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Abstract EVorts to understand species distributions and
predict responses to environmental changes depend on
specifying how the abiotic environment determines distri-
butions. At landscape scales, it is critical to distinguish
eVects of environmental factors from other mechanisms
such as competition and dispersal limitation. We examined
how environmental factors aVect the distribution and per-
formance of the sedge Carex prasina across a 10-km2 old-
growth forest in southern Québec. We isolated the eVects of
soil characteristics by conducting a greenhouse experiment
that assessed the performance of C. prasina on soils from a
range of wetland habitats where it could potentially occur.
This allowed us to compare how the species’ performance
and its distribution across the landscape relate to the same
soil characteristics. In the experiment, the biomass and leaf
chlorophyll content of C. prasina increased with increasing
soil organic matter (OM). Across the landscape, however,
the species’ probability of occurrence and abundance
decreased with increasing soil OM. C. prasina had similar
biomass on soils from sites where it did and did not occur,
but it had higher leaf chlorophyll content on soils from sites
where it did not occur. We found no evidence that diVeren-
tial performance across environments determines the distri-
bution of this species, as C. prasina tended to occur on soils

where it showed reduced performance. Rather, other pro-
cesses such as competition or dispersal limitation likely
override any direct eVects of the soil environment on distri-
bution. Our results caution against the common assumption
that the environments where a species tends to occur or be
most abundant are the environments where it performs best.
C. prasina presents a clear example of a species whose per-
formance, at least along edaphic gradients, cannot explain
its distribution. This example highlights the importance of
distinguishing the relative roles of biotic and abiotic factors
that shape species distributions across landscapes.
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Introduction

To predict how plant distributions will respond to environ-
mental changes, it is imperative to understand the role of
environmental conditions in shaping distribution patterns.
Plant distributions clearly reXect spatial variation in the abi-
otic environment (Whittaker 1975; Gilbert and Lechowicz
2004; Silvertown 2004), but several processes lead to a
mismatch between the distribution of populations and the
distribution of habitats where a species could persist
(Pulliam 2000; Leibold et al. 2004). For example, competitors
may exclude a species from otherwise suitable habitats
(Hutchinson 1957; Grime 1973; Gurevitch 1986; Crawley
et al. 2005). Many plant species may remain absent from
suitable habitats due to limited dispersal (Svenning and
Skov 2004; Ehrlén et al. 2006; Freestone and Inouye 2006).
Species may also maintain populations in unsuitable habi-
tats through ongoing dispersal (Shmida and Wilson 1985;
Pulliam 1988; Bruna 2003; Mouquet and Loreau 2003).
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Thus, the observed distributions of species only partly rep-
resent their environmental tolerances. Distinguishing the
eVects of the abiotic environment from other mechanisms
controlling plant distributions remains an important chal-
lenge, especially because of its relevance to the feasibility
of restorations, the spread of invasive species, and the
response of species to climate change.

The most direct way to assess the relative importance of
the abiotic environment in determining the distribution of a
species is to compare its performance, Wtness, or demogra-
phy in both occupied and unoccupied habitats across a
range of environmental conditions. If diVerential perfor-
mance across environments largely determines its distribu-
tion, then the species should perform better in habitats
where it occurs than in habitats where it does not occur, and
it should perform best in habitats where it is most abundant.
This enhanced performance on “home” sites depends
strongly on spatial scale (Münzbergová 2004). Across bio-
mes and strongly contrasting habitats, the existence of
home-site advantage is trivially obvious: tropical plants
cannot survive in the boreal region and terrestrial plants
cannot grow in aquatic environments. At very Wne scales,
occupied and unoccupied microsites might fall below the
level of meaningful environmental variation, so that the
spatial distribution of a species may show no correlation
with its performance (Pulliam 2000). Instead, the relation-
ship between performance and distribution becomes most
interesting at the landscape scale, where it has rarely been
thoroughly tested (Pulliam 2000). Seed-sowing experi-
ments typically focus on a few occupied or apparently sim-
ilar habitats, often without quantifying environmental
conditions or considering the range of habitats where a spe-
cies could potentially occur (Turnbull et al. 2000). Land-
scape-scale transplant experiments can distinguish the
eVects of habitat characteristics from seed limitation across
a range of sites and at relevant spatial scales (Bell et al.
2000; Vellend et al. 2000), particularly when they explicitly
characterize environmental conditions (Münzbergová
2004). For example, two recent studies eVectively assessed
the extent to which environmental requirements control
plant distributions across a 0.33-km2 area by comparing
species’ distribution and performance as transplants in
well-characterized environments (Moore and Elmendorf
2006; Wright et al. 2006). Comparing ex situ and Weld
responses to environmental gradients can also identify
niche shifts in response to competition or other factors, but
very few studies involve such tests (Silvertown 2004).
Clearly, there is a need for further work to build a general
understanding of the nature and strength of environmental
controls on patterns of plant distribution across landscapes.

In this study, we examine how speciWc environmental
factors aVect both the distribution and performance of the
sedge Carex prasina across a 10-km2 old-growth forest in

southern Québec. Carex species’ distributions across this
landscape depend primarily on soil moisture and other
edaphic factors (Gilbert and Lechowicz 2004), with C. pra-
sina restricted to permanently and seasonally wet areas
within the forest (Waterway 2002; Flinn et al. 2008). Here,
we isolate the eVects of speciWc soil characteristics by
growing C. prasina on Weld-collected soils under common
greenhouse conditions. We assessed the performance of
C. prasina on soils from a range of diVerent wetland habi-
tats where it could potentially occur, and where we also char-
acterized C. prasina abundance, environmental conditions,
and associated plant communities. This combination of
approaches allowed us to address three speciWc questions.

1. How do speciWc soil characteristics aVect the perfor-
mance of C. prasina?

2. How do these same soil characteristics relate to the
distribution of C. prasina?

3. Does C. prasina tend to occur on soils where it
performs best?

If the same soil characteristics that enhance the species’ per-
formance also increase the likelihood of its occurrence, this
would be consistent with edaphic requirements largely deter-
mining the species’ distribution. If, however, the species
tends to occur on soils where it shows reduced performance,
then other factors such as competitive exclusion or dispersal
limitation may have an overriding impact on its distribution.

Materials and methods

Study species and study area

Carex prasina Wahlenberg is a cespitose sedge native to
eastern North America, where it grows in “rich, mesic
deciduous forests, often along streams or in seepage areas,
or in moist low ground associated with springs or fens”
(Waterway 2002). We examined its performance and distri-
bution across the Gault Nature Reserve, a 10-km2 tract of
old-growth forest on Mont Saint-Hilaire, in southern Qué-
bec, Canada (45°32�N, 73°8�W; for more information, see
http://www.mcgill.ca/gault). At Mont Saint-Hilaire, C. pra-
sina is relatively infrequent and clearly associated with
streams, seeps, and other wetlands embedded in the forest
(Fig. 1; Flinn et al. 2008; M.J. Lechowicz and M.J. Water-
way, unpublished data). Its rapid and consistent germina-
tion from fresh seed makes it ideal for seed-sowing
experiments (Bell et al. 2001).

Performance experiment

To assess its performance across soil environments at Mont
Saint-Hilaire, we grew C. prasina in soils from a variety of
123

http://www.mcgill.ca/gault


Oecologia
wetland habitats where the species could potentially occur.
We collected soil from 128 wetlands that span the full
range of wetland habitats on Mont Saint-Hilaire (Flinn
et al. 2008). Soil samples 10 cm deep were collected every
10 m along transects and pooled across each site. We col-
lected perigynia as they matured in July 2008 from many
plants across a range of wet habitats at Mont Saint-Hilaire.
The pooled sample of perigynia was stored at 4°C until
planting. We Wlled each 5-cm pot with soil from one of the
128 wetlands and sowed approximately ten perigynia on its
surface. Germination occurred 7–14 days later, during
which time seedlings were thinned and if necessary moved
to other pots to result in three plants per pot. To ensure even
watering and suYcient moisture for these wetland plants,
each pot was nested in a tray designed to hold water in a
reservoir surrounding the lower 1.5 cm of the pot. The pots
were watered by daily Xooding of the tray to the level of the
reservoir. Three replicates for each site were blocked across
a greenhouse bench.

When the plants were 5 weeks old, we measured leaf
chlorophyll content with a SPAD-502 Chlorophyll Meter
(Minolta Camera, Tokyo). The SPAD readings were con-
verted to chlorophyll per unit leaf area (mg/m2) using a
relationship calibrated for forest Carex species (R2 = 0.96;
Vellend 1999). Plants were then harvested, cleaned, and
dried at 75°C. Shoot and root tissues were weighed sepa-
rately. Biomass and leaf chlorophyll content were averaged
across the three plants in each pot, and biomass values were
log-transformed.

Vegetation and environmental sampling

In the same 128 wetlands whose soils we used for the per-
formance experiment, we also sampled environmental attri-

butes and vegetation (for detailed methods and descriptions
of the plant communities, see Flinn et al. 2008; Flinn et al.,
in review). In brief, we collected soil samples 10 cm deep
every 10 m along the same transects, pooled them for each
site, oven-dried and sieved (2 mm) the sample, and ana-
lyzed the composite for NO3

¡, NH4
+, P, K, Ca, Mg, pH

(Forest Pedology Laboratory, Laval University, Québec),
and organic matter (OM, loss on ignition). After combining
NO3

¡ and NH4
+ for a measure of total N and log-transform-

ing all variables except pH, we conducted a PCA to sum-
marize the variation in soil characteristics.

To sample plant community composition, we estimated
the percentage cover of all vascular plant species as 0 to <1,
1 to <5, 5 to <25, 25 to <75, or 75–100. We also quantiWed
species abundance by sampling 1 £ 1 m plots every other
meter along transects. Here, we express the abundance of
C. prasina at a site as the percentage of plots where it
occurred. To describe vegetation gradients that may relate
to the performance and distribution of C. prasina, we per-
formed an NMS ordination using the percentage cover esti-
mates for all species except C. prasina (detailed methods as
in Flinn et al. 2008).

Statistical analysis

First, we asked how performance in the experiment (root
and shoot biomass, leaf chlorophyll content) related to mea-
sured soil characteristics (represented by the PCA axes) and
vegetation gradients (NMS axes). Since vegetation gradi-
ents depend partly on soil characteristics (R2 = 0.13–0.23),
we considered these sets of predictors together to assess
whether, after accounting for soil characteristics, vegetation
explained additional variation in performance. If so, this
could indicate that the vegetation gradients represent addi-
tional, unmeasured soil characteristics, such as texture, that
also inXuenced performance. Relating performance in the
experiment to vegetation gradients also allowed us to see
whether C. prasina performed better on soils that supported
the same plant communities in which it occurred. These
analyses used mixed models with a random eVect to
account for experimental blocks.

We identiWed soil characteristics (PCA axes) and vegeta-
tion gradients (NMS axes) that predicted the occurrence of
C. prasina across the 128 wetlands using logistic regres-
sion. For sites where C. prasina occurred, we also exam-
ined how its abundance related to soils and vegetation.
Finally, we related performance in the experiment directly
to distribution by asking whether C. prasina had higher
performance on soils from sites that supported natural pop-
ulations (“home” soils) or on soils from sites without natu-
ral populations of C. prasina (“away” soils). Again mixed
models accounted for experimental blocks. All analyses
used SAS 9.1 (SAS Institute, Cary, North Carolina).

Fig. 1 Distribution and abundance (% cover) of Carex prasina at 128
wetland sites across the Gault Nature Reserve on Mont Saint-Hilaire, a
10-km2 old-growth forest in southern Québec, Canada
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Results

The PCA of soil characteristics produced a soil OM axis,
strongly correlated with N, K, Ca, and Mg, and a soil pH
axis, negatively correlated with P (Fig. 2). Together these
axes explained 76% of the variation in soil characteristics.
In the NMS ordination of plant community composition,
three axes accounted for 75% of the variation (Fig. 3).

In the performance experiment, both the biomass of
C. prasina and its leaf chlorophyll content increased with
increasing soil OM and decreased with increasing soil pH
(Table 1; Fig. 4). Biomass also increased with higher val-
ues of vegetation axis 2 (Table 1; Fig. 5). This indicates
that C. prasina performed better on soils from sites domi-
nated by Glyceria striata rather than Schoenoplectus taber-
naemontani, Thelypteris palustris, Eleocharis ovata and
other species (Fig. 3). Considering shoot and root biomass
separately, shoot biomass increased with increasing soil
OM, decreased with increasing soil pH, and increased with
higher values of vegetation axis 2, while root biomass did
not relate to soil characteristics but increased with higher
values of vegetation axes 2 and 3 (Table 1). Thus, shoot
biomass was responsible for the changes in overall biomass
with soil OM and soil pH.

Soil characteristics and vegetation gradients also related
strongly to the natural distribution of C. prasina across the
landscape. The strongest predictor of the species’ occur-

rence was the soil OM axis; its probability of occurrence
decreased with increasing soil OM (Table 2; Fig. 4).
C. prasina was more likely to occur in sites with higher val-
ues of vegetation axes 1 and 3 (Table 2; Fig. 5). These are
sites with Deparia acrostichoides rather than Onoclea sen-
sibilis and Osmunda cinnamomea along axis 1, or G. striata
rather than Matteuccia struthiopteris and Laportea canad-
ensis along axis 3 (Fig. 3). Predicted probabilities of occur-
rence based on these soil and vegetation characteristics
were 84% concordant with observed occurrences. Within
sites where C. prasina occurred, its abundance also
decreased with increasing soil OM (Table 2; Fig. 4).

Relating performance directly to distribution, C. prasina
had similar shoot and overall biomass on “home” and
“away” soils (Fig. 6). Plants on “home” soils had greater
root biomass (F = 17.5, df = 1,1122, P < 0.0001). However,
the leaf chlorophyll content of C. prasina was higher on
“away” soils (F = 59.8, df = 1,1107, P < 0.0001; Fig. 6).

Fig. 2 Principal components analysis of soil characteristics of 128
wetlands in the Gault Nature Reserve, Québec. The soil OM axis ex-
plained 55% of the variation in soil characteristics, and the soil pH axis
explained 21%. The length and angle of the vectors shows the magni-
tude and direction of Pearson correlations between the individual soil
characteristics and the ordination axes
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Discussion

Carex prasina showed a clear disjunction between its per-
formance in diVerent edaphic environments and its distribu-
tion across these environments. The species tended to occur
and to be most abundant in the low-OM soils where it per-
formed less well, and it remained mostly absent from the
high-OM soils where it performed best. In eVect, C. prasina
occupies a restricted portion of the edaphic space where it
could potentially grow, and a portion where its growth is
sub-optimal. Similarly, previous experiments growing
C. prasina and two other Carex species on soils from occu-
pied and unoccupied sites found no evidence for enhanced
performance on “home” soils (Vellend et al. 2000; Bell
et al. 2001). This pattern could have several possible
causes. First, environmental factors other than soils may
have a dominant inXuence on the species’ distribution.

Other relevant environmental factors are indeed correlated
with edaphic gradients in these wetlands; sites with low-
OM soils include primarily streams with more closed cano-
pies, rather than more open wetlands with still or standing
water (Flinn et al., in review). The success of C. prasina in

Table 1 Mixed models relating the performance of Carex prasina on
Weld-collected soils in a greenhouse experiment to soil characteristics
and vegetation gradients

The soil predictors are PCA axes (Fig. 2) and the vegetation predictors
are NMS axes (Fig. 3). Directions are shown for eVects with P < 0.10.
Models also included a random eVect accounting for experimental
blocks

Predictor Direction df F P

Log (biomass)

Soil OM + 1,372 8.17 0.0045

Soil pH ¡ 1,372 2.87 0.0910

Veg 1 1,372 1.10 0.2949

Veg 2 + 1,372 10.15 0.0016

Veg 3 1,372 0.96 0.3289

Log (shoot biomass)

Soil OM + 1,372 14.52 0.0002

Soil pH ¡ 1,372 3.93 0.0482

Veg 1 1,372 0.37 0.5439

Veg 2 + 1,372 9.25 0.0025

Veg 3 1,372 0.07 0.7909

Log (root biomass)

Soil OM 1,372 0.18 0.6712

Soil pH 1,372 0.22 0.6358

Veg 1 1,372 2.63 0.1055

Veg 2 + 1,372 8.08 0.0047

Veg 3 + 1,372 4.42 0.0361

Leaf chlorophyll content

Soil OM + 1,376 41.81 <0.0001

Soil pH ¡ 1,376 6.87 0.0091

Veg 1 1,376 0.47 0.4945

Veg 2 1,376 0.60 0.4376

Veg 3 1,376 1.08 0.2984

Fig. 4 Distribution and performance of Carex prasina in relation to
soil characteristics (PCA axes, Fig. 2). The sizes of the symbols show
(a) the abundance of C. prasina in 128 wetlands in the Gault Nature
Reserve, Québec, expressed as the percentage of plots where the spe-
cies occurred, and (b) the biomass and (c) leaf chlorophyll content of
C. prasina grown on Weld-collected soils from these wetlands in a
greenhouse experiment

(c)

(b)

(a)

-5

-4

-3

-2

-1

0

1

2

3

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7

Abundance (%)

-4 -3 -2 -1 0 1 2 3 4 5

-5

-4

-3

-2

-1

0

1

2

3

-1.8
-1.7
-1.6
-1.5
-1.4
-1.3
-1.2
-1.1
-1.0
-0.9

Log (Biomass (g))

Soil OM axis

-5

-4

-3

-2

-1

0

1

2

3

0
100
200
300

Chlorophyll (mg·m-2)

S
oi

l p
H

 a
xi

s

123



Oecologia
the greenhouse would suggest that it does not require shade
or a particular hydrological regime. Testing whether other
aspects of the environment mitigate the reduced perfor-
mance of C. prasina on “home” soils would require sowing

seeds in the Weld. However, Weld transplants of 11 other
Carex species into occupied and unoccupied habitats across
Mont Saint-Hilaire detected no home-site advantage (Bell
et al. 2000; Vellend et al. 2000). It is also possible that the
distribution and abundance of C. prasina depends on its tol-
erance of extreme conditions, such as drought or Xooding,
or its environmental requirements at a particular life cycle
stage (Grubb 1977). While our experiment demonstrated
successful germination and establishment in all the soils
and compared growth across soil environments, the repro-
ductive success of C. prasina may also vary across these
environments. It seems unlikely, however, that more fertile
soils where C. prasina had greater biomass and photosyn-
thetic capacity would hinder its reproduction. An apparent
disparity remains between the species’ interactions with the
abiotic environment and its distribution across the land-
scape.

An alternative explanation for this disparity is that
C. prasina remains absent from favorable environments
due to biotic mechanisms such as competitive exclusion or
dispersal limitation. Shifts between ex situ and Weld
responses to environmental gradients can indicate that spe-
cies distributions depend on interspeciWc competition
(Silvertown 2004). The hypothesis that competition excludes
C. prasina from wetlands with more nutrient-rich soils and
more open canopies seems plausible. In lakeshore plant
communities, for example, Wilson and Keddy (1986) found
a higher intensity of competition in sheltered bays with
high OM, nutrient-rich soils than on exposed shores with
low OM and nutrient concentrations. Limited dispersal may

Fig. 5 Distribution and performance of Carex prasina in relation to
vegetation gradients (NMS axes, Fig. 3). As in Fig. 4, the sizes of the
symbols show (a) the abundance of C. prasina in 128 wetland plant
communities and (b) the biomass and (c) leaf chlorophyll content of
C. prasina grown on soils from the same communities in a greenhouse
experiment
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Table 2 Regressions predicting the occurrence and abundance of
Carex prasina in 128 wetlands across a 10-km2 forested landscape in
southern Québec based on soil characteristics and vegetation gradients

Occurrence is modeled with logistic regression. The model for abun-
dance, measured as the percentage of plots where the species occurred,
includes only the 52 sites with C. prasina. The soil predictors are PCA
axes (Fig. 2) and the vegetation predictors are NMS axes (Fig. 3).
Directions are shown for eVects with P < 0.10

Predictor Direction df �2 or F P

Occurrence

Soil OM ¡ 1 9.7839 0.0018

Soil pH 1 2.2378 0.1347

Veg 1 + 1 3.5169 0.0607

Veg 2 1 2.2069 0.1374

Veg 3 + 1 8.9859 0.0027

Abundance

Soil OM ¡ 1 4.79 0.0338

Soil pH 1 1.26 0.2670

Veg 1 1 0.73 0.3964

Veg 2 1 0.11 0.7460

Veg 3 1 1.54 0.2204
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also restrict the distribution of C. prasina. This species has
inXated perigynia, apparently adapted for dispersal by
water (personal observation). If running water indeed repre-
sents its primary means of movement, this might explain
why C. prasina occurs primarily along stream systems
rather than in more isolated wetlands. Disturbances could
also remove the species from suitable habitats and exacer-
bate dispersal limitation, though disturbances severe
enough to remove the species are rare in a protected old-
growth forest. Distinguishing between alternative explana-
tions for the species’ distribution would require experimen-
tal plantings and removals. In this study, we clearly
eliminated edaphic gradients as a primary determinant of
the distribution of C. prasina. In fact, our results showed
that any eVect of the edaphic environment on the species’
distribution must be overridden by another process, most
likely competition or dispersal.

This raises an important caveat for both ecological the-
ory and conservation. Soil characteristics strongly predict
Carex distributions at Mont Saint-Hilaire (Gilbert and
Lechowicz 2004; this study), and conventional interpreta-
tions would attribute this pattern to diVerential performance
along edaphic gradients. However, our experimental results
demonstrate that another, countervailing process must pro-
duce the apparent relationship between the distribution of
C. prasina and these environmental factors. This advocates
increased attention to the biotic mechanisms of competition

and dispersal as leading determinants of landscape-scale
species distributions, even within old-growth forest. It also
advocates caution in planning for restorations, invasion
controls, and species migrations with climate change. For
example, distribution models based on species’ occurrence
across environments could make misleading predictions of
their distribution in unknown or future landscapes (Sea-
bloom et al. 2003; Moore and Elmendorf 2006). This study
emphasizes the importance of examining the mechanisms
underlying relationships between species distributions and
environmental gradients.
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