
greenness, a proxy for aboveground phenology, and root growth was about 30 days
shorter in the deciduous stands. Consistent with my first hypothesis, fine root growth was
initiated earlier in the growing season in the hardwood stands compared to the hemlock
stand (Figure 3.2, a-c).

There was not a strong correspondence between root growth and mortality despite
statistical significance (Figure 3.2, R2adj =0.01, P <0.05). At best, a visual inspection of
the data suggests a lag in mortality relative to growth for most stands and years. A more
striking observation was the multiple flushes of root growth observed in red oak,
particularly in 2012 (Figure 3.2a). The direct observation of multiple root flushes confirm
the results inferred by Cardon et al. (2002), who based their inference on a negative
correlation between shoot elongation and soil respiration in a common garden experiment
with red oak saplings. There were fewer flushes in the 2013 and 2014 data that may
reflect sampling intensity. The minirhizotrons were sampled biweekly in 2012 and
monthly in 2013 and 2014. It is possible that the lower sampling frequency missed

flushing episodes. Alternatively, there may have been fewer flushes in these years.
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Environmental Controls over Root Growth and Respiration

Consistent with hypothesis 2, root growth and respiration were sensitive to
variations in soil temperature (Table 3.3). Contrary to my second hypothesis, there was
no effect of precipitation on growth or respiration, and mortality was unrelated to
variations in temperature or precipitation. The positive correlation between root growth
and temperature observed here has been observed in a variety of ecosystems using both
observational (Bevington & Castle, 1985, Teskey & Hinckley, 1981) and experimental
approaches (Lahti et al., 2005, Tryon & Chapin III, 1983). The positive relationship
between root growth and temperature reflects a number of processes including enhanced
C supply due to photosynthesis, increases in the rate of cell division and lower resistance
to water uptake favoring cell expansion (Lambers et al., 2008). Though very high
temperatures (> 30°C) can inhibit root growth, I did not observe soil temperatures greater
than 24°C (Barney, 1951, Graves et al., 1991).

There was a strongly seasonal cycle to the rate of fine root respiration that
reflected the sensitivity of respiration to temperature (Figure 3.3a,b). The apparent
temperature sensitivity (E,) of root respiration was lowest in the ash stands and highest in
the red oak stand (Table 3.7). The measurement of temperature sensitivity reported here
convolves many potential sources of variability such as differences in root chemistry and
substrate supply. Thus it is difficult to ascribe control(s) for the greater temperature
sensitivity in red oak compared to the other species.

When incubated at a common temperature the rate of root respiration increased

across the growing season in all three species (Figure 3.4). This suggests an increase in
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photosynthate allocation to roots through time and that the decline of respiration rates in
the fall is related to temperature rather than acclimation of root respiration or substrate
limitation. This observation is qualitatively similar to that of Burton & Pregitzer (2003)
who did not find acclimation of root respiration across the growing season in sugar maple
stands in Michigan. Both studies contrast with the apparent acclimation of root
respiration in response to experimental soil warming at the Harvard Forest (Burton ef al.,
2008).

Fine root respiration in ash was significantly higher than oak and hemlock and
appears to be the result of high root [N]. The rate of N mineralization is high in ash
compared to oak and hemlock stands (Brzostek & Finzi, 2012, Finzi et al., 1998). The
presence of the invasive European earthworm Lumbricus terrestris in these plots further
accelerates the rate of N cycling because they rapidly incorporate leaf litter into the
mineral soil and decrease the turnover time of organic matter (Marhan & Scheu, 2005,
Scheu, 1987). High N availability is most likely the reason root [N] is significantly higher
in ash compared to oak and hemlock (F» 3= 90.3, P < 0.001). Given that root N
concentration is correlated with respiration rate (Burton ef al., 2002, Reich et al., 2002),
the high mass-specific rates of root respiration in this species are most likely explained by
their high [N]. Notably at the plot scale, total fine root respiration (g C m™ gs™) was

highest in the ash stand despite it having ~50% lower biomass than that in red oak.

Nonstructural Carbohydrates and Root Exudation
Root NSC concentrations varied significantly between stands, years, and within

each growing season (Figure 3.5). In 2012, there was a strong apparent seasonal decline
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in root NSC mid-summer, which may reflect the metabolism of NSC for root growth and
maintenance respiration (Lynch et al., 2013). In 2011, there was no evidence for a
seasonal decline. The difference between years may reflect inter-annual variation in
allocation to root NSC pools. It is also possible that NSC concentrations vary over
timescales finer than the monthly sampling interval used here, in contrast to stemwood
NSC, for which monthly sampling appears sufficient to capture the seasonal trend in the
NSC pool (Richardson et al., 2013).

In contrast to root NSC there was no significant difference in exudation rate
among stands (Table 3.8). Brzostek et al. (2013) similarly found no difference in the rate
of root exudation among four stand types, including the hemlock and ash plots studied
here. Exudation did, however, vary significantly at the seasonal time-scale with the main
distinction being significantly lower rates in the spring compared to summer and fall
collection dates (Table 3.5). This pattern of exudation mirrors the seasonal increase in
mass-specific rates of root respiration and supports the idea of a progressive increase in C
allocation belowground across the growing season (Figure 3.4).

I caution that the detectability of variations in exudation may prove difficult given
the methods presently available for research in the field. The collection of exudation
requires the physical extraction of intact root systems from the soil that necessarily
disrupts microbial interactions (Phillips et al., 2008). Similarly, sample collection
requires submerging root tips in a liquid medium with a chemical composition different

from the soil solution. This may affect the rate at which C is released from roots into the
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solution. Indeed, other studies of exudation across the growing season did not detect a

clear seasonal pattern (Phillips et al., 2008, Phillips ef al., 2011).

Total Belowground C Flux

TBCF varied between 28 and 35% of GPP (Table 3.6). Consistent with my third
hypothesis, red oak had the highest rate of TBCF and the greatest proportional allocation
to fine root production (Figure 3.6). Eddy-covariance estimates of net ecosystem
production at the Harvard Forest mixed hardwood tower site suggest a near doubling of C
uptake from the atmosphere over the last 20 years (Keenan ef al., 2012, Urbanski ef al.,
2007). The increase in C uptake is correlated with an increase in red oak productivity and
biomass. Of the dominant species within the tower footprint, the concentration of N in
red oak foliage is among the highest, and this species has the most rapid rate of light-
saturated net photosynthesis (Bassow & Bazzaz, 1997). Foliar [N] concentration in red
oak remains unchanged throughout, suggesting that the rate of annual N uptake from the
soil has also increased. Given that belowground C allocation is required to acquire soil N,
this analysis suggests that high TBCF in this red oak stand relative to hemlock, the
second most dominant tree species in the tower footprint, has facilitated its emergence as
the dominant species at this site (Figure 3.6, Table 3.6).

The modest C investment in root production in hemlock stands may be an
attribute of this species in particular or evergreen trees in general, which allocate a
substantial fraction of C to ectomycorrhizal symbionts (Clemmensen ef al., 2013,
Hobbie, 2006). Confounding this interpretation of the results, however, is the recent

infestation of the invasive pest hemlock woolly adelgid (HWA), which became
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widespread at the Harvard Forest in 2012 with visible signs of crown thinning and HWA-
induced tree mortality recorded in 2014. Compared to 2012, the allocation of C to root
production in hemlock stands dropped by 11% in 2013 and 72% in 2014, suggesting a
negative effect of the HWA on root C allocation. Surveys of hemlock roots in infested
stands in Connecticut found that ectomycorrhizal colonization, bacterial abundance in the
adjacent rhizosphere, and root C:N all declined (Vendettuoli et al., 2015).

The phenology of TBCFyoom differs between stands and relative to that of GPP or
soil respiration (Figure 3.7). In the deciduous red oak stand, the peak in TBCFpottom
precedes the peak in soil respiration and coincides with spring ramp-up of GPP. This
suggests that belowground C allocation in oak is strongly dependent upon the supply of
photosynthate. This result is consistent with pulse-chase experiments demonstrating rapid
transfer of C belowground (Hogberg et al., 2008) and girdling experiments showing steep
declines in springtime soil respiration owing to the absence of active roots (Hogberg et
al.,2001).

TBCF,p, was consistently greater than TBCFpoom. This suggests an over-estimate
of ACoot in TBCFp, an underestimate of root GPP, respiration, or exudation in
TBCFpottom, OF @ combination of both. The largest difference between TBCF,, and
TBCFhpotiom (~240 gC m™ gs™) was observed in the red oak stand. The differences were
smaller in the ash and hemlock stands. Root NPP was estimated from minirhizotron
images and was highest in red oak (Figure 3.2, g-1). High NPP contributes to a large
estimate of AC,o and hence the estimate of TBCF,, (equation [1]). In contrast to the high

minirhizotron estimate of root NPP, there was no significant change in root biomass in



78

soil cores collected across the growing season in 2012 (data not shown). Because of high
spatial variability (Taylor et al., 2013), the absence of a change in root biomass in one
year does not exclude the possibility of high root NPP. However, the three-growing-
season average root NPP of 225 g C m™ estimated from minirhizotron imaging is about
one-half of the standing crop (Figure 3.3¢), and should be measurable in soil cores. TBCF

in red oak is therefore likely to reside between the two estimates.

Summary

Climatic and atmospheric perturbations alter the magnitude of C inputs
belowground (e.g., Drake ef al., 2011) and thus at the inter-annual time-scale it is likely
that changes in the quantity and phenology of belowground C inputs will influence soil
biogeochemical cycling. Warming-induced increases in growing season length have
significantly increased annual ecosystem C uptake at Harvard Forest, a large portion of
which is hypothesized to be allocated belowground (Keenan ef al., 2014). Whether and
how this enhanced allocation belowground will affect long-term soil-C cycling and C
storage remains an open question.
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Table 3.1. Stand-level characteristics. Total C content refers to organic and mineral horizon soil C down to 15
cm. Letters indicate a statistically significant difference in means using analysis of variance at the P < 0.05 level.

Total C Total N O horizon Soil C:N
Stand conte:nt conte_nt mass pH Ratio
(gm?) (g m?) (g m?)
White ash 5989 + 330° 431 +24° - 51 13.9+0.17°
Red oak 7709 +438* 354 +23° 131+8 52 21.8+0.72°
Eastern hemlock 6922 246" 290+ 13" 105+7° 37 23.9+0.70°
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Table 3.2. Summary of multiple linear regression statistics that model log(fine root growth) for each stand as a

function of soil temperature. Fine root growth was log-transformed to meet assumptions of normality. *** P <
0.001, ** P <0.01, * P <0.05,.P <0.1

Soil temperature

Log (fine root growth) B F Rzadj P-value
White ash 0.08 48.9 0.26 otk
Red oak 0.11 89.2 0.30 ook

Eastern hemlock 0.08 438 0.15 Ak
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Table 3.3. Summary of multiple linear regression statistics that model fine root growth, mortality, and mass-
specific respiration as a function of soil temperature and precipitation. Growth and mortality were log-
transformed to meet assumptions of normality. *** P <0.001, ** P <0.01, * P <0.05, . P < 0.1

Soil temperature Precipitation
B F Rzadj P-value P - value
Growth 1.5 2029 047 otk ns
Mortality 13 34 0.19 * ns

Respiration 0.29 322 0.68 ook ns




Table 3.4. Median root biomass (5™ percentile, 95™ percentile) in g C m” estimated from minirhizotron tubes
binned in 10 cm depth increments. Uppercase letters indicate significant differences between columns, and

lowercase letters indicate significant differences between rows at the P < 0.01 level.

Depth White ash Red oak Eastern hemlock
O horizon - 3.46 (2.29, 6.65)*  2.82 (0.80, 7.33)""?
0-10cm 0.98 (0.20, 1.84)®® 3.03 (0.71, 6.17)** 1.17 (0.53, 1.46)""°
10-20 cm  0.79 (0.45, 1.08)%° 0.77 (0.38, 1.66)"® 1.16 (0.42, 3.24)*
20-30cm 0.79 (0.41,2.62)%® 0.49 (0.25, 4.19)** 0.50 (0.01, 1.29)"B°
30-40 cm  0.45(0.16,2.22)%° 0.71 (0.08,2.01)*" 0.65 (0.06, 1.92)*5°
40-50 cm 0.19 (0.07, 0.66)"° - -

&3



Table 3.5. Exudation rate (£ SE) for samples collected in 2012 and 2013. There is a signficant effect of sample
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date (Fy 106= 8.0, P <0.01), but no differences between years or stands. The exudate rate on the April sample date
(DOY = 106) was significantly lower than the exudation rate measured on June, July, and October sample dates

at the P < 0.05 level.

Exudation Rate

Stand Date N (mgCg root™ day'l)
White ash  6/19/2012 6 1.35(0.43)
8/26/2012 6 1.14 (0.25)
4/16/2013 6 0.29 (0.23)
5/30/2013 7 1.03 (0.07)
7/27/2013 7 2.69 (0.68)
10/7/2013 6 1.39 (0.34)
Red oak 6/19/2012 7 2.65 (1.34)
8/26/2012 7 0.26 (0.10)
4/16/2013 7 -0.47 (0.33)
5/30/2013 6 0.52 (0.09)
7/27/2013 6 1.37 (0.54)
10/7/2013 6 0.70 (0.24)
Eastern hemlock 6/19/2012 5 0.78 (0.35)
8/26/2012 6 0.36 (0.07)
4/16/2013 6 0.02 (0.17)
5/30/2013 6 0.56 (0.25)
7/27/2013 6 2.23 (0.99)
10/7/2013 6 3.59 (1.77)




Table 3.6. Total belowground carbon flux (TBCF, g C m™ gs™) for each stand. TBCF,,, is defined as Fg,, +
Fleaching - Flitter + A(Croots + Csoil)' TBCFbottom is Froots + Fresp + Fexudates-

Eastern
Flux White ash Red oak Hemlock
TBCFiop 633 (58) 791 (94) 474 (29)

TBCFhottom 449 (57)  577(85)  340(51)
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Table 3.7. Activation energy (E,, kJ mol™), pre-exponential constant (A, nmol CO, s! g'l), and R? of mass-
specific rates of root respiration (nmol CO, g s™) for each stand over the growing season.

E, A R*
White ash 20 20872 0.60
Red oak 40 36498539 0.81
Eastern hemlock 29 572865 0.56
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Figure 3.1. Map of plot locations at the Harvard Forest’s Prospect Hill Tract. There are 6 biometry plots
(circles) and 10 minirhizotron plots (stars) per stand. Colored symbols indicate stand type. Blue-green symbols

@® Whiteash
@ Redoak
® Eastern hemlock

820m
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are white ash (Fraxinus americana), orange are red oak (Quercus rubra), and purple are eastern hemlock (7Tsuga

canadensis).
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Figure 3.2. Growth (a-c), mortality (d-f), and net primary production (NPP, g-i) of fine roots. In 2012, n =4 and
n =9 for red oak and eastern hemlock, respectively. In subsequent years, n = 10 for each stand. Error bars are
standard error of the mean. There was a significant effect of year and stand on both growth and mortality
(Table 3.8). The eastern hemlock stand had significantly less growth and mortality than red oak and white ash
stands (P < 0.001), but red oak and white ash stands were not different from each other (growth was only
marginally different, P <0.1).
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Figure 3.3. (a) Field measurements of monthly mean mass-specific fine root respiration (+ SE) in 2013 (left y-
axis). The shaded area represents soil temperature (right y-axis). (b) Relationship of fine root respiration to the
temperature of the measurement chamber (n = 61). Lines are nonlinear fits of the Arrhenius function to data for
each stand. (c) Fine root respiration (= SE) scaled to the growing season using fine root biomass from soil coring.
In panels a and b, asterisk indicates that white ash had significantly higher respiration rates than red oak and
eastern hemlock. In panel c, letters indicate significant differences between stands at the P < 0.001 level.
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Figure 3.4. Fine root respiration measured in the lab at temperatures ranging between 16°C and 25°C, with a
mean of 22.8 & 0.5°C. There was a significant positive relationship between fine root respiration and sample date
for white ash (B = 0.016, F, ;; = 15.3, P < 0.01, R?,; = 0.54), red oak (B = 0.012, F, 9= 17.6, P < 0.01, R 4; = 0.62),
and eastern hemlock (p = 0.011, F, o= 32.1, P < 0.001, Rzadj =(0.76). Dash lines are 95% confidence intervals
around the regression fit.
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Figure 3.5. Total nonstructural carbohydrates (= SE) from n = 6 samples from each stand. There were
significant differences between years (Fy 1939= 23.7, P < 0.001), sample dates (F; 939= 66.9, P <0.001), and stands
(F3,1080= 67.0, P < 0.001). Each stand was significantly different from the other two stands in both years.
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Figure 3.6. Gross primary production and belowground fluxes (litterfall, TBCF ), [fine root production, root
respiration, exudation], heterotrophic respiration, soil CO, efflux) and pools (microbial biomass, root biomass,
organic horizon soil C, mineral horizon soil C) for each stand. Heterotrophic respiration is estimated as the
difference between soil CO, efflux and root respiration. Standard error is reported in parentheses next to each
pool or flux value, and all units are g C m™ gs . The growing season is defined as the six month period from
May-October.
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Figure 3.7. Time series of gross primary production estimated using data from the Harvard Forest
Environmental Measurement Site flux tower and the hemlock tower in 2012 (circles). Soil respiration for the
eastern hemlock and red oak stands (squares) and TBCF,., (diamonds) for red oak, eastern hemlock and
white ash stands calculated using root GPP, respiration and exudation from May to October. For Jan—Apr and
Nov-Dec when data were not available (shaded areas), I used the median ratio of TBCF:GPP to extrapolate
TBCF from GPP data. This ratio (5™, 95" percentiles) was 0.42 (0.23, 0.5) for hardwoods and 0.36 (0.28, 0.57)
for hemlock. The orange and pink colored bars show the maximum canopy greenness in red oak and eastern

hemlock stands, respectively, for this study period determined using PhenoCam data

(http://phenocam.sr.unh.edu/).
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CHAPTER FOUR: WHERE DOES THE RHIZOSPHERE END? SPATIALLY
RESOLVED MEASUREMENTS OF IN SITU SOIL EXTRACELLULAR
ENZYME ACTIVITY
Abstract

Rhizosphere soils are hotspots for soil organic matter decomposition, with soil
decomposing enzymes stimulated up to 100%, but there are few estimates of rhizosphere
spatial extent in the field. Zymography (i.e., 2-D visualization of enzyme activity) allows
for spatially resolved in situ measurements of soil extracellular enzyme activity (EEA),
but there has been no quantitative analysis of the relationship between EEA and distance
from a root. The objective of this work is to develop a quantitative framework for
zymogram image analysis as a means for estimating the spatial extent of the rhizosphere.
My analysis utilizes a spatial error model and break-point regression analysis to estimate
the scale over which four enzymes — beta-glucosidase, N-acetyl-beta-D-glucosaminidase,
aminopeptidase, and acid phosphatase — vary as a function of distance from a root. This
analysis compares two different types of enzyme substrates (i.e., colorimetric and
fluorometric) at three different image resolutions. For each assay, it was possible to
visualize and estimate the size of the rhizosphere. The resolution of image analysis did
not affect the estimate of the rhizosphere extent for fluorometric assays, but did affect the
estimate of rhizosphere extent for colorimetric assays, where the break-point regression
was only significant at very-fine-image resolution. I also note methodological concerns
specific to the type of enzyme substrate, such as uneven background staining in the

colorimetric assay and diffusion of the substrate in the fluorometric assay, and provide
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recommendations to improve the method. Zymography is a promising methodology with
the potential to increase the spatial resolution of rhizosphere studies compared to methods

that measure enzyme activity by physically removing soil.
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Introduction

Soil is the largest terrestrial carbon (C) pool, storing more C than the atmosphere
and terrestrial vegetation combined (Schlesinger & Bernhardt, 2013). A substantial
portion of this pool is associated with plant roots. In the root-associated zone, or
rhizosphere, soil-organic-matter-decomposing enzymes are stimulated up to 100%
relative to surrounding bulk soil (Kourtev et al., 2002, Tscherko et al., 2004). Though the
rhizosphere occupies a small soil volume relative to bulk soil, up to 40% of heterotrophic
respiration can be attributed to the rhizosphere (Finzi ef al., 2015). As a result, the
rhizosphere has a disproportionate effect on biogeochemical cycling.

Roots exude low-molecular-weight C compounds such as organic acids and
amino acids into the soil (Jones, 1998, Phillips ef al., 2004). This labile C stimulates
microbial growth and nutrient demand, resulting in the production of extracellular
enzymes that decompose soil organic matter (SOM; Brzostek & Finzi, 2011). Previous
research shows that root exudates can be found anywhere from 0.1 to 1.2 cm from the
root surface (De Neergaard & Magid, 2001, Jones, 1998, Sauer ef al., 2006, zu
Schweinsberg-Mickan et al., 2010). Where root exudates are present, microbial biomass,
respiration, enzyme activity, N mineralization, and soil organic matter decomposition are
all increased relative to soil that is unaffected by roots (Finzi et al., 2015, Phillips et al.,
2012).

At present, measurements of microbial and extracellular enzyme activity (EEA)
use coarse approaches to separate rhizosphere and bulk soil. For example, some studies

consider the rhizosphere to be the soil adhering to the root after gentle shaking or soil that
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is <2 mm from the root surface (Landi ef al., 2006, Phillips & Fahey, 2006). Of the
studies that try to estimate diffusion distance of exudates in order to determine the
rhizosphere extent (Darrah, 1991a,b, Kuzyakov et al., 2003, Raynaud et al., 2003), most
assay exudate concentration at up to 10 distances from the root surface by cutting the soil
into sections of ~1 — 2 mm and analyzing the homogenized soil sample (Nuruzzaman et
al., 2006, Sauer et al., 2006, zu Schweinsberg-Mickan et al., 2010).

Two methods represent a recent advance in the visualization of enzyme activity
using zymography, and allow for spatially resolved in situ measurements of soil EEA at
finer resolution than traditional studies (Dong ef al., 2007, Spohn et al., 2013). These
methods produce an image where the brightness, hue, or intensity of coloration or
fluorescence corresponds to the amount of enzyme activity in a given area of the image,
and provide the opportunity to quantify the relationship between EEA and distance from
aroot at a very fine spatial resolution, without compromising the integrity of root-
microbe interactions. To date, where these methods have been applied, there has been no
quantitative analysis of the relationship between EEA and distance from a root (Dong et
al., 2007, Spohn et al., 2013).

The objective of this study is to develop a quantitative framework for analyzing
zymograms, in order to determine the relationship between EEA and distance from a
root. This is part of a longer-term objective of quantifying rhizosphere volume for
different species and ecosystems. Here I propose two statistical methods to quantify this
relationship. The first is linear regression with a spatially autocorrelated error term in

order to account for the lack of independence between neighboring pixels in an image.
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The second is “break-point” regression analysis, which determines the location of a
change in the slope of the linear regression. Within this context, I also compare enzyme
substrates that leave either a visual or fluorescent tag when degraded. Colorimetric
substrates, such as that for acid phosphatase and aminopeptidase, leave behind a colored
stain following reaction with an enzyme, whereas fluorometric substrates, such as that for
beta-glucosidase and N-acetyl-beta-D-glucosaminidase leave behind a fluorescent stain.
The previous study that used both colorimetric and fluorescent substrates found
qualitative differences in the staining pattern of the assays (Dong et al., 2007). Both types
of assays were applied to rooted soil surfaces in three mono-dominant stands at the
Harvard Forest in central Massachusetts. To determine whether image resolution affects
the scaling of EEA and distance from a root, I compared images analyzed at three spatial

scales.

Methods

Site description

The field portion of this study was conducted at the Harvard Forest Long Term
Ecological Research Site in Petersham, MA (42°N, 72°W, elevation 340 m). The site is
located on former agricultural land that was abandoned in the mid-1800s allowing forest
regrowth beginning late in the 19 century (Foster et al., 2003). Soils are Typic
Distrochrepts derived from glacial deposits of granite, schist and gneiss. The dominant
tree species in this tract are northern red oak (Quercus rubra) and red maple (4Acer
rubrum), with smaller populations of eastern hemlock (7suga canadensis), white ash

(Fraxinus americana), white pine (Pinus strobus) and red pine (Pinus resinosa).
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Twelve root boxes were constructed at Boston University and installed in the field
in March 2012. Each root box was built from 0.9 cm thick clear polycarbonate sheeting.
Each side is 40 x 40 cm, with two sides beveled out at 15° to form a rhomboid. Root
boxes were set in soil pits and backfilled with excavated soil, maintaining the mineral and
organic horizon delineation. Each box was equipped with two 20 x 20 cm removable
panels that allow for access to the rooted soil surface (Figure 4.1). Four root boxes (n =8
panels) were installed in each of three monodominant stands: white ash, red oak, and
eastern hemlock. I assume that the > 2 years between root box installation and data
collection allowed sufficient time for soils to recover from disturbance and form dense

root networks.

Each root box panel (n = 24) was assessed for the activity and spatial extent of
four extracellular enzymes: acid phosphatase (AP), aminopeptidase (PR), beta-
glucosidase (BG), and N-acetyl-beta-D-glucosaminidase (NAG) in late June — early July
2014. EEA was measured using zymograms prepared following Dong et al. (2007).
Briefly, a 20 x 20 cm sheet of chromatography paper was soaked in a buffer solution
containing colorimetrically (AP, PR) or fluorescently (BG, NAG) labeled substrate for
each enzyme, alpha naphthyl phosphate (AP), L-leucyl 2-naphthylamide (PR), 4-
methylumbelliferyl-beta-glucopyranoside dehydrate (BG), or 4-methylumbelliferyl-N-
acetyl-beta-glucosaminide (NAG). Standards were made by applying acid phosphatase
from wheat germ (AP), aminopeptidase from Aspergillus oryzae (PR), or fluorescent 4-
methylumbelliferone (BG, NAG) to prepared zymograms. The units for acid phosphatase

and aminopeptidase activity are enzyme units per milliliter (EU ml™), defined as the
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amount of enzyme in one milliliter that is needed to convert 1pmol of substrate per
minute, and for fluorescent 4-methylumbelliferone, millimolar (mM). Each zymogram (N
= 96; 8 root box panels x 3 stands x 4 enzymes) was incubated against the soil surface for
30 minutes (BG, NAG) to 1 hour (AP, PR) depending on the type of assay. Immediately
following incubation, zymograms were transported back to Boston University where they
were dried, and imaged using a Ricoh 907Ex 600dpi color scanner (AP, PR; Ricoh
Electronics, Inc., Tustin, CA) or an Alphalmager HP UV gel scanner (BG, NAG;

ProteinSimple, San Jose, CA).

All image processing was done in the open source software ImagelJ (Rasband,
1997). Digital photographs of open root box panels taken at the time of incubation were
cropped, corrected for image distortion, and converted to 8-bit black and white. The
background of each image was detected using a rolling ball algorithm (Sternberg, 1983).
This algorithm averages over a 50 pixel area around each pixel to compute a local
background value which is then subtracted from that pixel. Roots were selected by pixel
brightness and false positives (e.g., light colored soil aggregates, insects, rocks) were
removed manually using the selection tool. The selection of rooted area was converted to
a thresholded mask, where pixels containing roots were given a value of 0 (i.e., black)
and non-root pixels were given a value of 255 (i.e., white). The zymogram images were
also converted to 8-bit black and white. Digital photographs and zymogram images were
compressed to 30 x 30, 100 x 100, or 1500 x 1500 pixels using bilinear interpolation,
corresponding to an effective pixel length of 6.7 mm, 2 mm, or 0.13 mm, respectively.

The x- and y-coordinate position of each pixel was used to overlay the root threshold
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image onto zymogram images. Image pixel brightness values and their x- and y-
coordinate position were output to R Statistical Software (R Development Core Team,

2013), where all subsequent analyses took place.

In order to determine the relationship between EEA (EU ml™ or mM) and
distance from a root (mm), Euclidian distance from the nearest root was determined for
each pixel in the zymogram image by creating a vector with the location of each root-
containing pixel, and finding the element in this vector with the minimum distance to
each pixel. Image pixel brightness values were converted to EU ml™ or mM using a linear
relationship between the standards and their pixel brightness values for AP (f =-4.9, F; 3
=28.0, R%4; = 0.87, P <0.05), PR (B =-1.3, F; 3= 15.9, R%,4; = 0.79, P < 0.05), NAG (B =
-45, F13=60.5, R%q = 0.93, P <0.01), and BG (B = -47, F1,=22.3, R%,4; = 0.88, P <
0.05; Figure 4.2). High brightness values correspond to low enzyme activity due to the
convention of setting brightness values to 0 for black and 255 for white pixels. I
considered the total area of all pixels containing roots to be the rooted area for each stand.
Iused ANOVA and Tukey’s HSD to test for differences in rooted area among the three
stands.

[ tested for the presence of spatial autocorrelation between neighboring pixels
using the Moran’s I statistic. [ used the moran.test function in the spdep package for R
Statistical Software (Bivand et al., 2014). To establish a relationship between EEA and
distance from a root while accounting for spatial autocorrelation between pixels and their

neighbors, [ used a spatial simultaneous autoregressive error model of the form:
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Y =B x; + B2x2 + B3t g, and [1]
e=pWe+tu [2]
where Y is EEA (EU ml™” or mM), x; is distance from root (mm), x5 is depth

(mm), and B, B2, and B3 are linear regression coefficients. The error term, €, contains a
spatially structured error term, p W e, where p is a fit coefficient, W is the spatial weight
matrix, e is the spatial error term, and u is a random residual. This model assumes that
neighboring pixels are not independent of one another, and as a result the predicted value
for a given pixel depends in part on the value of its neighbors. The fit parameter p
corresponds to the strength of autoregression between neighboring pixels on model
residuals. I fit the spatial error model to data from each image using the errorsarim

function in the spdep package for R Statistical Software (Bivand et al., 2014).

To test for the location of a change in the slope of the relationship, or break point,
between EEA and the distance from a root, I used a weighted “break-point” regression. |
used the break point as a proxy for the rhizosphere extent. EEA was fit as a function of
distance from a root using the equation:

Y=Pix+tP(x-c)tyl(x>c) [3]
where x is the Euclidian distance from the root (mm), B; and 3, are slope and
intercept parameters, c is the break point, and I (x > c) is an index variable that is equal to
zero when x < ¢. The model minimizes v, a measure of the distance between the two
segments in order to constrain the segments to be close to continuous.
I observed that the sample size (i.e., number of pixels represented at each root

distance) decreased as distance from a root increased (Figure 4.3). As a result, rather than
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minimizing the sum of squared residuals (SSE) as in ordinary least squares, [ minimized
the weighted SSE:
Weighted SSE = Y1y w; (; — 91)? [4]

where w; is a vector of weights proportional to the sample size such that

N

= o [5]

w;

and N; is the number of pixels at each root distance i to n. This model was fit
using the segmented function in the segmented package for R statistical software
(Muggeo, 2008).

I used the spatial autoregressive error model (Eq. [1]) on images at coarse and
fine resolution in order to determine if there was an effect of image resolution on the
relationship between EEA and distance from a root. At coarse image resolution (30 x 30
pixels) each pixel was 6.7 mm in length, corresponding to an area of 0.44 cm” per pixel.
At fine image resolution (100 x 100 pixels) each pixel was 2 mm in length,
corresponding to an area of 0.04 cm? per pixel.

I used break-point regression (Eq. [3]) on images at coarse, fine, and very fine
resolution in order to determine if there was a relationship between pixel size and break-
point value. For very-fine-resolution image analysis, I examined a subsection of a 1500 x
1500 pixel-resolution image focusing on a rooted area in hemlock soil (Figure 4.4a, Box
4.1). In this image, the length of each pixel was 0.13 mm, corresponding to an area of

1.7x10* cm?.
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Results

Visual inspection

White ash and red oak stands were more sparsely rooted than eastern hemlock
with 14 + 1.0 cm? and 15 + 1.1 cm? of rooted area out of the 400 cm? sample area,
respectively (F»93=34.5, P <0.001, Table 4.3). Eastern hemlock images contained 27 +
1.7 em” of rooted area. The mean area covered by roots across the three stands is 18.7
cm’, approximately 5% of the sample area.

The staining pattern on scanned zymogram images was visibly different for
colorimetric compared to fluorometric assays. The colorimetric acid phosphatase assay
had the most localized staining (Figure 4.4a). Aminopeptidase zymograms developed the
least amount of staining (60% of pixels had no detectable EEA) compared to AP (10%),
BG (1.7%), or NAG (3.2%). However, when PR did stain, it was 20—40% brighter than
the other zymograms (Figure 4.4b). Beta-glucosidase and N-acetyl-beta-D-
glucosaminidase were fluorometrically assayed. I found this assay to be relatively
diffuse, often with large areas of high EEA covering >50% of the zymogram (Figure
4.4c,d).

At coarse image resolution, clusters of roots and EEA were visible, but not fine
root morphology (Figure 4.5a). At fine resolution, individual fine roots were visible
(Figure 4.5b), but it was not possible to determine the diameter of fine roots <2 mm. At
both image resolutions, there appeared to be fewer pixels with high EEA at 0 — 10 mm
from the top of the image in BG and NAG images (data not shown). At very fine

resolution, it was possible to distinguish between small- and large-diameter roots (Figure
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4.5¢). There was visible overlap in many images between locations of rooted pixels and
locations with high enzyme activity at fine resolution. However, in some cases there was
a <1 -5 mm misalignment of images, where EEA associated with a root was offset from
the thresholded mask of the root as a result of manual error in the image analysis steps

that were not fully automated (i.e., root thresholding, image distortion correction).

Coarse image resolution

EEA ranged between 0-10 EU ml™! for AP, 040 EU ml™ for PR, and 0-4.9 mM
for BG and NAG. EEA generally declined as distance from a root increased (Figure 4.6).
For all images, there was significant spatial autocorrelation (Moran’s I, P < 0.05). Of the
96 images analyzed, 54 had a significant relationship between EEA and distance from a
root, including 51 which had a significant negative relationship (Table 4.1). Red oak had
the greatest proportion of significant negative relationships between EEA and root
distance (78%) of the three stands. Acid phosphatase had the greatest proportion (88%) of
significant negative relationships of the four enzymes, and aminopeptidase had the fewest
(25%). Forty-three out of 48 significant spatial error models predicted that EEA declined
with depth (Table 4.1). Eastern hemlock had the greatest proportion of significant and
negative relationships with depth (60%) of the three stands.

In the break-point regression model, the relationship between EEA and distance
from a root was not significant for the colorimetrically assayed enzymes (AP, PR).
Fluorometrically assayed enzymes (BG, NAG) had break points of 7.5 cm and 1.8 cm,
respectively (Figure 4.6). Averaging across the enzymes with a significant relationship

between EEA and distance to a root (BG, NAQG), I identified break points at 5.8 cm and
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4.7 cm for white ash and red oak (Figure 4.7). The break-point regression model for

eastern hemlock was not significant.

Fine image resolution

At fine image resolution, computing time increased 72-fold compared to coarse
resolution. The increased resolution allowed us to observe a greater range of brightness
values compared to coarse resolution. EEA ranged between 0-30 EU ml™ for AP, 0-170
EU ml™ for PR, and 0-5.3 mM for BG and NAG. The break point was closer to the root
surface than at coarse resolution, reflecting the closer association between pixel size and
root size (Figure 4.8).

A spatially autoregressive error model fit to the data found 84 of 96 significant
relationships between EEA and distance from a root, of which 39 were negative (Table
4.2). BG and NAG images had the greatest number of negative regression coefficients,
while AP and PR had a majority of positive coefficients, indicating that EEA increased
with distance from a root. Sixty-eight of 96 images had a significant relationship with
depth. Of these, 57 were positive relationships.

In the break-point regression model, the relationship between EEA and root
distance was not significant for AP and PR. The break points for BG and NAG were 6.7
and 1.5 cm, respectively (Figure 4.8). The break-point regression between EEA and
distance from a root for eastern hemlock was not significant. Break points for white ash

and red oak were identified at 7.1 and 1.2 cm, respectively (Figure 4.9).
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Very fine image resolution

In a very-fine-resolution subsection of an acid phosphatase assay in the hemlock
stand (Figure 4.4, Box 4.1), the maximum observable EEA was 36 EU ml"', compared to
32 EU ml™ in the fine resolution and 9 EU ml™ in the coarse resolution analysis of the
same enzyme. The median EEA (1.6 EU ml™") was identical to that at coarse resolution.
EEA was high within 10 mm of the root, but declined quickly thereafter. Break-point
regression placed the break-point location at 2.6 mm (Figure 4.10).

Discussion

There were differences in the localization of EEA in colorimetric compared to
fluorometric assays, with colorimetric assays resulting in more specific staining
compared to fluorometric assays. This is likely the result of the fluorometric tag’s ability
to diffuse when wet (Spohn & Kuzyakov, 2013). The colorimetric aminopeptidase assay
resulted in an average of 60% of the image with no detectable EEA, indicating that there
was little aminopeptidase enzyme activity in the soils that I sampled. In the colorimetric
acid phosphatase assay, there was an increase in EEA with distance from a root at the
fine resolution that I did not observe at coarse resolution. I did not expect this result given
the visual correspondence between EEA and roots in this assay. However, the acid
phosphatase assay developed an orange-colored background. Uneven background color
and image misalignment are two methodological concerns that would be exacerbated at
fine resolution compared to coarse resolution, given the wider range of EEA and smaller
pixel size, respectively. Analysis of a subset of a very-fine-resolution image suggests that

a negative relationship between EEA and root distance is observable in colorimetric
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assays at high resolution if the background color is even and the zymograph and

thresholded root mask are well-aligned.

Rhizosphere extent across stand types and enzyme classes

For the fluorometric assays, EEA declined with increasing distance from a root.
Break point analysis predicted that the rhizosphere extent ranged from 0.26 to 7.5 cm,
depending on the resolution of analysis. Direct sampling and isotopic labeling studies
place the rhizosphere extent between 0.1 and 1.2 cm (De Neergaard & Magid, 2001,
Dessureault-Rompré et al., 2007, Falchini et al., 2003, Sauer et al., 2006, zu
Schweinsberg-Mickan et al., 2010), but another study using a similar method to the one
used here recorded enhanced EEA up to 6 cm away from the root surface (Spohn &
Kuzyakov, 2014). It is therefore possible that recent estimates of rhizosphere
contributions to decomposition and nutrient mineralization based on an exudate diffusion

distance of 2 mm are very conservative (Finzi et al., 2015).

Effects of image analysis resolution
The resolution of the image analysis affected the spatial distribution of EEA, the
break-point location, and the influence of artifacts and image alignment. As resolution
increased, the maximum observable EEA increased because there was a larger sample
size and less averaging of high EEA pixels with pixels of intermediate and low EEA. In
addition, the distance of the break point to the root surface declined due to greater

visibility of root morphology relative to staining of EEA (Figure 4.5). Generally, this
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suggests that matching the scale of resolution to the scale of fine root architecture will
increase the accuracy of both EEA and break point estimates.

At fine image resolution, the spatial error model predicted a mixture of positive
and negative relationships between EEA and distance from a root. There were a
surprising number of instances where the relationship between EEA and distance from a
root was positive. This was more common for the colorimetric assays, AP and PR (Figure
4.8). For AP in particular, background staining developed from the substrate solution, a
mix of a-naphthyl phosphate and Fast Red TR. Though care was taken to apply the
substrate evenly, there was variation in the background coloring of the zymograms. At
high resolution, this variation in background color may have introduced artifacts into the
assessment of EEA using pixel brightness. This was somewhat accounted for by
subtracting the background using a rolling ball algorithm, but with very unevenly stained
backgrounds such as that in Figure 4.4a, there may have been some pixels with under- or
over-estimated EEA.

Image misalignment was another error that was exacerbated at fine resolution.
Images were scaled to identical size and overlayed automatically, but root images were
corrected for pixel distortion and cropped manually, and no image-aligning algorithm
was used. Any misalignment of images would be on the scale of <1 mm to 5 mm, so
coarse image resolution that averages over large root clusters may alleviate errors that are
a result of misalignment.

I wanted to explore whether or not there was value in investing the additional

computing time to analyze very-fine-resolution images in order to more accurately
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represent fine root morphology. I selected a subset of the zymogram pictured in Figure
4.4a (Box 4.1) that appeared to have even background staining and be well aligned with
the image of the root. In this subset, EEA declined steeply as distance from the root
increased up to 2.6 mm (Figure 4.10). From 2.6 mm to 7 cm the relationship was
relatively flat. This analysis is not replicated, but suggests that high resolution images can
be used to estimate relationships between EEA and roots if methodological concerns are
alleviated.

Fluorescent clustering of EEA in the center of the image may result from the
diffusion of the substrate when wet. In colorimetric zymograms, there was more EEA at
the surface of the soil than at depth, corresponding with high root abundance. In the
fluorescent zymograms, however, there was comparatively less EEA at the soil surface,
suggesting that as the zymograms are incubated in a vertical position, the fluorescent tag
diffused downward in response to gravity. Zymograms were moistened before
incubation, and the 4-methylumbelliferone tag is known to diffuse readily when wet
(Spohn & Kuzyakov, 2013). Because the zymogram staining is diffuse, coarse-resolution
image processing is sufficient to represent the correspondence between EEA and root
distribution. Thus, fine resolution is only necessary when the zymogram staining also has

fine spatial resolution, as in the colorimetric acid phosphatase assay.

Methodological considerations
This methodology can be improved with image-analysis techniques. I counted the
number of black pixels in the root image to estimate the proportion of sample area

covered by roots and found that red oak stands were more sparsely rooted than hemlock.
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From a visual inspection of the root boxes, it is clear that red oak root boxes are heavily
rooted, but that these roots are very fine and similar in color to the soil. In contrast,
hemlock roots are thick and light-colored compared to the soil (Figure 4.1). As a result, a
greater number of roots in the hemlock stand were successfully thresholded relative to the
red oak stand. A different annotation method or an edge-detection algorithm may
improve root detection in stands with roots that are similar in color to their background
(Canny, 1986, Lobet et al., 2011). Higher resolution images may also aid in detecting
very fine roots that may be smaller than the pixel size.

Some patches of high EEA were unrelated to root activity. This method cannot
yet annotate mycorrhizal hyphae or detect other possible microbial hotspots associated
with invertebrate casts or litter that may not be near a root surface. Additionally, not all
roots produce an active rhizosphere. Exudates are primarily released from growing root
tips, and assuming an average root growth rate of 1 pm s™ and a 30-minute half-life for
exudates, then at 30 mm behind the growing root tip there will be < 1% of the original
exudate remaining (Hirsch et al., 2013). Finally, my thresholding function does not
distinguish between suberized roots, dead roots, absorptive roots, or growing root tips,
and therefore areas of high root proliferation with low EEA may reflect different
demographic stages of the root. For this reason, coarse resolution averaging over thickly
rooted areas may partially alleviate this issue. An alternative would be to manually

annotate fine absorptive roots and root tips.
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Conclusions

In order to scale up measurements of microbial activity (e.g., enzyme activity,
microbial biomass) made in bulk and rhizosphere soils to an ecosystem scale estimate,
some assumption of the volume of the rhizosphere is necessary. Finzi et al. (2015) used a
numerical model to estimate the volume of the rhizosphere, and demonstrated that
changing the assumption of the exudate diffusion distance can cause estimates of the
proportion of soil that is in the rhizosphere to vary by > 20%.

Soil zymography provides the opportunity to generate statistical relationships
between EEA and distance from a root, in order to determine the rhizosphere extent of a
given soil. Zymograms are easy to prepare and deploy in the field, and allow for spatial
analysis of multiple enzymes across heterogeneous soil surfaces. Many techniques in
automatic annotation, background correction, and image alignment are well-developed
and can be applied to this method (Amat ef al., 2008, Nobis & Hunziker, 2005, Ritchie et
al., 2007). The main methodological concerns for this method are evenness of
background staining and image alignment for the colorimetric assay and diffusion of the
tag in the fluorometric assay. Methodological improvements such as using agarose gel to
keep soil particles from quenching the fluorescent tag are also promising (Spohn ef al.,
2013). In this method, enzymes can diffuse through the gel to the zymogram, but soil
particles do not contact the zymogram, resulting in high staining accuracy.

To determine the rhizosphere extent of enzymes that degrade a colorimetric
substrate, [ make the following recommendations:

e Use very fine image resolution (~0.13 mm)
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e Use an image-aligning algorithm

e Annotate root tips and absorptive roots

To determine the rhizosphere extent of enzymes that degrade a fluorometric
substrate, I make the following recommendations:
e Use coarse or fine image resolution (2 mm — 6 mm)
e Dry zymogram flat after substrate application and soil incubation to
reduce vertical diffusion

e Prepare zymogram using agarose gel layer, following Spohn et al., (2013)

I have provided a quantitative framework to analyze and estimate the rhizosphere
extent from image data using a zymographic method. This analysis could be expanded to
include uncertainty associated with the linear parameters estimated in both the spatial
error regression and the break-point regression using Bayesian or Monte Carlo
techniques. In addition, nesting images within stands, sites, and region may eventually
allow for geographically specific estimates of rhizosphere extent interpolated between
locations for which zymographic data has been collected. Given access to a rooted soil
surface, preparation and incubation of zymograms is a simple and relatively inexpensive
process. Once a quantitative framework for image analysis is adopted, determination of
rhizosphere extent using zymograms will be much easier than cutting, extracting, and

measuring enzyme activity from soil directly.



Table 4.1. Summary of spatial error model regression coefficients estimated at coarse resolution. Enzyme
activity (EU mlI"! or mM) is modeled as a function of distance from a root (mm) and soil depth (mm). p is the
spatial error coefficient. AIC is the Akaike information criterion, a model-selection score that balances
goodness-of-fit against the number of parameters. Regression coefficients, p, and AIC for each image were
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averaged to obtain one value for each stand and enzyme. AP = acid phosphatase, PR = aminopeptidase, BG =

beta-glucosidase, NAG = N-acetyl-beta-D-glucosaminidase, F = white ash, Q = red oak, T = eastern hemlock.

Enzyme Stand Intercept Distance Depth p AIC
AP F 245 -0.018  -0.13 0.92 2498
Q 0.63 -0.029  -044 0.93 2821

T -1.70 -0.045  -045 0.93 2412

PR F 1.71 -0.003  -0.04 0.85 3791
Q 1.16 0.000 -0.02 0.80 3518

T 1.98 0.005 -0.05 0.84 3786

BG F 0.81 -0.006  -0.04 0.99 2096
Q 0.96 -0.011 -0.08 1.00 2385

T 1.20 -0.004  -0.05 0.99 2028

NAG F 0.62 -0.004  -0.10 0.98 1596
Q 1.60 -0.009  -0.08 0.98 1283

T 2.84 -0.005  -0.16 1.00 2131
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Table 4.2. Summary of spatial error model regression coefficients estimated at fine resolution. Enzyme activity

(EU mI'' or mM) is modeled as a function of distance from a root (mm) and soil depth (mm). p is the spatial

error coefficient. AIC is the Akaike information criterion, a model-selection score that balances goodness-of-fit
against the number of parameters. Regression coefficients, p, and AIC for each image were averaged to obtain

one value for each stand and enzyme. AP = acid phosphatase, PR = aminopeptidase, BG = beta-glucosidase,

NAG = N-acetyl-beta-D-glucosaminidase, F = white ash, Q = red oak, T = eastern hemlock.

Enzyme Stand Intercept Distance Depth p AIC
AP F 0.58 0.058 0.87 096 36234
Q 0.30 0.060 0.85 0.96 39796

T 1.69 0.029 0.01 096 33604

PR F -2.23 0.185 0.06 0.96 59046
Q -4.19 0.190 0.10 0.96 58653

T -2.19 0.209 0.08 095 61021

BG F -4.46 -0.010 0.05 1.00 24530
Q -5.63 -0.019 0.05 1.00 27673

T -5.46 -0.005 0.03 1.00 23748

NAG F -2.30 -0.004 -0.01 1.00 19855
Q -8.07 -0.006 0.04 1.00 16399

T -0.44 -0.005 -0.01 1.00 24662



Table 4.3. Tukey’s HSD test on an ANOVA model of rooted area (cm?) per 20 x 20 cm panel as a function of

stand. Different superscript letters denote significant differences at P < 0.05.

Rooted area (cmz)

Stand 6mm 2mm
White ash 13.9 + 0.84° 13.6 +1.0°
Red oak 17.1+1.1° 149+1.1°

Eastern hemlock

26.6 +1.9° 274+1.7°

117
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Figure 4.1. Plexiglass root box designed and constructed for this study at Boston University. Roots can be
accessed by lifting a hinged panel. The second hinged panel is partially visible in the lower right hand corner.
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Figure 4.2. Linear relationship between enzyme activity and brightness values for the zymogram area,
determined by staining the zymogram with a range of acid phosphatase, protease, or 4-MUB concentrations. AP
= acid phosphatase, PR = aminopeptidase, BG = beta-glucosidase, NAG = N-acetyl-beta-D-glucosaminidase.
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Figure 4.4. Zymograms measuring the activity of (a) acid phosphatase, (b) aminopeptidase, (c) beta-glucosidase,
and (d) N-acetyl-beta-D-glucosaminidase on the same hemlock stand root box panel. Thresholded mask of roots
is overlaid on each zymogram at 70% transparency. Box 4.1 is the image subset used in very-fine-resolution
analysis.
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6.7 mm pixel i 0.13 mm pixel

Figure 4.5. Level of detail visible across a range of spatial resolution. Length of the side of one pixel is, (a) 6.7
mm, (b) 2 mm, or (c) 0.13 mm (resolution of original 8-bit image).



AP

—
T OO
o o
= H
T o o io
o OO@OC‘:\OOO
m o QO G
g T
=
Il — —
=
LU

o 4

I I I
0 20 40
Distance from root (mm)
BG

—
s @
£
=
=
T
m
o
E
=
[
=
w o~

o 4

0 20 40 60 80

Distance from root (mm)

Enzyme activity (EU ml ')

Enzyme activity (mM)

123

PR

20 40 60 80 100

Distance from root (mm)

NAG

20 40 60 80 100

Distance from roat (mm)

Figure 4.6. Enzyme activity (EU mI" or mM) versus distance from root (mm) for four extracellular enzymes:
acid phosphatase (AP), aminopeptidase (PR), beta-glucosidase (BG), and N-acetyl-beta-D-glucosaminidase
(NAG) at coarse resolution. The broken solid line is the best-fit break-point regression line. The dotted vertical
line indicates the location of the break point. The shaded gray area is the interquartile range of the data.
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Figure 4.7. Enzyme activity (EU ml"! or mM) versus distance from root (mm) for white ash, red oak, and eastern
hemlock stands at coarse resolution. The broken solid line is the best-fit break-point regression line. The dotted
vertical line indicates the location of the break point. The shaded gray area is the interquartile range of the data.
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Figure 4.8. Enzyme activity (EU mI"' or mM) versus distance from root (mm) for four extracellular enzymes,
acid phosphatase (AP), aminopeptidase (PR), beta-glucosidase (BG), and N-acetyl-beta-D-glucosaminidase
(NAG) at fine resolution. The broken solid line is the best-fit break-point regression line. The dotted vertical line
indicates the location of the break point. The shaded gray area is the interquartile range of the data.
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Figure 4.9. Enzyme activity (EU ml"! or mM) versus distance from root (mm) for white ash, red oak, and eastern
hemlock stands at fine resolution. The broken solid line is the best-fit break-point regression line. The dotted
vertical line indicates the location of the break point. The shaded gray area is the interquartile range of the data.
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Figure 4.10. Enzyme activity (EU ml™") in a 400 x 400 pixel subsection of a high-resolution photo (1500 x 1500
pixels). Break point for this subsection is 2.6 mm.
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CHAPTER FIVE: A PARSIMONIOUS MODULAR APPROACH TO BUILDING
A MECHANISTIC BELOWGROUND C AND N MODEL
Abstract

More carbon (C) is stored in soil than in the atmosphere and terrestrial vegetation
combined, and microbial decomposition of soil organic matter (SOM) makes up the
largest proportion of the flux of carbon dioxide from the soil to the atmosphere. As a
result, microbial activity can have a large effect on the global C cycle. Microbial
decomposition and uptake of dissolved substrate is sensitive to temperature and substrate
supply, the latter of which can be limited by diffusion of substrate to microbial
extracellular enzymes or by oxygen limitation. Many decomposition models use
temperature and soil moisture in a linear decomposition coefficient, and few explicitly
model the processes that limit substrate supply on the micro-site level. In order to build
process-level representation of the effect of temperature and substrate supply on
microbial physiology, I merged a model that uses temperature and substrate supply to
predict depolymerization rate with a C and nitrogen (N) microbial physiology model.

I tested the performance of the combined model relative to each model alone
using measurements of heterotrophic respiration in a mid-latitude forest located in central
Massachusetts, USA. I then applied the combined model to theoretical concepts such as
the response of microbial activity to varying ratios of C-to-N (C:N), and global change-
inspired perturbations to mean annual temperature and soil moisture. The combined
model predicted realistic C efflux during transient wet-up events, but over-predicted C

efflux in constant high soil moisture conditions. Model predictions of SOM
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decomposition in response to variable C:N inputs are consistent with the observation that
wide C:N stands store more C than narrow C:N stands. The combined model reproduced
realistic responses to temperature perturbation, and thus may be useful for investigating
the interaction between substrate and temperature controls on soil C storage at regional

and global scales.
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Introduction

Soil is the largest terrestrial carbon (C) pool, and the flux of CO; from the soil to
the atmosphere is dominated by microbial decomposition (Schlesinger & Bernhardt,
2013). Hence, the rate of C mineralized by soil micro-organisms affects the global C
cycle. A number of biotic and abiotic factors control the amount of C that microbes
release via decomposition. Soil microbes produce extracellular enzymes in order to
depolymerize soil organic matter (SOM), but they can also utilize C and N substrates
released by plant roots (Brzostek & Finzi, 2011, Frey et al., 2013). Labile organic C and
N exuded from plant roots can induce microbial population growth and nutrient
limitation, which results in enhanced production of microbial extracellular enzymes that
decompose SOM (Brzostek et al., 2013, Kuzyakov, 2010).

The carbon-to-nitrogen (C:N) ratio of root exudates has been shown to affect
depolymerization rates, with root inputs of C and N together stimulating decomposition
more than additions of C alone (Drake ef al., 2013). Since litter and root inputs affect
microbial activity, differences in the C:N of inputs owing to differences in species traits
may affect the function of soil microbial communities. For example, a stand with acidic
soils that supports ectomycorrhizal fungi such as eastern hemlock (7suga canadensis) has
a wider litter and root C:N ratio as well as a higher fungal-to-bacterial (F:B) ratio relative
to a stand such as white ash (Fraxinus americana), that has narrow litter C:N and a low
F:B ratio (Finzi et al., 1998, Strickland & Rousk, 2010).

Microbial activity is also temperature sensitive, with depolymerization of SOM

and uptake of dissolved organic carbon (DOC) conforming to Arrhenius kinetics (Lloyd
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& Taylor, 1994). However, soil temperature is only the dominant driver of microbial
activity when substrate supply is not limiting. When substrate supply is limited by
diffusion or oxygen (O,) limitation, then decomposition conforms to Michaelis-Menten
kinetics (Davidson & Janssens, 2006). Substrate and O, limitation have been
demonstrated using field experiments measuring carbon dioxide (CO,) efflux under
different soil moisture conditions (Davidson et al., 1998, McNicol & Silver, 2015).
Physical separation between substrate and enzyme is cited as a mechanism by which
SOM persists through time (Schmidt ez al., 2011).

Despite well-known effects of temperature and substrate supply on the activity of
soil microbes, microbial processes have not been modeled explicitly in terrestrial
biosphere models. In these models, decomposition rate is determined using a linear rate
constant that may vary as a function of temperature or soil moisture (Bolker et al., 1998,
Jenkinson et al., 1990). Indeed, none of the models in the Fifth Coupled Model
Intercomparison Project (CMIPS), used by the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change (2013), have process-level representation of
microbial physiology (Todd-Brown et al., 2013). Where they have been included, the
models suggest that process-level representation of microbial physiology influences soil
C storage at the global scale (Hararuk ef al., 2014, Tang & Riley, 2015, Wieder et al.,
2013).

Linear rate constants do have the advantage of being computationally and
mathematically tractable, and do not result in the oscillatory behavior that is commonly

reported in models that incorporate non-linear processes such as Arrhenius and
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Michaelis-Menten relationships (Hararuk et al., 2014, Wieder ef al., 2014). Given the
importance of microbial physiology to global C cycling, I believe that process-level
representation is necessary, but the resulting model should be as parsimonious as possible
and modular enough to easily exclude features that are not necessary to a particular user
or for which data is not available at a particular site.

In order to build process-level representation of the effect of temperature and
substrate supply on microbial physiology, I merged a model that uses temperature and
substrate supply to predict depolymerization rate (Davidson et al., 2012) with a C and N
microbial physiology model (Finzi et al., 2015). Merging two models involves a number
of challenges including combining model equations, parameterization, and model
assessment. To simplify the presentation of these processes I describe two overarching
objectives here. My first objective is to test the performance of the combined model
relative to each model alone using measurements of heterotrophic respiration in a mid-
latitude forest located in central Massachusetts, USA. My second objective is to apply the
combined model to theoretical concepts such as the response of microbial activity to
varying ratios of C and N substrate additions, and global-change-inspired perturbations to
mean annual temperature and soil moisture. To link these modeling activities to my prior
research on belowground C allocation and rhizosphere processes, I hypothesize that
forest stands characterized by a high C-to-N ratio [litter, root inputs, microbial biomass]
will have lower C efflux rates, and store more soil C than narrow C:N stands (Averill et

al., 2014). My second hypothesis is that warming will increase C efflux, but that added
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soil moisture will not increase microbial activity as a result of the cancellation of a
positive effect on C supply and a negative effect on O, supply.

Methods

Model description

The DAMM-MCNIiP model is a parsimonious belowground C and N model with
core processes-level representation of microbial and exoenzymatic activity. This model
was developed from the merger of the Dual-Arrhenius Michaelis Menten (DAMM)
model of Davidson et al. (2012) with the Microbial Carbon and Nitrogen Physiology
(MCNiP) model of Finzi ef al. (2015). DAMM explicitly simulates the effects of
temperature, soil moisture and substrate supply on the kinetics of soil organic matter
(SOM) depolymerization. Outputs of the MCNiP model include microbial maintenance
respiration, biomass production, exoenzyme production, and C and N uptake and
mineralization.

Soil temperature and moisture inputs constrain the rate of unprotected SOM
depolymerization and uptake of dissolved organic matter, including carbon and nitrogen
(DOM) to the microbial biomass pool. Microbes depolymerize SOM and take up DOM
according to Arrhenius and Michaelis-Menten kinetics. Further, SOM availability is
limited by soil moisture according to DAMM principles of substrate diffusion, and DOM
uptake is limited by soil moisture via O, availability. Microbes allocate C to maintenance
respiration, enzyme production, growth, and overflow C and N mineralization. Enzyme
production and growth are dependent on the C:N ratio of the DOM taken up, as well as

the carbon use efficiency of microbial metabolism. Microbial biomass and enzymes turn
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over at a constant rate, and this carbon is partitioned to SOM and DOM pools (Figure
5.1).

In DAMM-MCNIP, a series of differential equations determines the change in
each pool size at each time step. The change in the soluble C and N pool is modeled as:

dDOC/dt = inputDOC + DEPOLYc + DEATH * (1 - MICctoSOMc) + (CNe/(1+CNe)) + ELOSSc - UPTc [1]

dDON/dt = inputDON + DEPOLYy + DEATH * (1 - MICytoSOMy) + (1/CNe) + ELOSSy - UPTy [2]
where dDOM/dt is the change in the DOM pool size, inputDOM is the root input
[exudation, turnover], DEPOLY is the depolymerization rate of SOM, DEATH is microbial
turnover, MIC toSOM is the fraction of dead microbial biomass C or N returned to the
SOM pool, CNe is the C:N ratio of exoenzymes, ELOSS is the enzyme turnover rate, and
UPT is the rate of DOM uptake by the microbial biomass pool.
Depolymerization rate is modeled as:
DEPOLYc = Vmaxc * a*Enz *avail_ SOC/(Kmc¢ +avail_ SOC) [3]
DEPOLYy = Vmaxy * (1-a)*Enz * avail_ SON/(Kmn +avail_ SON) [4]
where Vmax is the maximum reaction rate when the enzyme is saturated with
substrate, a is the proportion of the enzyme pool acting on the SOC pool (i.e., 1- a is the
proportion acting on the SON pool), Enz is the enzyme pool size, avail SOM is
unprotected SOM, and Km is the half-saturation constant for depolymerization.
Unprotected SOM and Vmax are modeled as:
avail SOM=SOM*frac*Dliq*soilM"3 [5]

Vmaxcn =Acn * exp (-Eacn /RT) [6]
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where frac is the fraction of unprotected SOM, using soluble substrate estimated
from Magill et al. (2000), Dliq is the diffusion coefficient for unprotected SOM in liquid,
soilM is the volumetric water content, A is the pre-exponential constant for SOM
depolymerization, Ea is the activation energy for SOM depolymerization, R is the
universal gas constant, and T is temperature.
Microbial biomass is modeled as:
dMICc/ dt =CNm*GROWTH - DEATH¢ [7]
dMICn/ dt =GROWTH - DEATHN [8]
where MIC is the microbial biomass, CNm is the C:N ratio of microbial biomass,
and GROWTH is microbial biomass growth, and:
GROWTH = ((1-p)*UPT¢*CUE + Enzc - CNe*EPROD) /CNm [C limited]  [9]
GROWTH = (1-q)*UPTn*Enzn — EPROD [N limited] [10]
DEATH = rdeath * Micc n [11]
where p and q are the proportion of assimilated C or N, respectively, allocated to
enzyme production, CUE is carbon use efficiency, EPROD is enzyme production, and
I'death 18 the microbial turnover rate.
Microbial uptake is defined as:
UPTcn = Micen * Vmaxupec n * DOC_N / (Kmupec v + DOC_N)*0z/(Kmoz + 02)  [12]
where Vmaxyp: and Kmyp: are the maximum reaction rate and half-saturation
constants for uptake, respectively. Oz is the oxygen concentration and Kmoz is the half-
saturation constant for 07 as a substrate. Vmaxypcand O are determined by:

Vmaxupeicn = Aupecn * exp (-Eaupec.n / RT) [13]
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0z = Dgas*Ozairfrac*[(porosity -soilM)%3] [14]
porosity =1 - BD/PD [15]
where Aypeis the pre-exponential constant for DOC uptake, Eaup: is the activation
energy for DOC uptake, Dgas is the diffusion coefficient for O, in air, Ozairfrac is the
volume fraction of O air, BD is bulk density and PD is particle density of the soil.
Enzyme production can be C or N limited depending on the stoichiometry of the
DOM taken up:
EPROD=p*(CUE*UPTc)/CNe [C limited] [16]
EPROD = q*UPTy [N limited] [17]

C mineralization, overflow C, and N mineralization are modeled as:

CMIN = UPTc * (1 - CUE) [18]
NMIN = GROWTHy- GROWTH [19]
OverflowC = GROWTH:- CNm*GROWTH [20]

The enzyme pool is a balance between production and turnover, defined as a first
order process:
dEnz/dt = EPROD - ELOSS [21]
ELOSS = renzioss*Enz [22]
where renzioss 1S the enzyme turnover rate.
Lastly, the change in the SOM pool is modeled as:
dSOMc n/dt = Litterc n + DEATH*MICc ntoSOMc n - DEPOLY ¢ n [23]

where Litterc y is the litter input to the SOC pool.
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Inputs to the model include litter and root exudate C and N, temperature and soil
moisture. Outputs used in this study are the rate of C mineralization (i.e., C efflux) and N
mineralization. Litter (leaf, root) is partitioned to SOM and DOM pools at each timestep
(h™"). Root exudates enter the DOM pool only.

Model parameters were identical to original DAMM and MCNiP parameters,
excepting the following: Ay N, Eaupic N, Ac N, Eac n, Kme n. Iestimated Aypic w,
Eaypic N, Ac N, and Eac n from independent measurements of B-glucosidase activity from
organic and mineral soil (Davidson et al., 2012, Finzi et al., 2015). Because I cannot
experimentally distinguish between depolymerization kinetics and uptake kinetics, each
pair of A and Ea values are identical. Kmc  was estimated such that at standard
temperature, 293 K (20°C), and the mean soil moisture value for this site, 0.229 cm® H,O
cm” soil, Kmc n was equal to the initial available substrate SOM concentration (sensu
Davidson et al., 2012). In contrast to Allison et al. (2010) and MCNIiP, I did not choose a
Km larger than the available SOM pool. Microbes in MCNiP have access to the entire
SOM pool, so without a Km value that is high relative to the SOM pool size, substrate
will always be saturating. My parameterization allows for substrate to saturate a reaction
site, for example, if substrate is temporarily mobilized during a wet-up event (Birch,
1958, Davidson et al., 2014). Model parameters are found in Table 5.1.

Model parameters in MCNIiP are based on Allison ef al. (2010). One exception is
the C:N of soil, taken from Schimel and Weintraub (2003). Default initial pool sizes were
determined after model spin up for 2000 years using spin up parameters from Allison et

al. (2010) for the C pool. The N pool was parameterized using the following principles,
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SON = S0OC/27.6 [C:N ratio of soil], DON = DOC/15 [mid-range of DOC:DON from
Hopkinson et al. (1997) and Neff & Hooper (2002)], microbial biomass N = microbial
biomass C/10 [C:N ratio of microbes]. For the default model, I assume that litter and root

inputs have C:N of 27.6 (Table 5.2).

Model comparison

I compared model performance of the DAMM-MCNIiP model against three other
models, DAMM alone, MCNiP alone, and DAMM-MCP (without any mechanistic
linkage between C and N cycling). DAMM parameters are from Davidson et al. (2012).
MCNiP’s enzyme kinetic parameters, Aypic N, Eagpic N, Ac N, Eac n, Kmc n and initial
values were parameterized as in Finzi et al. (2015). DAMM-MCNiP and DAMM-MCP
have identical parameter values (Table 5.1). In DAMM-MCP, N limitation is not possible
because I removed the conditional statements that determine whether or not the system is
N-limited. As a result, C dynamics control the model and N pools follow C pools
according to stoichiometry. I ran DAMM and MCNiP for one year. I ran DAMM-MCNiP
and DAMM-MCP for 200 years to achieve stable efflux values.

To test model performance, I used measurements of soil temperature, moisture,
and C efflux from a trenching experiment at Harvard Forest, MA. A 5 x 5 m trench was
dug to 1 m depth in November 2008 in a mixed hardwood stand on the Prospect Hill tract
of Harvard Forest. Automated measurements of C efflux were collected from April
through October 2009. I used C efflux from trenched plots as an estimate of heterotrophic

respiration. This dataset is described in greater detail in Davidson et al. (2012).
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Linear regression was used to fit the output predicted by each model with C efflux
measurements from trenching, and to fit model-predicted N mineralization with soil
moisture measurements. I computed the correlation coefficient (Pearson’s p) between
model-predicted C efflux and temperature or soil moisture. All analyses were conducted

in R Statistical Software (R Development Core Team, 2013).

Root input measurements

Root C inputs were measured in three stands at Harvard Forest, white ash
(Fraxinus americana), red oak (Quercus rubra), and eastern hemlock (7suga
canadensis). Root exudates were collected from six root systems per stand in June and
August of 2012, and April, May, July and October of 2013 following the method of
Phillips et al. (2008, 2011). Root turnover was measured April-December 2012, March—
November 2013, and April-November 2014 in ten minirhizotron tubes per stand using a
BTC-100x high magnification minirhizotron camera system (Bartz Technology
Company, Carpenteria, CA). I averaged across the three stands and across replicate
samples to determine the base rate of root input, 120 g C m? yr'l, which was comprised
of an exudation (102 g C m™ yr'l) and root turnover (18 g C m? yr'l) flux component. [
assume that exudation occurs primarily during the growing season and follows a
unimodal Gaussian distribution with a standard deviation of 42 days. I used this root
input rate and phenology for the following simulations that manipulate C:N, temperature,

and soil moisture.



140

Model simulation of microbial physiology response to C:N ratio

I conducted model simulations of DAMM-MCNIP that test the importance of
stand-level differences in C:N on microbial physiology. C and N mineralization was
simulated in two theoretical forests differing in their litter, root input, and microbial
biomass C:N, based on ranges reported in literature for an arbuscular-mycorrhizal
hardwood stand where decomposition is dominated by bacteria (herein Narrow C:N), and
an ectomycorrhizal conifer stand where decomposition is dominated by fungi (herein
Wide C:N; Table 5.3). In order to compare the effects of varying input and microbial
C:N, I conducted three tests. First, I ran the model using either high or low values of litter
and root input C:N. Second, I ran the model using high or low values of microbial
biomass C:N. Finally, I varied both input and biomass C:N (Table 5.3).

To determine the effect of root input C:N on depolymerization and microbial
efficiency, I varied root input C:N between 1 and 100 and recorded the SOC pool size at
different quantities of root input and root input C:N. I used the ratio of depolymerization

rate to microbial biomass as a measure of microbial efficiency.

Model simulations of global change
In order to estimate the effect of global change on annual C and N efflux, I
perturbed the temperature and soil moisture inputs for the last year of each model run of
DAMM-MCNIP. First, I increased and decreased the temperature at each time point by
5°C. Second, using ambient temperature forcing, I increased and decreased soil moisture

at each time point by 50%. I calculated the absolute difference between each temperature
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and soil moisture treatment relative to ambient, and cumulatively summed the C or N
efflux over the year.

Results

Model comparison

From a visual inspection of the model output, DAMM captures the seasonality of
measured C efflux well, though it slightly over-predicts C efflux during mid-summer
(DOY 220-250), and under-predicts efflux during large precipitation events (e.g., DOY
170, 240; Figure 5.2a). The RMSE of the correlation between DAMM and measured C
efflux is 31.7 (B = 0.85, F} 2903 = 3102, P < 0.001, Rzadj =0.52; Figure 5.3a). MCNiP has
an RMSE of 7.6 with little change in amplitude between summer and winter efflux
(Figure 5.2b). The slope (P) of the relationship between MCNiP and measured efflux is
lower than 1 (B = 0.20, F; 2965 =2998, P <0.001, Rzadj = 0.50; Figure 5.3b). The RMSE of
DAMM-MCNIP is 26.7, and is lower than that of DAMM. The slope of the relationship
between predicted and measured efflux for DAMM-MCNIP is lower than 1, but higher
than MCNiP (B = 0.59, F; 2065 = 2156, P < 0.001, R?,g = 0.42; Figure 5.3c). DAMM-
MCP lacks any linkage to the N cycle, and has an RMSE of 25.9 (B = 0.57, Fi 2965 =
2096, P < 0.001, R?; = 0.41; Figure 5.3d).

DAMM-MCNIP model residuals indicate that DAMM-MCNIP slightly over-
predicts C efflux across the range of soil moisture values and under-predicts some C
efflux values between 0.3 and 0.5 cm® H,0 cm™ soil (Figure 5.4a). DAMM alone over-
predicts C efflux at low and high soil moisture values and under-predicts C efflux

between 0.3 and 0.5 cm® H,O cm” soil (Figure 5.4b). At soil moisture values > 0.68 cm’
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H,0 ¢cm™ soil, DAMM cannot solve for a C efflux value, because soil pores are
completely filled with water. In DAMM-MCNIiP, however, I implemented a drainage
subroutine that allows water to exit soil pores, alleviating the mathematical impossibility
of having more water in the soil than available pore space.

DAMM is more strongly correlated with temperature (p = 0.90) than soil moisture
(p=0.15). DAMM-MCNIP is correlated with temperature (p = 0.69) and soil moisture (p
=0.33). In DAMM-MCNIiP, the seasonal pattern of temperature and soil moisture is
similar to the pattern of depolymerization rate, C uptake rate, C mineralization rate and
the size of DOC pool (Figure 5.5a,b,e,f,g,j). The phenology of the SOC pool is opposite
that of the microbial biomass and enzyme C pools, such that SOC is most depleted (i.e.,
DOY 250) when the microbial biomass pool reaches its annual peak (Figure 5.51,k,1). N
mineralization is not confined to the growing season and has a significant negative
relationship with soil moisture (F; 4550 = 925, P <0.001, Rzadj =0.17; Figure 5.5b,d).
Overflow C is the release of excess C from microbes after allocation to maintenance
respiration, enzyme production, and biomass growth. Overflow C is an intermittent flux
that only occurs when all available N is immobilized (i.e., when N mineralization is low

or absent; Figure 5.5h; Figure 5.6).

Model simulation of microbial physiology response to C:N
The theoretical Narrow C:N stand had higher C and N mineralization rates
compared to the Wide C:N stand, by 12 g C m™yr" and 0.9 g N m™ yr’', respectively.
When input C:N was changed from default settings but microbial biomass C:N was held

constant, the Narrow C:N stand mineralized 27 g C m™?yr" and 1.4 g N m™ yr”' more than
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the Wide C:N stand (Figure 5.7a,d). In contrast, the Wide C:N stand had higher C and N
mineralization by 12 g C m™?yr" and 0.9 g N m™ yr’', respectively, when only microbial
biomass C:N was changed from default settings (Figure 5.7b,e). As a result, the
difference in C and N mineralization between the Wide and Narrow C:N stands was
small when both input and microbial biomass C:N were varied (Figure 5.7c,f; Table 5.3).
SOC depolymerization increased with the magnitude of root input to the DOC
pool, depleting the SOC pool. This effect appeared to exhibit asymptotic behavior at high
values of exudate inputs. Low root input C:N resulted in more depolymerization than
high input C:N (Figure 5.8a). At low C:N, there was an increase in microbial efficiency
with root inputs (Figure 5.8b, red line). At high C:N, SOC was depleted as a result of an

increase in microbial biomass (Figure 5.8¢).

Model simulations of global change

A 5°C warming of seasonal temperature inputs increased C efflux by 119 g C m™
yr'. An equivalent decrease in ambient temperature caused C efflux to fall by 71 g C m™
yr! (Table 5.4; Figure 5.9a). N mineralization increased by 0.37 g N m™yr' with
warming and decreased 0.32 g N m™ yr™' with cooling (Figure 5.9b).

A 50% increase in seasonal soil moisture caused a large increase in C (220 gC m”
2 yr'l) efflux and a smaller increase in N mineralization (0.9 g C m™ yr'l), while a 50%
decrease in soil moisture decreased C efflux by 156 g C m™ yr" and N mineralization by
0.21 gN'-m™yr' (Figure 5.9c,d). There were also large changes in the seasonal pattern of
N mineralization, with more variation in the wet treatment compared to the dry treatment

(Figure 5.9d). The absolute difference in C efflux in the warming and added soil moisture
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treatments were greater than the reduced temperature and soil moisture treatments, but
the effect of each treatment was similar for N mineralization (Figure 5.10). Cumulative
sums of mineralization measured over the growing season demonstrate that temperature
and soil moisture treatments had a larger effect on annual C efflux than on N
mineralization (Figure 5.11). In addition, N mineralization in the dry treatment exceeded
both ambient and wet treatments for large portions of the year (Figure 5.10d, 5.11d).
Discussion

As currently parameterized, DAMM-MCNIiP predicts realistic C efflux during
transient wet-up events (Figure 5.4a), an area where many present-day models struggle to
represent the increase in C efflux with soil moisture (Ise & Moorcroft, 2006, Rodrigo et
al., 1997). However, DAMM-MCNIiP over-predicts C efflux in constant high soil
moisture conditions. DAMM-MCNIP produces realistic responses to temperature
perturbation, and thus may be useful for investigating the interaction between substrate
and temperature controls on microbial activity. Consistent with hypothesis 1, model
predictions of SOM decomposition in response to variable C:N inputs show that N-rich
root exudates increase the decomposition rate of SOM and that wide C:N stands store

more C than narrow C:N stands (Averill et al., 2014).

Model comparison
DAMM alone captures the seasonality of C efflux. The slope of the C efflux
predicted by DAMM plotted against measured C efflux is the closest to 1 of the four
models. However, DAMM parameters were fit to these data using parameter

optimization, and therefore is it not surprising that model bias is low. The RMSE of
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DAMM, however, is highest of the four models. In contrast, MCNiP alone has the lowest
RMSE of the four models, but does not capture the observed seasonal pattern of C efflux,
with the slope between observed and predicted efflux equal to 0.2. This indicates that
while MCNiP has high precision, alone it has low predictive accuracy. In contrast to
DAMM, MCNIiP is currently parameterized from literature values as a theoretical model,
and has not been previously fit to data (Allison et al., 2010, Schimel & Weintraub, 2003).
That it performs as well as it does is notable.

Together, DAMM and MCNIiP capture the seasonal cycle of soil C efflux. Though
the RMSE of DAMM-MCNIP is much higher than that of MCNiP, DAMM-MCNIiP has
the ability to predict realistic seasonal patterns in response to fluctuations in temperature
and soil moisture. That is, the slope of the predicted compared to observed efflux is
closer to 1 for DAMM-MCNIiP compared to MCNiP.

The correlation coefficients between C efflux predicted by DAMM and
temperature (p = 0.90) or soil moisture (p = 0.15) indicate that DAMM alone is more
sensitive to temperature than to soil moisture. DAMM-MCNIP is relatively more
sensitive to soil moisture (p = 0.33) than is DAMM. As a result, DAMM-MCNIiP
successfully predicts the large increase in C efflux after wet-up events, which DAMM
alone cannot recreate.

The major benefit of DAMM-MCNIP in comparison to DAMM and MCNiP
alone is the process-level representation of microbial physiology coupled with the ability
to represent substrate availability at the micro-site scale. Another benefit is the coupling

of the C and N cycle, which allows for investigation into nutrient limitation and priming
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effects. Although, DAMM-MCP is decoupled from the N cycle, model performance is
similar to DAMM-MCNIP [slightly lower RMSE and slope], though the lack of a N cycle
limits its utility. The fact that it does perform as well as DAMM-MCNIP suggests the
need to assess both models against other datasets. The stoichiometric coupling in
DAMM-MCNiP may also benefit from data-model assimilation using Harvard Forest
datasets, modifications to the model’s core structure, or both.

From a visual inspection of the model inputs, pools and fluxes, it is clear that
temperature and soil moisture together determine the rate of depolymerization, which
then constrains the DOC pool, C uptake, and C efflux (Figure 5.5¢,f,g). N mineralization
occurs throughout the growing season, and is negatively correlated with soil moisture.
Overflow C occurs when the system is N-limited, and as a result overflow C and N
mineralization are nearly mutually exclusive (Figure 5.6). This is an important model

diagnostic which demonstrates that the coupling of C and N in the model is working

properly.

Model simulation of microbial physiology response to C:N
When I narrowed the C:N ratio of root inputs and microbial biomass, I observed a
small increase in the amounts of C and N mineralized, supporting my first hypothesis that
stands with narrow C:N will have higher C efflux rates (Figure 5.7). This response to low
C:N is consistent with my understanding of priming based on MCNiP (Finzi et al., 2015)
and related models (Drake et al., 2013), where adding N increased C efflux and SOM

decomposition (Figure 5.8a).
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The mechanism by which more SOM is decomposed with added exudates at root
C:N > 3 is an increase in microbial biomass rather than an increase in microbial
efficiency (Figure 5.8b,c). This understanding of priming is not necessarily counter to
findings that suggest that low N inputs stimulate foraging for N by inducing N limitation
(Craine et al., 2007). Adding more N to the system supports a larger microbial biomass,
but these microbes can still be N limited, since the C:N of litter and root inputs is still
higher than the C:N of microbial biomass (Table 5.3).

When only microbial biomass C:N was varied, the wide C:N stand predicted a
slightly higher C efflux than the narrow C:N stand, because microbial biomass with high
C:N is more closely matched to the C:N of litter and root inputs. Varying input and
microbial biomass C:N together does not change the overall C efflux by a large amount,
consistent with idea that microbial activity is limited by the stoichiometry of its substrate

(Sinsabaugh et al., 2009).

Model simulations of global change
Warming seasonal temperatures by 5°C increased C efflux by about 55%,

supporting the first part of the second hypothesis that warming increases heterotrophic
respiration. C efflux increased ~50% from cold to ambient treatments, suggesting that the
temperature response to 5°C warming is consistent regardless of the starting temperature.
A 50 — 55% increase in heterotrophic respiration with warming was greater than the
observed increase in total soil CO; efflux in response to 5°C warming in two studies at
the Harvard Forest by 11 and 27% (Contosta, 2011, Melillo et al., 2002). Soil warming in

the field usually dries the soil along with heating, which may account for the smaller
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increase in C efflux observed in the field. In fact, when I simultaneously warmed the soil
by 5°C and decreased soil moisture by 10%, which corresponds to the amount of drying
observed by Contosta ef al. (2011) in the soil organic horizon, I predicted an increase in
C efflux increase of only 17% over ambient conditions (Figure 5.12).

Warming and cooling treatments had similar effects on N mineralization (Figure
5.10b), with a slightly positive effect of warming, but many instances over the growing
season where N mineralization decreased with additional warming. At the seasonal time-
scale, N mineralization was not very sensitive to temperature with perhaps marginally
more N mineralization during the growing season, so it is not surprising that at the annual
time-scale, an increase in temperature also had a small effect on N mineralization.

In contrast to the second part of hypothesis 2, soil moisture manipulations had a
larger effect on C efflux than did either warming or cooling. I hypothesized that a 50%
increase in soil moisture would have a relatively small positive effect, because the
increase in diffusive transport of substrates would be moderated by O, limitation.
However, I found that O, limitation had a small effect relative to diffusion because C
efflux was strongly stimulated in the 1.5x soil moisture treatment and strongly limited in
the 0.5x soil moisture treatment. Suseela et al. (2012) found that heterotrophic respiration
was reduced in a mesic suburban old-field site when volumetric soil moisture was outside
of a 15-26% window. Davidson et al. (1998) found high soil respiration at similar
volumetric soil moisture values. The mean volumetric soil moisture for the dry and wet
treatments in the simulation was outside of this window (15% and 41%, respectively),

suggesting that DAMM-MCNIiP may overestimate C efflux at high soil moisture values.
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Soil moisture manipulations had a large impact on N mineralization. At low soil
moisture, N mineralization had a lower coefficient of variation (CV = 0.41) over the
growing season than it had at ambient (CV = 0.96) or added soil moisture (CV = 1.1;
Figure 5.9d). During dry conditions there is little substrate available for depolymerization
and microbial uptake. Because substrate supply is low throughout the growing season,
this limits the rate N mineralization. Conversely, when substrate is plentiful during wet
conditions, N mineralization is widely variable depending upon whether microbial
growth is C or N limited. Since the wet treatment resulted in a large pool of available
SOC, I expected that N mineralization would decrease because microbial growth
becomes N limited. This was not the case, however, because there were many time
periods throughout the simulation when microbial growth was C limited (Figure 5.10d).

This suggests that the model may be operating under greater C limitation than expected.

Summary

The DAMM-MCNIP model is a parsimonious model that simulates
decomposition and C and N mineralization using process-level representation of
microbial physiology and stoichiometry. It is one of the first microbial physiology
models that can represent the C and N cycle together with plant substrate supply, making
DAMM-MCNIP a candidate for linkage with terrestrial biosphere models that allocate a
fraction of fixed C belowground at each time-step. The model inputs are similar to
CENTURY (i.e., soil temperature, moisture, C and N), but rather than combining

temperature and soil moisture effects into a linear decomposition factor, DAMM-MCNiP
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explicitly models the processes by which temperature and moisture affect substrate
availability and enzyme kinetics (Bolker ef al., 1998).

DAMM-MCNIP requires parameter estimation and sensitivity analyses beyond
those performed here (i.e., by varying C:N, soil temperature and soil moisture) in order to
reproduce measured C efflux without bias. Future work will focus on parameterizing
DAMM-MCNIP using Baysian data assimilation, first at the Harvard Forest in
Petersham, MA and then at other sites. I will nest parameter value estimates and their
associated uncertainty at each site using a hierarchical framework that can then estimate
broader regional-scale parameters. A broadly parameterized microbial physiology model
such as DAMM-MCNIiP may improve terrestrial biosphere model predictions of SOC

pools under global change.
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Parameter Units Default Value Description

rootDOC mg cm” input Root exudates

T K input temperature in Kelvin

0 em’® H,0 em™ soil input volumetric water content

BD gcm” 0.8 bulk density

PD gcm” 2.52 particle density

O2airfrac L O,/ L air 0.209  volume fraction of O, air

frac gCcm™/ gCcm? 0.000414 fraction of unprotected SOM,
using soluble substrate estimated
from Magill et al., 2000

Djiq - 3.17 diffusion coefficient for
unprotected SOM and DOM in
liquid

) - 1.67 diffusion coefficient for O, in air

Kmg, cm’ O, cm™ air 0.121 Michaelis constant for O,

R kJ K mol” 0.0083145 universal gas constant

endTime h 2000000 number of hours simulated in
model run

p - 0.5 proportion of assimilated C
allocated to enzyme production

q - 0.5 proportion of assimilated N
allocated to enzyme production

a - 0.5 proportion of enzyme pool acting
on SOC pool (1-a = proportion
acting on SON pool)

initSOC mg cm™ 144.5986 initial SOC pool

initSON mg cm” 5.4413 initial SON pool

initDOC mg cm™ 0.00091631 initial DOC pool

initDON mg cm™ 0.00049421 initial DON pool

initBiomassC mg cm” 1.1957 initial microbial biomass C

initBiomassN mg cm” 0.1196 initial microbial biomass N

Litterc x mg cm” hr’! 0.0005 litter input to SOC pool

LitterCN mg cm” hr! 27.6 C:N of litter input to SOC pool

initEnz mg cm™ 0.0381 initial enzyme pool

inputDOC mg cm” hr! 0.0005 root input to DOC pool

inputDOCN mg cm” hr! 27.6  C:N of litter input to DOC pool

r_death hr! 0.00015 microbial turnover rate

r_EnzLoss hr! 0.001 enzyme turnover rate

MIC¢ xtoSOC¢ x  mg mg” 0.5 fraction of dead microbial biomass
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Parameter Units Default Value Description
Ac N mg SOM cm” (mg 1.0815.10""  Pre-exponential constant for SOM
Enz cm®)!' h! depolymerization
Ayptc N mg DOC cm” (mg 1.0815.10" Pre-exponential constant for DOC
biomass cm™)" h! uptake
Kmc n mg cm” 0.0025 Half-saturation constant for SOM
depolymerization
Kmypc n mg cm” 0.3 Half-saturation constant for DOC
uptake
CUE mg mg”’ 0.31 Carbon use efficiency
Eac n kJ mol”! 61.77 Activation energy for SOM
depolymerization
Eapc N kJ mol™ 61.77 Activation energy for DOC uptake
CN, - 27.6 C:N of soil
CN, - 27.6 C:N of litter
CNp - 10 C:N of microbial biomass
CN, - 3 C:N of enzymes
CNex - 27.6 C:N of root inputs




Table 5.2. Initial pool sizes (Spin Up) and the resulting default initial pool sizes (Default) after 2000 years of

spin-up.

Parameter Abbreviation Units Spin Up Default

SOC pool nitSOC mg cm™ 100 144.5986
SON pool initSON mgem”  3.6232 5.4413
DOC pool nitDOC mg cm” 0.5 0.00091631
DON pool initDON mgem”  0.0333  0.00049421
microbial biomass C initBiomassC mg cm™ 0.5 1.1957
microbial biomass N initBiomassN mg cm™ 0.05 0.1196
enzyme pool initEnz mg cm” 0.01 0.0325
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Table 5.3. Parameter values for the C:N of litter, root inputs, and microbial biomass for two theoretical stands.

Narrow C:N  Wide C:N  Reference

Litter input

Root input
Microbial
biomass

50
10

6

100
100

12

Finzi et al. 2001

Drake et al. 2013, Finzi et al. 2015
Wallenstein et al. 2006, Bengtson et al.
2012
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Table 5.4. Annual C and N mineralization predicted by DAMM-MCNIP in four simulations that manipulate
either temperature or soil moisture. Here 0 refers to volumetric soil moisture.

Ambient +5°C -5°C 1.5x0 0.5x0
C mineralization 217 337 146 437 61
(g Cm?yr’)
N mineralization 2.9 32 2.5 3.7 2.6
(gNm?’yrh
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Figure 5.1. Conceptual figure of the merger of DAMM (blue and orange boxes) and MCNiP (box and arrow
diagram). SOM depolymerization occurs using Arrhenius and Michaelis-Menten kinetics, substrate diffusion,
and a temperature-dependent Vmax (blue box). I held Km constant for the model runs in this study, but a linear
temperature-sensitivity relationship can be applied to it if desired. DOC uptake is controlled by DAMM Kkinetics
as well as O, concentration at the reaction site (orange box; see Table 5.1 for DAMM equation parameter
definitions). MCNiP has four pools: SOM, DOM, Microbial biomass, and Enzymes. Litter and root inputs enter
the SOM and DOM pools, respectively, and outputs are CO, as a product of respiration and inorganic N as a
product of N mineralization.
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158

a) DAMM b) MCNiP
o o
I b I b
c ¥ c ¥
‘E o ‘E o
o o
(@] a0} o [sp]
E E
x o P Q
2 & 2 &
@ @
O o O o
- 2 - 2
ICHE ICHE
2 o
O O
8 o 8 o
o ] ] | I I o ] ] | I I
0 100 200 300 400 0 100 200 300 400
Measured C efflux (mg m2hr ") Measured C efflux (mg m2hr ")
c) DAMM-MCNiP d) DAMM-MCP
o o
I b I b
c ¥ c ¥
‘E o ‘E o
o o
o ™M o ™M
E E
x o P Q
2 & 2 &
@ @
O o O o
- 2 - 2
ICHE ICHE
o o
O O
8 o 8 o
o ] ] | I I o ] ] | I I
0 100 200 300 400 0 100 200 300 400
Measured C efflux (mg m2hr ") Measured C efflux (mg m2hr ")
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Figure 5.4. (a) DAMM-MCNiP and (b) DAMM model residuals plotted as a function of soil moisture (0).



Soil temperature ( ° C)

CAwx(mg mhr')

C poal(g m~)
528 530 532 534 536 538

a)

Soil temperature

20

15
|

i

vf"
'

o (em’ Hy 0 om  soil)

1)

50100 150 200 250

0
|

Depolymerization

C flux {mg mzhr1)

Figure 5.5. DAMM-MCNIiP model inputs (black), fluxes (blue) and pools (pink).

Cpoolig m 2)

T T T
150 200 250
Day of year

b)

08 08 10

0.4

02

=]

150 200

100

50

160

Soil moisture c) Root input C d) N mineralization
w0 — J,\ o]
: = ol / \ o ,
e A IR B
j : E = \ E o .P P h
E'I g"’_ gq_ . E|. H
Wﬂ A ;_-.Idiaf-r fi:.! W
o Z o |y Ay 2 0 N
l “V o' h Gl il i
C Uptake a) C mineralization n) Overflow C
E \* - 7 a
: w W, | geq b
w ! E ég_léi i
LI [&] O W ' R
bl D__’J_q_ il A
DoC k) _Microbial Biomass C )] Enzyme C
| NE
S s RGN P s B AR
v :4 NE i f NE 2
| ! L‘ )’ 23 A 2] / \
| 'IM U! g2\ g8\
AR S AN AN
U!t Mﬁ 51\, - .
T T

T I T
130 2000 250 300

Day of year

T T
150 200

Day of year

250

T T T
130 200 250 300

Day of year



161

Overflow C vs. N mineralization

25
|

15

Cﬂux(mgmzhr1)

|

0.0 05 10 15 20 25
N flux (mg m 2 hr_1)

Figure 5.6. Plot of overflow C as a function of N mineralization.
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Figure 5.7. Annual C and N mineralization in stands with narrow (pink) or wide (blue) C:N using parameters
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C:N was varied and inputs were held at their default value. (¢) C and (f) N mineralization when both input C:N

and microbial biomass C:N were varied between stands.
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Figure 5.9. Effect of 5°C warming (pink) and 5°C cooling (blue) on (a) C and (b) N mineralization. Effect of 1.5x
soil moisture (pink) and 0.5x soil moisture (blue) on (¢) C and (d) N mineralization. Black lines indicate C or N
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CHAPTER SIX: CONCLUSION

The research in this dissertation followed C from aboveground allocation through
roots to soil microbes at seasonal and inter-annual timescales. I used data compilation,
field studies, and computer simulation to study global, plot-level, and micro-site spatial
scales, respectively. One overarching objective of this work was to scale up
measurements of local or micro-site processes to make ecosystem scale inferences. This
was accomplished using plot averaging in the field study in Chapter 3, and using
computer simulation to scale micro-site microbial activity to recreate plot-level
phenomena (i.e., heterotrophic respiration) in Chapter 5. I explored a new method for
quantifying rhizosphere extent in Chapter 4, which could then be used to scale up
microbial activity in models that represent the distribution of roots in soil and root-
derived substrate supply (Finzi ef al., 2015).

A second overarching theme was the effect of substrate supply on plant and
microbial activity, such as the temporal coupling between photosynthesis and root growth
or respiration, or the exudation of labile C to support microbial growth and soil organic
matter (SOM) decomposition. My primary focus on C cycling was motivated by the
fundamental role of C in organizing biological systems, as well as its role as a potent
greenhouse gas that is altering the Earth’s climate, with largely negative impacts on
ecosystem services (Field & Van Aalst, 2014).

Phenology and C allocation
In both a meta-analysis across multiple biomes and field studies in a mid-latitude

temperate forest, [ found a difference in the phenology of evergreen compared to
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deciduous trees. Deciduous root growth occurred earlier in the growing season relative to
evergreen trees. Moreover, the timing of maximum root production in deciduous trees
was more synchronous with measurements of aboveground phenology than that of
evergreen trees. If this difference in phenology is consistent among the many species that
are represented in each growth form, then there are implications for the ecosystem
models that currently assume all phenology is synchronous (Medvigy et al., 2009, Oleson
et al., 2010, Woodward & Lomas, 2004). Based on the findings of Chapters 2 and 3, this
assumption of synchronicity is accurate for the temperate broadleaf deciduous plant
functional type (PFT). However, a more accurate representation of the temperate
needleleaf evergreen PFT is a lagged allocation of C belowground to roots.

It is difficult to determine one set of parameters for the all of species represented
in a PFT because of the diversity of plant trait values among different species. As a result
of this limitation, recent proposals are focusing on replacing PFTs altogether with
species-specific or phylogenetically hierarchical plant traits that may vary as a function of
temperature, soil moisture, clay content, or other widely available correlates of plant
function (Wullschleger et al., 2014). Though existing plant trait databases are very sparse
(Kattge et al., 2011), advances in matrix imputation may be able to use phylogenetic
relationships to fill in missing plant traits with traits of closely-related taxa (Swenson,
2014). My data are immediately applicable as part of a plant trait database. Chapter 2
meta-analysis data have already been submitted to TRY, a global plant trait database

initiated in 2007 (Kattge et al., 2011).
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Temperate deciduous trees have high growing season photosynthetic rates relative
to temperate conifers (Hadley et al., 2008), resulting in similarly high rates of
belowground C allocation. I found that red oak (Quercus rubra) stands allocated ~250 g
m™ more C belowground than eastern hemlock (T'suga canadensis) during the growing
season. This discrepancy is driven by the difference in root production between stands.
This observation suggests that long-term increases in C uptake and biomass noted in red
oak trees at the Harvard Forest are facilitated by root production to meet nutrient demand
(Keenan et al., 2012, Urbanski et al., 2007).

In red oak, increasing root production was a confirmation of high stand
productivity, but in eastern hemlock, decreasing root production suggested a stand-level
decline. The year-over-year decline in root production is coincident with the arrival of the
hemlock woolly adelgid in 2012, its spread throughout Harvard Forest in subsequent
years, and visible signs of crown thinning and HW A-induced tree mortality recorded by
2014. From these data, I conclude that disease-related declines in productivity are
manifested belowground. Notably, live roots sampled from the hemlock stand had similar
nonstructural carbohydrate, exudation, and respiration measurements to the other stands.
Both the tight coupling of above and belowground phenology in red oak and the rapidity
of disease-related decline in hemlock suggest that newly fixed C is important to root
growth and longevity.

There is still little known about the phenology of roots. The National Ecological
Observatory Network (NEON), founded in 2006 to collect standardized observational

data across the United States, is building soil arrays that include minirhizotron cameras
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permanently mounted in tubes installed into their terrestrial sites (Pennisi, 2010). These
cameras can rotate and move vertically on a track in order to take photos and wirelessly
transmit data back to a field station (Roberti ef al., 2014). This will be the first large-scale
implementation of this technology, and will also create the need to improve automated
root detection, as the number of root images proposed cannot be annotated manually
(Vamerali et al., 1999, Zeng et al., 2008). I am optimistic that NEON’s national
implementation of minirhizotron cameras as well as ancillary soil and environmental
measurements will produce data that greatly improve estimates of root production and its
environmental drivers.
Modeling the micro-site at global scales

I developed a model that represents the effect of temperature and substrate supply
on microbial activity by merging the Dual Arrhenius Michaelis-Menten model of
Davidson et al. (2012) with the Microbial Carbon and Nitrogen Physiology Model of
Finzi et al. (2015). The combined model, DAMM-MCNIiP, reproduced measured rates of
heterotrophic respiration over the growing season, and performed particularly well
compared to each model alone when confronted with wet-up events. I show that the
stoichiometry of root exudates influences both the amount and the mechanism by which

priming occurs.

In order to scale up DAMM-MCNIiP’s rhizosphere and bulk soil model outputs to
an ecosystem flux, I had to make an assumption about the rhizosphere volume. Currently,
DAMM-MCNIP is parameterized for 1 cm® of soil that is assumed to be exactly 20%

rhizosphere, determined using a modeling exercise based on the assumption that exudates
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diffuse 2 mm away from the root surface (Finzi et al., 2015). I developed a quantitative
framework for estimating the spatial extent of the rhizosphere using image analysis of 2-

D zymographs that may be able to improve estimates of the exudate diffusion distance.

An alternative to using a single value for the rhizosphere volume in models is to
explicitly represent fluid transport of root exudates. I am preparing a depth-resolved
version of DAMM-MCNIP that can include vertical or lateral transport of root exudates
that are dissolved into the DOC pool, as well as declining root inputs with depth based on
the depth distribution of root biomass (Finzi ef al., 2015). Given adequate data on the
enzyme activity of bulk versus rhizosphere soil, it may also be possible to use a future
version of DAMM-MCNIP to estimate an effective rhizosphere distance by fitting it as a

parameter to measureable outputs such as C and N mineralization.

The main contribution of DAMM-MCNIP is that it explicitly represents the
processes that control the availability of SOM. However, SOM availability is also
determined by the chemical composition of the soil, which influences aggregate
formation, adsorption, and desorption of organic matter to minerals (Conant et al., 2011,
Grandy & Neff, 2008). DAMM-MCNIP does not currently represent physical or
chemical protection of SOM dynamically. Rather, DAMM-MCNIiP considers a fixed
fraction of SOM at each time step to be “unprotected”. This unprotected SOM is
available for microbial depolymerization if it can diffuse to an extracellular enzyme.
While DAMM-MCNIP can reproduce C efflux after a wet-up event by accurately

representing the large amount of available C released by wet-up (Parton ef al., 2012), it
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over-predicts C efflux in constant high soil moisture conditions. DAMM-MCNIiP’s
representation of soil moisture dynamics may improve with parameter optimization, but it
is also possible that there is a temperature control on SOM protection that is not currently

represented.

Some microbial physiology models have also started to incorporate some
representation of sorption to soil minerals (Tang & Riley, 2015, White et al., 2014). One
microbial physiology model that has an intriguing simplification of SOM protection is
MIMICS, which omits soil moisture but calculates the half-saturation constant of
depolymerization as a function of soil clay content. This approximation of SOM
“protection” simulates changes in SOM pools better than DAYCENT, a model lacking

microbial physiology (Wieder et al., 2014).

There are a large number of decomposition models, many of which have some
representation of microbial physiology (Allison et al., 2010, Drake et al., 2013,
Moorhead et al., 2012, Schimel & Weintraub, 2003, Tang & Riley, 2015). Though
DAMM-MCNIP is the only microbial physiology model to include representation of
temperature, substrate supply, C and N cycling, it may not necessarily have the most
predictive power. In order to determine which models perform well when confronted
with new data, there needs to be a framework for model testing and comparison. In
CMIPS, the predicted pools or fluxes of different process-models are plotted together and
a moving average of these models is considered the most likely scenario (Ahlstrom et al.,

2012). If parameter uncertainty can be propagated through to outputs, then it is possible
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to compare model outputs to each other and also identify which parameters require more
data constraints. This type of error propagation could be done in a Bayesian framework
(Tang & Zhuang, 2009) or in a computationally simpler Monte Carlo framework (Keenan

etal.,2013).

Summary

The research presented in this dissertation focuses on the seasonality and
partitioning of belowground C allocation to roots and soil microbes. I found that above
and belowground phenology are often asynchronous, and that root growth drives the
phenology of belowground C allocation. Root growth and respiration are positively
correlated with temperature, and C allocation to root production in a deciduous mid-
latitude forest is tightly coupled with photosynthesis. Continued burning of fossil fuels
will increase the temperature and CO, concentration in the atmosphere, resulting in an
increase in belowground C allocation (Drake ef al., 2011). Root allocation and elevated
temperature both stimulate soil microbial activity, and ultimately, the flux of CO, into the
atmosphere via heterotrophic respiration. This cycle constitutes a positive feedback to
climate change, one that may be mitigated by C sequestration in plant biomass,
acclimation of microbial metabolism, or depletion of substrate supply (Frey et al., 2013,
Norby et al., 2005).

DAMM-MCNIP is one of the first microbial physiology models that can represent
the C and N cycle together with plant substrate supply, making it a candidate for linkage
with terrestrial biosphere models that are used to estimate feedbacks between plants,

microbes, soil and the atmosphere. Though I have only tested DAMM-MCNIP against
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one data set thus far, others have demonstrated that including microbial processes in C
cycle models substantially improves predictions of the spatial distribution of SOC
(Hararuk et al., 2014). Inclusion of these processes can change the prediction of future
SOC pool size by > 300 Pg C (Tang & Riley, 2015, Wieder et al., 2013), indicating that

plant-microbe—soil feedbacks are critical to the global C cycle.
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measurements of in situ soil extracellular enzyme activity (in prep)

Abramoff RZ, Davidson EA, Finzi AF. A parsimonious modular approach to building a
mechanistic belowground carbon and nitrogen model (in prep)

SELECTED PRESENTATIONS
Long Term Ecological Research All Scientists” Meeting (2012), September — Poster:
Phenology of belowground carbon allocation in a mid-latitude forest*

American Geophysical Union Fall Meeting (2013), December — Presentation: Root
phenology at Harvard Forest and beyond

Northeast Natural History Conference (2014), April —Invited Presentation: Linking
above and belowground phenology at Harvard Forest and bevond

Department of Energy Terrestrial Ecosystem Science PI Meeting (2014), May —Poster:
Seasonality of carbon allocation to roots in a mid-latitude forest

Boson University (2014), May —Guest lecture: Measuring C in terrestrial ecosystems

Ecological Society of America Annual Meeting (2014), August —Presentation
(Organized Session): What is the relationship between aboveground and
belowground phenology? A meta-analysis and case study

American Geophysical Union Fall Meeting (2014), December — Invited Presentation: A
Parsimonious Modular Approach to Building a Mechanistic Belowground C and N
Model

Harvard Forest Ecology Symposium (2015), March —Invited presentation: The secret
lives of roots: Seasonality and partitioning of belowground C to three Harvard
Forest stands




