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THE FERN UNDERSTORY AS AN ECOLOGICAL FILTER: EMERGENCE

AND ESTABLISHMENT OF CANOPY-TREE SEEDLINGS
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Abstract. We investigated the role of the fern understory as an ecological filter that
influences the organization of the seedling bank in New England deciduous forests. Mi-
croenvironmental variables—including light levels, litter depth, soil exposure, soil moisture,
and soil organic matter content—were quantified in experimental plots where the fern
understory was undisturbed, partially removed or completely removed and were related to
natural recruitment and 1st-yr survival of Acer rubrum, Betula lenta, B. alleghaniensis,
Fraxinus americana, Pinus strobus, and Quercus rubra. We conducted a series of three
field emergence experiments to test hypotheses regarding mechanisms of fern interference
with seedling emergence.

The fern understory reduced light levels from 3.4% of full sun to 1.1% of full sun
beneath its canopy. Soil exposure was lower and litter depth was greater under fern cover,
whereas soil moisture and soil organic-matter content were not affected by fern cover. The
understory filter differentially influenced tree-seedling emergence. Fern cover decreased
emergence of Betula, Pinus, and Quercus but did not affect the emergence of Acer or
Fraxinus. The mechanism of fern interference was species-specific: Betula emergence was
reduced primarily by low levels of soil exposure, Pinus emergence appeared to be related
to reduced light levels, and Quercus suffered higher levels of seed predation under fern
cover. The presence of understory fern cover also differentially influenced 1st-yr survival
of natural tree-seedling recruitment. Although seedling survivorship during thefirst growing
season was related to seed size, seedling survivorship below ferns by the end of the 1st yr
was independent of seed size. Selectivity of the fern filter is caused by differential response
of tree-seedling species to the presence of understory cover and was generally not affected
by the species identity of the understory plant. The selectivity of the understory filter can
influence the density and species composition of the seedling bank below its canopy and
can determine patterns of seedling spatial distribution at the stand level.

Key words:  Acer rubrum; Betula alleghaniensis; competition; fern understory as ecological filter;
forest regeneration; Fraxinus americana; Harvard Forest, Massachusetts, USA; microenvironments;
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INTRODUCTION

Population biologists often view the physical envi-
ronment as a sieve that filters out individuals from an
initial seed population during successivelife stagesand
ultimately determines the success of a seed in produc-
ing more seeds (Harper 1977). Through its influence
on populations of individual species, the environment
can also act as an ecological sieve that structures com-
munities (Van der Valk 1981). An ecological filter
“sifts” through the initial seed populations of a whole
community and determines emergent community char-
acteristics such as species composition, productivity,
and spatial distribution patterns. We propose that the
herb and shrub stratum of the forest understory is an
important ecological filter in many temperate and trop-
ical communities that influences the composition and
structure of the overstory canopy. Seedlings of canopy
trees must establish in and grow through the understory
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herb and shrub stratum in order to reach the overstory
canopy. Through differential influence on tree-seedling
emergence, growth, and survival, the understory filter
may determine which individuals and species will sur-
vivein and ultimately penetrate the understory stratum.

Interest in the structure and organization of forests
at the community and landscape level s has concentrated
on the role of the physical environment (e.g., topog-
raphy and soils) as determinants of tree recruitment
and growth (Collins 1987, 1990, Clark et al. 1995).
However, in closed-canopy forests, the physical envi-
ronment as perceived by tree seeds and seedlings can
be highly modified by the biotic environment, partic-
ularly the established members of the forest understory.
The forest understory stratum is a spatially variable
mosaic composed of plants of different species, den-
sities, and degrees of mixture. Because of their clonal
nature and ability to resprout after disturbance, many
understory herbs and shrubs commonly form dense,
monospecific patches that arerelatively temporally sta-
ble. Clonal plants can be extremely long-lived, with
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TaBLE 1. Stand characteristics of six experimental sites in the Harvard Forest (Massachusetts, USA).

Stand

characteristic PH3A PH3B PH4A PH4B

Overstory Pinus strobus, Betula papyrifera, Quercus rubra, Quercus rubra,
Quercus rubra Quercus rubra Acer rubrum Acer rubrum

Stand age (yr) 80, mixed 37, event 50, even 70, mixed

Soil type Woodbridge fine Canton loam Newfields fine Woodbridge loam
sandy loam sandy loam

Drainage Moderately well Well Moderately well Moderately well

Hard pan Absent Absent Absent Present

Slope/aspect 0° 7° NW 0° 8°W

Notes: Site overstory is characterized by the two most important species in terms of basal area. Soils information is from
Harvard Forest Soil Survey, and stand age was determined from historical records (Harvard Forest Archives).
T Although the overstory canopy is essentially even aged, a few large older individuals remain scattered throughout these

sites.

life spans commonly exceeding those of individual
trees (Watt 1947, Oinonen 1967a, b). For example,
clones of the fern Osmunda claytoniana growing in our
study site date from the period of land abandonment
in New England and are presently 150-200 yr old
(Knight 1964). Populations of clonal plants may be
resilient to disturbance and leave strong imprints on
patterns of resource heterogeneity in the forest (Hal-
pern 1989, Hughes and Fahey 1991).

Herbs and shrubs of the understory intercept much
of the remaining light in a closed-canopy forest, alter-
ing light quality and reducing light quantity beneath
their canopies (Messier et a. 1989). Germination and
establishment of tree species have been shown to be
sensitive to temperature and moisture (Fenner 1985,
Burton and Bazzaz 1991) and to quantity and quality
of litter (Collins 1990, Facelli and Pickett 1991). To
the extent that the understory modifies these microen-
vironmental variables, temperature, soil moisture, and
litter distribution may also play an important role in
interactions between the understory and tree seedlings.
Understory interference with tree-seedling emergence
and establishment may occur not only directly through
resource competition or modification, but may occur
indirectly through the understory’s influence on the be-
havior of seed predators. For example, higher rodent
densities and acorn removal rates below understory
bamboo cover result in low densities of oak tree seed-
lings in dense bamboo patches in Japanese temperate
forests (Wada 1993).

Interactions between ground vegetation and invading
tree species have been well studied in old-field envi-
ronments (Warner and Harbeck 1982, Burton and Baz-
zaz 1991, 1995, De Steven 1991), and both positive
and negative interactions have been demonstrated to
occur. Not only has the presence of ground vegetation
been shown to modify the microenvironment of poten-
tial establishment sites, but different old-field vegeta-
tion types uniquely modify microenvironmental con-
ditions below their respective canopies (Burton and
Bazzaz 1995). Herbaceous understory plants have ad-
ditionally been shown to interfere with regeneration of
commercially important species after timber harvest

primarily through reduction of light levels and pro-
duction of potential allelopathic substances (Drew
1988, Horsley 1988, 1993, McWilliams et al. 1995).
The importance of interactions among herbs, shrubs,
and tree seedlings in open environments suggests that
herbs and shrubs of the forest understory may similarly
be an important determinant of tree regeneration in
closed forest environments.

Because the herb and shrub stratum of the forest
understory represents one of the first potential barriers
to tree regeneration, it can be viewed as afilter that all
tree seedlings must pass through (e.g., Gilliam et al.
1994). The understory filter may be nonspecific and
regulate only the density of the seedling bank, or it
may differentially influence emergence and survival of
tree species, thereby controlling species composition
and spatial structure of the seedling bank. The objective
of this study was to explore the nature of the fern
understory as an ecological filter in New England de-
ciduous forests. We monitored emergence of planted
seed, and emergence and establishment of natural tree-
seedling recruitment in plots where the fern understory
was experimentally manipulated in order to: (1) deter-
mine how the presence of a well-developed fern un-
derstory influences emergence and establishment of
canopy-tree species, (2) assess the importance of the
identity of understory species in dictating the nature
of interactions between the understory and tree seed-
lings, (3) relate measurements of microenvironmental
conditions associated with or imposed by the under-
story to emergence and establishment of tree seedlings,
and (4) explore the importance of using multiple ex-
perimental field sites to the interpretation of the nature
of the understory filter. We hypothesize that the fern
understory selectively filters tree regeneration by dif-
ferentially influencing emergence and establishment of
tree-seedling species, and that the selectivity of this
filter will determine the abundance, relative species
composition, and spatial distribution of the seedling
bank.

METHODS
Study area

Research was conducted in central Massachusetts at
the Harvard Forest (42°30" N, 72°15" W), which is
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TaBLE 1. Extended.

PH9 TS1

Betula lenta, Quercus rubra,

Pinus strobus Acer rubrum
33, event 90+, mixed
Scituate loam Paxton fine sandy loam
Moderately well Well
Absent Absent
3°N 5° NW

located in the Transition Hardwoods-White Pine—-Hem-
lock forest type (Westveld et al. 1956). Acer rubrum
L. (red maple) and Quercusrubra L. (northern red oak)
are the most widespread and abundant overstory spe-
ciesin thisregion. Betula alleghaniensis Britt. (yellow
birch), B. lenta L. (black birch), B. papyrifera Marsh.
(white birch), Fraxinus americana L. (white ash), Pi-
nus strobus L. (white pine), and Tsuga canadensis (L.)
Carr. (eastern hemlock) are locally abundant. Clonal
ferns such as Dennstaedtia punctilobula (Michx.)
Moore (hayscented fern), Osmunda claytoniana L. (in-
terrupted fern), Osmunda cinnamomea L. (cinnamon
fern) and Thelypteris noveboracensis (L.) Nieuwl.
(New York fern) commonly form a dense stratum near
the forest floor.

Six sites, in which the herb/shrub stratum was dom-
inated by the clonal ferns Dennstaedtia punctilobula
and Osmunda claytoniana, were randomly located
within Harvard Forest property. These sites are abbre-
viated and named in the text after the Harvard Forest
compartment in which they are located: PH3A and
PH3B (Prospect Hill compartment 3), PH4A and PH4B
(Prospect Hill compartment 4), PH9 (Prospect Hill
compartment 9), and TS1 (Tom Swamp compartment
1). Whilethese sites were chosen for similar understory
composition, they varied in overstory composition and
age, drainage, soil type, and slope (Table 1).

Experimental manipulations

In the following experiments, three types of exper-
imental treatments were implemented within naturally
occurring clones of both Dennstaedtia and Osmunda.
In one treatment, ferns were left undisturbed as a con-
trol (“‘fern’’), and in another ferns were removed from
plots (‘‘fern-free’”) by applying glyphosate (Round-up,
Monsanto, Saint Louis, Missouri, USA) directly tofern
fronds in July 1993 at commercially recommended
rates (Grossbard and Atkinson 1985). Treatments were
implemented in 1-m? study plots and in a 0.5-m-wide
buffer zone around the perimeter of each study plot.
In order to conserve an intact litter layer and soil ho-
rizons, dead fern fronds were cut at the base and re-
moved from the plots; dead roots and rhizomes were
not removed from plots. Plots were spaded at the pe-
rimeter to restrict horizontal in-growth and were pe-
riodically weeded to remove new establishment. Ad-

ditionally, a ‘‘shade-free’” manipulation was imple-
mented by pinning fern fronds down horizontally using
wire wickets. This method allowed fronds to lie hori-
zontally 5-10 cm above the ground, creating a shade-
free area above the fronds while leaving fern roots and
rhizomes intact. Shade-free conditions could not be
maintained at ground level over the entire area of 1-nv
plots. However, fronds could be directed away from
target areas within plots, thus creating relatively
‘““shade-free’” conditions at ground level in smaller
zones. Fivereplicate plots of each fern X manipulation
treatment were established in each of the six study sites
(8 manipulations X 2 fern species X 5 replications X
6 sites = 180 plots).

Microsite descriptions

Microenvironmental conditions associated with ex-
perimental manipulations implemented within the two
fern species were measured in all or a subset of all
study plots. Before implementation of experimental
treatments, fern canopy height and percentage cover
were also measured in each experimental plot in order
to characterize the two fern species. Fern canopy height
was sampled in four locations within each plot with a
meter stick, and percentage cover was estimated using
a partitioned sample quadrat placed over the plot.

After treatment implementation, integrated photon
flux density (PFD) was eval uated using photosensitive-
paper light sensors (Friend 1961, Wayne and Bazzaz
1993) during the growing season from 7 to 14 July
1994 and from 11 to 17 August 1995 and during canopy
leaf-out from 25 May to 1 June 1 1995. Light readings
in July and August were similar in magnitude and were
combined in analysis to present more integrated values
of mid-summer light levels. Two light sensors per mea-
surement period were placed in a random location at
two heights within each experimental plot: one at 1 m
to measure light above the fern canopy and one at 8
cm to measure light at the approximate height of 1-yr-
old tree seedlings beneath the fern canopy. The 8-cm
height was abovethelevel of therestrained fernsfronds
in the shade-free manipulation. Paper light sensor read-
ings were calibrated with measurements of instanta-
neous photosynthetically active radiation (R? = 0.982—
0.994) obtained concurrently using aL1-COR quantum
sensor (LI1-190SA, LI-COR, Lincoln, Nebraska, USA).

Soil samples (0—10 cm depth) were collected from
each experimental plot on 1 July 1995. Soil water con-
tent was measured gravimetrically by weighing fresh
samples, oven-drying them at 70°C for 48 h, and re-
weighing dry samples. Soil water content (SWC) is
expressed as grams of soil water per unit dry mass of
soil. The percentage of exposed soil (no litter cover)
in experimental plots was estimated by placing a tran-
sect through the plot and scoring 10 random points
along the transect as exposed or not exposed. Litter
depth was measured with a ruler to the nearest milli-
meter at nine random pointsin a subset of experimental
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plots (n = 108 plots). Three-factor ANOVA was used
to test whether these microenvironmental measure-
ments varied among sites, fern species, and experi-
mental manipulations. Soil water and organic-matter
content measurements were In-transformed and soil ex-
posure measurements were square-root transformed to
reduce heteroscedasticity.

Natural recruitment of tree seedlings

Natural recruitment of seedlings of Acer rubrum,
Fraxinus americana, Pinus strobus, and Quercusrubra
into fern and fern-free plots was recorded during the
1994 and 1995 growing seasons (2 manipulations X 2
fern species X 5 replications X 6 sites = 120 plots).
Recruitment of Betula alleghaniensis and B. lenta was
recorded together as Betula because the species are
indistinguishable at emergence. Natural recruitment
data were gathered on a plot-level basis, therefore nat-
ural recruitment in shade-free plots was not recorded
because the entire area of the plot at ground level,
where seedlings were emerging, was not shade-free.
Emergence was scored as the visibility of cotyledons
or leaves above the litter layer. Seedlings were tagged
during the initial survey during the last week of May
and new births were tagged at two more subsequent
dates during the growing season.

Three-factor ANOVA was performed in order to test
the effects of site, fern species, and understory manip-
ulation on the emergence of each tree-seedling species.
Because of the severe nonnormality of the data, sig-
nificance levels of factor effects and interactions were
determined using randomization procedures (Manly
1996). Seedling survivorship of the 1994 cohort was
monitored until September 1994 (survivorship through
the first growing season) and again in June 1995 (sur-
vivorship through the first year). Datafrom all plots of
each fern manipulation (fern vs. fern-free) were pooled
across fern species and sites (n = 60 plots; 10 plots
per site X 6 sites), and chi-square tests were used to
determine whether survivorship depended on fern ma-
nipulation. A second chi-square analysis, in which plots
were pooled across manipulation and sites, tested
whether survivorship depended on fern species.

In order to explore possible microenvironmental fac-
tors responsible for the influence of the fern understory
on seedling emergence, Spearman correlation coeffi-
cients were calculated between density of emergent
seedlings and plot microenvironmental variables. The
first correlation analysiswas performed using datafrom
both fern and fern-free plots. A second analysis tested
correl ations between microenvironmental variablesand
density of emergent seedlings in fern and fern-free
plots separately. In species exhibiting an effect of fern
manipulation, we wished to more narrowly examine
which microenvironmental variables exhibited corre-
lations strong enough to be detected over the natural
range of microenvironmental variability within fern
manipulations.

Ecology, Vol. 80, No. 3

Emergence experiments

In order to further explore factors responsible for dif-
ferential response of tree species to understory manip-
ulation, several field experiments were conducted to test
hypotheses generated from known natural-history char-
acteristics of the species and observed patterns of re-
cruitment in the field. “‘Fern,” *‘shade-free,”” and ‘‘ fern-
free” manipulations were implemented in plots mea-
suring 20 X 30 cm (3 manipulations X 2 fern species
X 3replications X 6 sites = 108 plots) that were located
adjacent to a subset of the plots used for measuring
microenvironmental conditions and natural recruitment
patterns. Planting depth was determined by observing
naturally overwintering seed. All seed was planted under
the most recent season’s litter layer at the interface be-
tween the coarse litter and decomposing humus. Green-
house germination trials were run concurrently to esti-
mate potential emergence of planted seed.

Quercus rubra.—We placed red oak acornsinto fern
plots, shade-free plots, and fern-free plots after fern
canopy development to test the hypotheses that differ-
ential Quercus emergence was related to light levels
and/or seed predation. In April 1994 naturally stratified
Quercus acorns were collected from locations adjacent
to experimental sites. Two acornswere placed into each
plot, and emergence, decay, and predation of acorns
was monitored through the growing season and ana-
lyzed using categorical modeling procedures (CAT-
MOD, SAS Institute 1987).

Acer rubrum.—Because Acer rubrum is the only
dominant tree species in the study sites that disperses
in spring and can germinate immediately during the
current growing season, we wished to evaluate and con-
trast the effects of the fern understory on germination
and emergence of the spring (overwintering) and sum-
mer (non-overwintering) seedling cohorts. The major-
ity of the spring cohort of Acer emerges in April and
May before fern leaf-out, and the summer cohort
emerges after fern leaf-out. The contrast in timing of
emergence with respect to fern leaf-out provided away
to test the importance of light reduction by ferns to
Acer emergence. In June 1994, 50 recently fallen Acer
samaras were planted into each emergence plot. Sum-
mer emergence was monitored during 1994 and early
spring emergence of the same seed cohort was moni-
tored the following year.

Betula alleghaniensis—This experiment was de-
signed to test the importance of both light and litter
cover in Betula emergence. Because litter cover was
expected to exert a strong influence on Betula emer-
gence, two emergence subplots were created within
each fern, shade-free, and fern-free experimental plot,
one in which litter was undisturbed (*‘litter’’) and one
in which coarse litter cover had been removed (*litter
removal’’). In April 1994 the Betula seeds that had been
collected from the Harvard Forest and placed in cold
storage were planted in Betula emergence plots (40
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TABLE 2. Summary of means for microenvironmental variables by site.

Site

Variable PH3A PH3B PH4A PH4B PH9 TS1
Fern height (cm) 53.3° 49.6° 58.8¢ 52.1° 42.12 53.2°
Fern cover (%) 65.7° 63.7° 67.7° 62.3° 55.52 64.8°
May light (mol-m-2.d-%)t 3.86° 4.37b¢ 5.21¢ 4.33b¢ 2.73 4.000
Midsummer light (mol-m-2.d-1)t 1.18¢ 1.00° 1.18¢ 1.10p¢ 0.722 1.23¢
SWC (g water/g dry soil) 0.4972 0.5062 0.5992 1.057° 0.6412 0.5772
SOM (g organic matter/g dry soil) 0.125° 0.130° 0.145° 0.262¢ 0.156° 0.0882
Litter depth (cm)$ 2.33¢ 1.622 1.862° 1.522 1.622 1.980¢
Soil exposure (%)8 0.92b 16.3¢d 3.92b 28.84 0.12 5.1bc

Notes: Means are averaged across fern species and understory manipulations (n = 30 plots for each site) unless otherwise
noted. Means sharing the same lowercase superscript letter are not significantly different at P < 0.05 (Fisher’s protected

LSD). SWC = soil water content; SOM = soil organic matter.

T Measured at 1 m above the forest floor.
F For litter depth, n = 18 plots for each site.

§ Soil exposure values are back-transformed means for fern-free plots only (n = 10 plots for each site); soil exposure did

not significantly differ among sites in fern plots.

seeds/plot). Seedling emergence was monitored
through the 1994 growing season. The influence of un-
derstory manipulation on both Acer and Betula emer-
gence was analyzed using nonparametric Kruskal-Wal-
lis x2 tests.
REsuLTs
Microsite descriptions

Fern cover and fern height, measured before imple-
mentation of experimental manipulations, varied by
fern species and by site. Mean fern cover was higher
in Osmunda plots (66%) than in Dennstaedtia plots
(60%) (F = 13.18, df = 1, 168, P < 0.001), and Os-
munda was significantly taller (64 cm) than Denn-
staedtia (39 cm) (F = 442.13, df = 1, 168, P < 0.0001).
Fern height and fern cover were lower at site PH9 than
all other sites, whereas fern height was greater at site
PH4A than all other sites (Table 2).

Midsummer (July—August) light levels below the fern
understory (8-cm height) differed among experimental
manipulations (Table 3, Fig. 1a). Light levelsat 8 cm in
plots where fern fronds had been pinned back to create
a shade-free area were comparable to light levels at 8 cm
in plots where ferns had been removed. Midsummer light

levels beneath ferns were ~32% of light levels in shade-
free or fern-free plots. During the growing season when
the overstory was fully leafed out, light in the forest at
1 m was 3.4% that of full sun, whereas light below ferns
was only 1.1% full sun (1.03 mol-m-2d-* vs. 0.33
mol-m~2.d-1, respectively).

Midsummer light levels measured above the fern
canopy at 1 m did not vary with manipulation or fern
species (Table 3), which indicates that Osmunda and
Dennstaedtia are found in similar light environments.
Midsummer light levels below the fern understory did
not differ between fern species, indicating that Os-
munda and Dennstaedtia reduce light to equivalent lev-
els beneath their canopies. However, because Osmunda
initiates and completes frond development earlier than
Dennstaedtia, light levels in late May, a period when
tree seedlings have leafed out but the overstory has not
yet completely leafed out, were lower under Osmunda
(2.22 mol-m=2.d-1) than under Dennstaedtia (3.08
mol-m-2.d-*) (significant fern X manipulation effect,
Table 3). Light levelsin late May at 1-m height were
on average greater (3.93 mol-m-2.d-%) than during the
growing season (1.03 mol-m-2.d-%). Although the dif-

TaBLE 3. Table of F values for analysis of variance of the effects of site (S), fern species (F), and understory manipulation

(M) on microenvironmental variables.

ANOVA F values

Summer light May light

Soil

Factor df  1-m height 8-cm height 1-m height 8-cm height exposure Litter depth  SWC SOM
S 5 12.12%** 9.67*** 11.76***  11.66***  12.76*** 577***  11.41***  19.06***
F 1 0.001 0.31 0.63 5.25* 0.51 1.22 1.01 0.051
M 2 0.61 142.89* ** 0.35 A3.77*** A4 97*** 24, 37*** 0.54 2.92
SXF 5 1.00 1.20 0.59 0.40 0.36 0.34 2.39* 0.85
S X M 10 0.68 2.19* 0.81 0.48 3.85%** 1.64 0.7 0.60
FXM 2 121 0.82 0.049 4.43* 1.35 1.70 0.17 0.67
SX FXM 10 1.36 1.09 0.80 0.20 2.31* 121 0.82 1.35
Error 144+

Note: SWC = soil water content; SOM = soil organic matter.

* P =< 0.05; ** P < 0.01; *** P < 0.001.

T Error df = 144 for all variables except litter depth for which error df = 72.

B5UB017 SUOLILLOD 3ANERID 3|qed! [dde aup Aq pauLBA0S 88 S3R1LE YO ‘B8N JO S3INJ 10} AT BUIIUO AB|IM UO (SUORIPUCI-PUR-SLLLBYWI0D" AB 1M Afe1q 1 fPulUO//SdNY) SUORIPUOD PUE S L U1 39S *[£202/20/80] Uo ArigiTaunuo Ajim ‘Aiseaun preaeH Aq 2:00°0'Z[3v VN L:€801080(666T)8596-2T00/068T 0T/10p/0d A3 1M Afe.q 1 pul|uo'S feuano fesa//sdiy wouy papeojumod ‘€ ‘666T ‘0LTE6E6T



838 LISA O. GEORGE AND F. A. BAZZAZ Ecology, Voal. 80, No. 3
12 _A B
: b b b
~ 10F I T — 15F
i t £ |
& 08f o | l
€ [ =1 F
5 o6f 8 10
E 0 4:_ a ) E Fic. 1. Microenvironmental characteriza-
g - 1 S 5F a tion of experimental plots: (A) photon flux den-
o 4oL ® sity (PFD) measured 8 cm above the forest floor,
Eoa (B) soil exposure, (C) litter depth, and (D) soil
Fo——
0 ot water content (SWC). Each bar represents the
c D mean level of the microenvironmental variable
25— 1.0 (*£1 se). Sample size per manipulation for all
E 1 %‘ [ variables isn = 60 plots, with the exception of
—~ 20k 'T’ ? 08k a litter depth for which n = 36 plots. Bars with
E 5 I %’ [ 1 a a the same lowercase letters did not differ sig-
= 15k D06k I } I nificantly among understory manipulations at P
5 I s | < 0.05 (Fisher’s protected LSD).
2 L s I
- 1.0F 2 04fF
L . o |
3 osh O 4ok
0.5: = 02f
n
0 0
fern  shade-free fern-free fern  shade-free fern-free

ference between ferns disappears after the canopies of
both ferns are fully developed, the lag in development
may allow tree seedlings below Dennstaedtia to ac-
cumulate more carbon during a critical period of rel-
atively high light.

Midsummer light levels above and below the fern
canopy varied by site (Table 3) and were particularly
low at PH9 (Table 2). At site PH9, light levelsin shade-
free and fern-free manipulations were lower than all
other sites, but below ferns the light levels were com-
parable with all other sites (significant site X manip-
ulation effect, Table 3). Site PH9 had less light reaching
the level of the fern canopy. However, the fern canopy
was lesswell developed at thissite (i.e., lower in height
and percentage cover, Table 2) and therefore removed
proportionally less light than the fern stratum of other
sites. May light levels also varied by site at 1-m height
and at 8-cm height (Table 3) and were relatively high
at PH4A and relatively low at PH9 (Table 2).

Averaged across all sites, there was a significant un-
derstory manipulation effect on soil exposure (Table 3,
Fig. 1B): soil exposure was greater in fern-free plots
than in either shade-free or fern plots. However, the
effect of understory manipulation depended on the site
(significant site X manipulation effect, Table 3). Soil
exposure was greater in the fern-free manipulation only
at sitesPH4B, PH3B, TS1, and PH4A. Infern-freeplots
at these sites, there was no vegetation to hold litter in
place against wind, which resulted in large areas of soil
exposurein fern-free plots. Infern and shade-freeplots,
intact fern fronds held litter in place at their bases,
resulting in low amounts of soil exposure. The most
sloped sites (PH4B and PH3B) had particularly high
levels of soil exposure in fern-free plots. At sites PH9

and PH3A soil exposure was equivalent among un-
derstory manipulations. These sites, in addition to be-
ing relatively less exposed (PH9: base of a sheltered
cove; PH3A: no slope), also differed from other sites
in the structure and dominant species in the litter layer,
which may help explain their resistance to soil expo-
sure. Litter at site PH3A was composed of a deep layer
of pine needles, and litter at site PH9 was composed
of ahigh proportion of matted birch leaves, in contrast
to the dominantly oak and maple litter of other sites.

Litter depth varied with understory manipulation and
by site (Table 3). Litter depth was highest in fern plots,
followed by shade-free plots, and was lowest in fern-
free plots (Fig. 1C). Average litter depth was partic-
ularly high at site PH3A, where the litter layer was
composed of a high proportion of pine needles, and at
site TS1 where the litter layer was composed of a high
proportion of relatively slowly decomposing oak |eaves
(Table 2).

Soil water content was not influenced by experi-
mental manipulation (Fig. 1D) but did differ among
sites (Table 3). Similarly, soil organic-matter content
varied only by site (Table 3). Site PH4B had higher
soil water content and soil organic material than all
other sites, presumably because of the occurrence of a
hard pan not present at other sites (Table 2). Site TS1
had lower soil organic material than all other sites.

Microenvironmental variables generally did not dif-
fer by fern species (Table 3). However, at site PH9,
which is located near a stream at the base of a cove,
soil water content was higher in Osmunda plots than
in Dennstaedtia plots (significant site X fern effect,
Table 3). Soil water content was higher in plots where
Osmunda was removed as well as in plots where Os-
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TaBLE 4. Table of F values for analysis of variance of the effects of site (S), fern species (F), and understory manipulation
(M) on field emergence of five tree species at six sites in Harvard Forest (Massachusetts, USA).

ANOVA F values

Quercus Fraxinus Acer Pinus Betula

Factor df 1994 1994 1995 1994 1995 1994 1994 1995
S 5 10.59%** 13.15%** 16.38*** 3.82%* 4.30%** 23.24%** 12.15%** 5.70**
F 1 0.89 0.17 4.80* 0.16 0.24 0.33 1.64 0.47
M 1 5.14* 0.04 0.15 0.32 0.13 12.26***  38.83*** 24.38***
SXF 5 0.40 0.03 3.55%* 3.81%* 1.86 0.44 1.56 1.00
SX M 5 0.89 0.82 0.02 0.73 0.24 3.46%* 10.17*** 4.82%*
F XM 1 0.57 0.005 0.41 0.28 0.13 1.62 2.58 0.70
SXFXM 5 0.55 0.62 0.13 0.22 0.23 2.00 211 1.09
Error 84

*P = 0.05; ** P = 0.01; *** P = 0.001.

munda was left intact, which indicates that Osmunda
occupies moister microsites than Dennstaedtia at this
site. This was the only other case where fern species
was significantly related to any microenvironmental
variable in addition to May light levels.
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Fic. 2. Density of emergent natural recruitment in fern
and fern-free experimental plots in (A) 1994 and (B) 1995.
Each bar represents mean (=1 sg) seedling emergence per
square meter across all sites (n = 60 plots). Bars with the
same lowercase letter did not differ significantly between
treatment means within seedling speciesat P < 0.01 (Fisher’s
protected L SD). Tree-seedling species are arranged from left
to right in order of decreasing seed size; mean seed size of
Acer and Pinus did not significantly differ.

Natural recruitment of tree seedlings

The density of emergent seedlings of each species
varied by site (Table 4) and presumably was at |east
partialy related to differences in site overstory com-
position and thus to differential seed input. Density of
emergent seedlings of each tree species also varied be-
tween 1994 and 1995. No emergence of Quercus or
Pinus was observed in 1995 due to lack of a seed crop
the previous year, and no summer recruitment of Acer
was observed in 1994 or 1995. Total Betula recruitment
in 1995 was approximately double the value observed
in 1994.

Tree species responded differently to understory ma-
nipulation, thus providing evidence for selectivity of
the fern filter. There was no effect of the presence of
afern understory on the emergence of Acer or Fraxinus
seedlingsin 1994 or 1995 (Fig. 2). Average emergence
across all sites of Quercus, Pinus, and Betula in 1994
and 1995 was lower in fern plots compared to fern-
free plots (Fig. 2).

The effect of understory manipulation on Pinus and
Betula emergence depended on the site (Table 4). Pinus
emergence was only higher in fern-free plots at sites
PH3A, PH4A, and PH9; emergence was negligible in
both manipulations at sites TS1, PH4B, and PH3B (Fig.
3A). This pattern appearsrelated to expected seed input
based on basal area of Pinus in the overstory canopy.
Sites TS1 and PH3B have no overstory pine in the
stand, and site PH4B has only a few individuals, so
little seed input was expected in these sites. In contrast,
PH3A, which has a dominantly pine overstory, had the
highest emergencein fern and fern-free plots compared
to all other sites. The contrast between the manipula-
tions increased with overall expected seed input to the
site.

Betula emergence was only higher in fern-free plots
at sites PH4B and PH3B in 1994 and additionally at
TS1in 1995 (Fig. 3B). Betula emergence patternsdiffer
from Pinusin that they do not bear a clear relationship
with stand basal area of Betula (Fig. 3B). Under the
fern canopy Betula emergence was nearly completely
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Fic. 3. Mean density of emergent natural recruitment of
(A) Pinus and (B) Betula in fern and fern-free experimental
plots in 1994 at six sites in Harvard Forest (Massachusetts,
USA). Overstory basal area (m%ha) is in parentheses.

precluded in all sites regardless of expected seed input.
Betula emergence in fern-free plots closely follows the
pattern of soil exposure: highest at PH4B followed by
PH3B followed by TS1 and all other sites (Table 2).
Emergent seedlings within plots were visibly concen-
trated in areas of soil exposure. Sites with little or no
soil exposure in fern-free plots showed no significant
differences in Betula emergence among manipulations.

Survivorship of tree-seedling natural recruitment
through the 1994 growing season in Quercus, the larg-
est-seeded species, was comparable between fern and
fern-free plots (Table 5). All of the smaller-seeded spe-
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Fic. 4. Tota proportion of 1994 seedlings cohorts sur-
viving in fern and fern-free experimental plots until (A) Sep-
tember 1994 and (B) June 1995. Bars with the same lowercase
letter did not differ significantly between fern manipulations
in survivorship of each species (x? test, P < 0.05). No Betula
seedlings had survived under ferns by 1995. Tree-seedling
species are arranged from left to right in order of decreasing
seed size; mean seed size of Acer and Pinus did not signifi-
cantly differ.

cies exhibited lower survivorship below ferns. The
magnitude of the difference in survivorship between
understory manipulations increased with decreasing
seed size (Fig. 4A). By the beginning of the second
growing season, survivorship of all seedling species
was lower below ferns (Table 5). Survivorship in fern-
free plots reflected trends in seed size (highest survi-

TaBLE 5. Values of x? for comparisons of 1994 seedling cohort survivorship in fern and fern-free plots (fern manipulation)
and for comparisons of survivorship in Dennstaedtia and Osmunda plots (fern species) through the first growing season

(September 1994) and through the first year (June 1995).

Quercus Fraxinus Acer Pinus Betula
Fern manipulation
Sep 1994 1.46 28.87*** 16.23*** 62.07*** 5.93*
Jun 1995 24.00*** 65.46* ** 34.92%** 60.28* ** N.T.T
Fern species
Sep 1994 0.03 14.70*** 0.001 0.65 0.39
Jun 1995 0.74 24.24* ** 4.07* 0.63 0.31

Note: Sample sizes vary among species: Quercus n = 84 seedlings, Fraxinus n = 645 seedlings, Acer n = 836 seedlings,
Pinus n = 545 seedlings, Betula n = 402 seedlings; for all comparisons df = 1.

*P = 0.05; ** P = 0.01; *** P = 0.001.

T N.T. = not tested; expected values of Betula survivorship did not meet assumptions required for chi-square analysis.
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TABLE 6. Spearman correlation coefficients for correlations between density of natural re-
cruitment into experimental plots and microenvironmental variables.

Microenvironmental

variable Quercus 1994 Pinus 1994 Betula 1994 Betula 1995
Fern and fern-free plots
Light (May)t 0.218* 0.163 0.265* 0.163
Light (summer)t 0.153 0.217* 0.216* 0.278*
Litter depth 0.078 0.045 —0.456** —0.342**
Soil exposure 0.055 —0.143 0.507** 0.541**
Soil moisture —0.057 —0.139 0.273* 0.272*
Fern-free plots
Light (May)t 0.335* 0.184 0.079 —-0.028
Light (summer)t 0.228* 0.213* —0.037 0.011
Litter depth 0.225 0.398* —-0.302 -0.244
Soil exposure —0.052 -0.371* 0.506* * 0.435**
Soil moisture -0.011 —0.195 0.501** 0.473**

Notes: Correlations were first calculated using fern and fern-free plots together (n = 120
plots) and then calculated separately for fern and fern-free plots (n = 60 plots). No significant
correlations were found when fern plots alone were tested (data not shown).

*P = 0.05; ** P = 0.01.

T Daily integrated photon flux density (mol-m~2-d-*) measured 8 cm above the forest floor.

vorship in large-seeded Quercus, intermediate survi-
vorship in species of intermediate seed size, and lowest
survivorship in small-seeded Betula), but survivorship
beneath ferns no longer reflected seed size (Fig. 4B).

Survivorship differences in Fraxinus seedlings were
exhibited between Dennstaedtia and Osmunda plots
(Table 5). Not only was higher survivorship observed
in plots where Osmunda was left intact compared to
where Dennstaedtia was left intact, but survivorship
was higher in Osmunda plots where ferns had been
removed in comparison to Dennstaedtia-removal plots.
Half of the total Fraxinus seedlings observed were
found at site PH9, the site where Osmunda plots ex-
hibited higher soil moisture values than did Denn-
staedtia plots. When seedlings from PH9 were analyzed
separately, higher seedling survivorship was found in
Osmunda plots at PH9 (September 1994: x2 = 45.03,
df = 1, P < 0.001; June 1995: x2 = 67.40, df = 1, P
< 0.001, n = 371 seedlings), but no survivorship dif-
ferences were found between Dennstaedtia and Os-
munda plots at al other sites (September 1994: x2 =
1.89, P > 0.05, df = 1; June 1995: x2 = 0.90, P >
0.05, df = 1, n = 374 seedlings). By the beginning of
the second growing season a difference in Acer sur-
vivorship was observed between Dennstaedtia and Os-
munda plots (Table 5). Because survivorship was lower
than expected in Osmunda fern-removal plots com-
pared to Dennstaedtia fern-removal plots, we attribute
this survivorship difference to undetected environmen-
tal factors or perhaps residual factors (e.g., allelopathic
substances) rather than to a direct detrimental result of
the presence of Osmunda.

With the exception of Quercus emergence, the ma-
jority of tree-seedling emergence occurred before com-
plete leaf-out of the fern canopy, which suggests that
factorsin addition to light reduction by the fern canopy
were important in producing emergence patterns ob-

served for these species. Ninety percent of Fraxinus
and 87% of Acer had germinated and emerged above
the litter in April and May before complete leaf-out of
the fern canopy. By the time of full fern-canopy de-
velopment, 83% of Pinus seedling emergence and 75%
of Betula emergence was complete. Although all Quer-
cus seeds had germinated and their radicles were ac-
tively growing, only 35% of Quercus seedlings' shoot
systems had emerged above the litter by the time of
complete fern-canopy development.

Correlations between seedling emergence and mi-
croenvironmental variables for species responding to
understory manipulation indicate that tree species may
be responding to different environmenta factors (Table
6). Quercus and Pinus emergence were correlated with
light levels during and subsequent to fern canopy de-
velopment. Betula emergence was also positively cor-
related with light levels, soil exposure, and soil mois-
ture, and was negatively correlated with litter depth.
When environmental correlations were examined in
fern-free plots alone, Quercus and Pinus emergence
retained a correlation with light levels and Betula ex-
hibited a strong positive correlation with soil exposure
and soil moisture. No correlations were found between
seedling emergence and microenvironmental variables
in fern plots alone.

Experimental studies of seedling emergence

Quer cus emergence depended on mani pulation of the
fern understory (x? = 9.60, df = 2, P < 0.01, Fig. 5A).
As in the natural recruitment study, emergence was
lower in fern plots than in fern-free plots. However,
seedling emergence in shade-free plots was more
equivalent to emergence in fern plots, which indicates
that reduced light was not the cause of lower emergence
under ferns. Seedling predation also varied with fern
manipulation (x?> = 7.00, df = 2, P < 0.05). Predation
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Fic. 5. Results of seedling emergence experiments: (A)
proportion of Quercus acorns that emerged as seedlings, were
removed by predators, or had decayed in fern, shade-free,
and fern-free plots during 1994; (B) number of emergent
seedlings of Acer rubrum in fern, shade-free, and fern-free
plots during the summer of 1994 and the following spring of
1995 (means = 1 sE); (C) number of emergent seedlings of
Betula alleghaniensis in fern, shade-free, and fern-free plots
during 1994 (means = 1 se). Mean potential emergence as
evaluated in greenhouse trials was 22 seedlings/plot for Acer
and 25 seedlings/plot for Betula.

was lower in the fern-free manipulation than under fern
cover and in the shade-free manipulation. Seedling pre-
dation also varied by site (x2 = 19.68, df = 5, P <
0.01) from alow of 25% of all acorns at site PH3a to
a high of 78% at site PH9. Numbers of decayed acorns
were comparable among understory manipulations; de-
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cay appeared to be the result of infection of theradicle,
leading to failure of the newly germinated seedling to
emerge above the litter layer.

Summer emergence of Acer differed among exper-
imental manipulations of the fern understory (Kruskal-
Wallis x2 = 7.14, df = 2, P < 0.05). No emergence of
planted seed was observed in fern plots, while emer-
gence in shade-free and fern-free plots was comparable
(Fig. 5B), indicating sensitivity of Acer summer emer-
gence to reduced light levels under ferns. Although
emergence of experimental Acer seed in greenhouse
trials was 44%, total experimental emergence in the
field was very low (0—4%), which suggests that field
conditions were not conducive to summer emergence
of Acer in 1994. Planted seed was allowed to over-
winter and germinate the following spring. Emergence
the following spring was equivalent in all three un-
derstory manipulations (Fig. 5B), which reflects the
natural pattern of spring recruitment of Acer.

Where litter was undisturbed, Betula emergence dif-
fered among experimental manipulations (Kruskal-
Wallis x? = 6.32, df = 2, P < 0.05, Fig. 5C). Emer-
gence was higher in fern-free plots than in fern plots,
which reflects natural recruitment patterns. Emergence
in shade-free plots was more equivalent to emergence
in fern plots, which suggests that soil exposure and
litter depth were more important to Betula emergence
than was the distribution of light levels among manip-
ulations. Where litter cover was removed, overall emer-
gence of Betula improved. Emergence differed among
experimental manipulations (Kruskal-Wallis x? =
21.57, df = 2, P < 0.0001) and was again lowest in
fern plots (Fig. 5C). In contrast to undisturbed litter
treatments, emergence was more equivalent in shade-
free and fern-free plots. Although litter cover appeared
to be the primary impediment to Betula emergence, in
areas where litter cover was not a factor, Betula emer-
gence was also reduced by low light levels under the
fern understory.

DiscussioN

The presence of a well-developed fern understory
influences the forest-floor microenvironment in ways
that lead to differential reduction of tree-seedling spe-
cies emergence and establishment. This differential re-
duction represents a mechanism by which the fern un-
derstory may act as a selective filter that influences
future forest composition through reducing density, al-
tering species composition, and determining spatial
distribution of the seedling bank. Fern cover reduced
emergence of Betula, Pinus, and Quercus as well as
summer emergence of Acer, but had no effect on spring
emergence of Acer and Fraxinus. The degree to which
seedling density was reduced under fern cover also
differed among tree species. Seedling densities of Pinus
and Quercus were reduced slightly more than 50%,
whereas Betula seedling density was reduced by 94%
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under ferns and no summer emergence of Acer was
observed at all under fern cover.

The herb and shrub stratum of the forest understory
modifies the abiotic and biotic environment of the for-
est floor in several ways. Ferns reduce light levels be-
low their canopies to 32% of the already low light
levels existing below the overstory canopy (3.4% full
sun) and severely reduce red/far red ratios below their
canopies (Horsley 1993). The understory of Asian for-
ests (characterized by a bamboo stratum) and Appa-
lachian forests (characterized by high rhododendron
cover) may reduce light levels transmitted through the
overstory canopy to even lower percentages (10-12%
by bamboo, Nakashizuka 1987, Taylor et al. 1995; 14—
35% by rhododendron, Clinton et al. 1994). The litter
layer below fernsis deeper compared to fern-free areas
and may act as a more impenetrable mechanical barrier
for seeds reaching the soil and for seedlings emerging
from below the litter mat, particularly small-seeded
species. Light levels under the litter mat decrease ex-
ponentially as the amount of litter increases (Facelli
and Pickett 1991). The lack of herbaceous or woody
structure to trap and to hold litter results in greater
areas of soil exposurein fern-free areas in sloped sites.
Removal of the insulating litter layer also contributes
to elevated soil-surface temperatures (Facelli and Pick-
ett 1991). In contrast to the significant effects of the
fern understory on light and litter structure, fern cover
did not affect soil water content or soil organic matter
in this study or other studies of the fern stratum (Hor-
sley 1993, Carlton and Bazzaz 1998). Dennstaedtia
cover does not affect rates of ammonium or nitrate
production, soil ammonium and soil nitrate concentra-
tions, or availability of soil nitrogen (Horsley 1993).
In terms of the biotic environment, a dense herb/shrub
stratum provides habitat and shelter for both seed and
seedling predators, which can lead to reduced seedling
densities in both forests (Wada 1993) and old fields
(Gill and Marks 1991, Reader 1991).

The mechanism by which fern cover reduced emer-
gence was not uniform among tree species. Summer
emergence of Acer and emergence of Pinus was pri-
marily affected by reduced light levels under ferns.
Emergence of Betula was also sensitive to light levels,
but was primarily inhibited by litter cover below the
fern understory. Quercus emergence was lower beneath
the fern understory due to higher levels of predation.
Because of the species-specific nature of fern interfer-
ence with emergence, the ultimate effect of the fern
filter on species composition of the seedling bank can-
not be predicted based only on the relative shade tol-
erances of tree species.

In contrast to the generally strong and clear effects
of the presence of understory cover on the microen-
vironment and seedling emergence patterns, effects of
the speciesidentity of understory vegetation were more
subtle and complex. Light levels were lower below
Osmunda than below Dennstaedtia for approximately

a 2-wk period in May because of earlier frond devel-
opment in Osmunda. However, this phenological dif-
ference between fern species did not lead to a detect-
able effect of fern species on tree-seedling emergence.
In Illinois old fields, more distinctive patterns of mi-
croenvironmental variation in terms of temperature,
soil moisture, and litter depth have been found among
patches of different herbaceous and woody species,
which resulted in differential tree-seedling emergence
among patch types (Burton and Bazzaz 1995). The two
fern species did not segregate along measured envi-
ronmental gradients such as light or soil moisture, ex-
cept at the cove site (PH9) where Osmunda was found
in moister plots than Dennstaedtia. Higher seedling
emergence of Fraxinus was correlated with the higher
soil moister in Osmunda plots, but this pattern was not
the effect of the specific presence of Osmunda. In sys-
tems where dominant understory species occupy dif-
ferent microsites, the activity of an understory filter
must be interpreted in the context of this environmental
heterogeneity.

Although they were bounded by the natural distri-
bution of Dennstaedtia and Osmunda, our six study
sites varied in canopy composition and multiple edaph-
ic factors. The extent to which the activity of the fern
filter was consistent across sites illustrates the strength
and predictable nature of interactions between the un-
derstory and tree seedlings. Low light levels at site
PH9 and high soil moisture at site PH4B did not qual-
itatively affect the activity of the fern filter. Other site-
specific factors such as slope and overstory composi-
tion influenced the strength of the contrast between
tree-seedling emergence in fern and fern-free plots. As
illustrated by patterns of Pinus emergence, the contrast
between seedling density in fern and fern-free areas
was strongest at sites with the highest expected seed
rain. Emergence of Betula was correlated with soil ex-
posure, and exhibited high values in fern-free plots at
sloped sites with a high incidence of soil exposure. The
fern filter severely reduced potential Betula emergence
at these sites, but had little effect at sites where litter
structure already impeded Betula emergence. Gener-
aly, the fern filter may cause its most notable effects
in terms of proportional reduction of seedling emer-
gence at sites where potential seedling emergence is
high, as a result of high seed input or favorable en-
vironmental conditions.

The fern understory differentially influenced 1st-yr
survival among tree-seedling species, thus representing
another mechanism by which the understory may se-
lectively filter tree seedlings and influence forest com-
position. The fern filter had a different effect on each
seedling species at the emergence and at the establish-
ment stages, which reflects different critical abiotic and
biotic mediators at each stage. Survival through the
first growing season of all species except Quercus was
reduced under fern cover. The magnitude of that re-
duction increased with decreasing seed size and was
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greatest for small-seeded Betula. A positive relation-
ship between seed size and 1st-yr seedling survival in
shade has been documented for North American tem-
perate trees (Grime and Jeffrey 1965). The establish-
ment of smaller-seeded species may be more sensitive
to understory cover because they face reduced resource
levels under ferns sooner as they exhaust their maternal
reserves. Trees that areinitiated as sprouts may be even
more tolerant of the competitive effects of the fern
understory for longer periods than seedlings, particu-
larly if large reserves are available to them. By the
beginning of the second growing season, seedling sur-
vivorship in fern-free plots still reflected seed size, but
seedling survivorship below ferns did not. Similarly,
for tree seedlings invading patches of old-field vege-
tation, large-seeded species were more tolerant of com-
petition during the 1st yr of establishment than smaller-
seeded tree species, however, in subsequent years tol-
erance of competition was independent of seed size
(Bazzaz 1996).

The selectivity of the fern filter with respect to both
seedling emergence and establishment shows that the
fern understory hasthe capacity to influence the density
and species composition of the seedling bank. These
factors in turn influence the spatial structure of the
seedling bank and initially define a seedling’s com-
petitive and genetic neighborhoods (Bazzaz 1983,
1996). The selectivity of the fern filter resultsin Betula
seedlings being highly concentrated in fern-free areas
relative to areas with fern cover. Quercus and Pinus
seedlings are more common in fern-free areas, and Acer
and Fraxinus exhibit a nearly random spatial distri-
bution with respect to fern cover. In terms of absolute
seedling numbers in the 1994 and 1995 cohorts, re-
cruitment in fern-free areas was dominated by Betula,
and recruitment under fern cover was dominated by
Acer and Fraxinus. The spatial structure of the forest
will significantly impact a variety of forest processes
such as competitive and reproductive dynamics (Baz-
zaz 1983, 1996). The spatial aggregation of speciesinto
monospecific competitive neighborhoods may lead to
coexistence of species at the community level and im-
pact forest diversity (Hibbs 1982, Pacala 1986, Sil-
vertown and Law 1987, Pacala et al. 1993).

Pre-disturbance interactions between tree seedlings
and the understory shape the nature of the seedling
bank, which is the starting capital available for future
forest regeneration occurring after small- and large-
scale canopy disturbance. After disturbance, herbs and
shrubs of the understory stratum (if present) may con-
tinueto filter the seedling bank, although it may operate
differently in the context of new resource flux (e.g.,
Horsley and Marquis 1983, Drew 1988, 1990). Tree
growth after disturbance enters amore rapid phase, and
particularly after emergence from dense understory
cover, tree-to-tree competition becomes intense (Bor-
mann and Likens 1979, Oliver 1981). However, post-
disturbance tree—tree competition may still be influ-
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enced by the legacy of the understory. Relative seedling
and sapling size as influenced by understory conditions
can affect the outcome of tree competition and canopy
replacement after release (Canham 1988). The outcome
of plant competition depends also on the density and
identity of competitors (Bazzaz 1996), features of a
seedling’s competitive neighborhood that may also be
shaped by the understory filter.

Pre-disturbance interactions among tree seedlings
and herbaceous and woody understory plants may have
far-reaching consequences for the dynamics and tra-
jectory of future forest regeneration. The herb and
shrub stratum of the forest understory is an ecological
filter that filters tree recruitment from the earliest stages
of seedling emergence and establishment. The selec-
tivity of the understory filter results from individual
tree-species response to the biotic and abiotic micro-
environment imposed by the understory stratum. In or-
der to more precisely understand the effects of the un-
derstory filter on the density, species composition, size
structure, and spatial distribution of the seedling bank,
understory effects on emergence and establishment
must be integrated with effects on seedling growth and
survival in subsequent years. The contribution of the
understory to future forest composition must then be
interpreted in the context of pre-disturbance as well as
post-disturbance processes.
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