Ecological Monographs, 78(3), 2008, pp. 313-329
© 2008 by the Ecological Society of America
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Abstract. To understand the role biota play in resilience or vulnerability to environmental
change, we investigated soil, plant, and microbial responses to a widespread environmental
change, increased nitrogen (N). Our aim was to test the plant—soil threshold hypothesis: that
changed biotic structure influences resilience to accumulated changes in N. For six years, we
removed one of two codominant species, Geum rossii and Deschampsia caespitosa, in moist-
meadow alpine tundra in Colorado, USA. We also manipulated nutrient availability by
adding carbon (C) or N, separately and in combination with the species removals.

Consistent with our hypothesis, Geum was associated with soil feedbacks that slowed rates
of N cycling and Deschampsia with feedbacks that increased rates of N cycling. After a four-
year initial resilience period, Geum dramatically declined (by almost 70%) due to increasing N
availability. In contrast, Deschampsia abundance did not respond to changes in N supply; it
only responded to the removal of Geum. Forbs and graminoids responded more positively to
Deschampsia removal than to Geum removal, indicating stronger competitive effects by
Deschampsia. The changed biotic interactions appear to have community-level consequences:
after six years of Geum (but not Deschampsia) removal, evenness of the community declined by
over 35%.

Increased N affected the soil-microbial feedbacks, particularly in association with Geum.
Microbial biomass N declined at higher N, as did the activities of two C-acquiring and one N-
acquiring extracellular microbial enzymes. In the presence of Geum, N fertilization slowed the
activity of phenol oxidase, a tannin-degrading enzyme, suggesting that microbes shift from
degrading Geum-derived compounds. In the absence of Geum, acid phosphatase activity
increased, suggesting increased phosphorus limitation in association with Deschampsia.

With continued N deposition forecast for this system, these results suggest that initial
resilience of Geum to increased N will be overwhelmed through elimination of microbial
feedbacks. Once Geum declines, the loss will indirectly facilitate Deschampsia via competitive
release. Because Deschampsia exerts strong competitive effects on subordinate species,
increased Deschampsia abundance may be accompanied by a community-wide drop in
diversity. We conclude that plant-soil feedbacks through the microbial community can
influence vulnerability to exogenous changes in N and contribute to threshold dynamics.
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INTRODUCTION

Human activities are altering, at unprecedented rates,
many of the processes that structure ecological commu-
nities (Vitousek et al. 1997, Chapin et al. 2000, Tilman et
al. 2001). For instance, many ecosystems are experienc-
ing changes in climate and disturbance regimes, resource
availability, and regional species pools. While it is clear
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that these changes are occurring and that they can have
profound ecological impacts, it is often difficult to
predict the future structure of communities due to the
complexity of direct and indirect interactions affected by
the changes. In particular, the sensitivity of systems to a
sustained change (i.e., a press sensu Underwood [1994])
in the environment may depend on the resilience
conferred by their biota (Walker et al. 1999, Allison
2004, Nystrom 2006).

Plant species can either stabilize the effects of
environmental change or, if they are pushed beyond
their tolerances, their initial resilience and then sudden
demise can lead to strongly nonlinear threshold dynam-
ics (van Nes and Scheffer 2004, Chapin et al. 2006).
Biotic vulnerability to environmental change has been
ascribed to food webs with few links or low interaction
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Fic. 1. Biotic feedback could influence how a system
responds to directional environmental change, either by
accelerating or counteracting the change. We assume a
threshold response, where community structure is altered and
diversity decreases in response to environmental change. If
environmental change is accelerated due to changed species
interactions, the system would be less resistant to environmen-
tal change, and exogenous forces would have stronger-than-
anticipated effects on community structure (solid diamonds).
Alternatively, dominant species could exert counteracting
feedbacks on the local environment and increase resistance to
change. In this case, the exogenous forcing would have less-
than-anticipated effects on community structure over a given
time period (gray circles). We use this framework to depict our
predictions about effects of biotic structure and N availability.
Symbols refer to effects of species due to manipulations of
biotic interactions: solid diamonds, removal of an N-conserva-
tive species (Geum rossii); open triangles, ambient conditions;
gray circles, removal of an N-exploitative species (Deschampsia
caespitosa). Our N-availability manipulations simulate a
nitrogen gradient that could occur over time due to increased
N deposition: a = C addition to reduce N availability; b =
ambient N conditions; and ¢ = N addition.

strengths (Ruesink and Srivastava 2001, O’Connor and
Crowe 2005), changes that disproportionately affect a
keystone or dominant species (Allison 2004, Chapin et
al. 2006), low functional redundancy or response
diversity (Walker et al. 1999, Elmqvist et al. 2003,
Nystrom 2006), or lack of strong internal stabilizing
feedbacks (Ehrenfeld 2003, Bezemer et al. 2006). Here
we investigate whether plant—soil feedbacks through the
microbial community can accelerate or slow vulnerabil-
ity to exogenous environmental change, contributing to
threshold dynamics.

It is often thought that the plant species can play a
particularly critical role in feedback loops that stabilize
important environmental variables such as the supply of
soil nitrogen (N) (Bowman and Steltzer 1998, Evans et
al. 2001, Reynolds et al. 2003) as well as influence
competitive interactions (Casper and Castelli 2007,
Kardol et al. 2007). Changes in the abundance of plant
species in such feedbacks could lead to disproportion-
ately large threshold changes in community structure.
Abundant species, because they account for the most
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biomass, and keystone species, because they have
ecological impacts disproportionate to their biomass,
are most likely to influence threshold dynamics (Power
et al. 1996, Grime 1998). If these species are lost due to
environmental change, soil feedback loops may shift so
substantially that the repercussions to the rest of the
community are dramatic and sudden. For instance, if N-
conservative species that exert counteracting feedbacks
on the local environment are replaced by nitrophilic
species, then exogenous increases in N availability may
have stronger-than-anticipated effects on community
structure due to changed species interactions (Fig. 1).
Alternatively, the presence of N-conservative species
could increase community resilience and resistance to
change. In that case, exogenous forcing would have less-
than-anticipated effects on community structure. Such
changes may be key sources of surprise in management
because they are hard to predict based on effects of the
environmental change prior to the biotic collapse
(Suding et al. 2004, Groffman et al. 2006).

Virtually all systems are experiencing increased N
availability due to atmospheric deposition (Matson et al.
2002, Vitousek et al. 2002). Because the availability of N
limits the productivity of many terrestrial temperate
systems (Vitousek and Howarth 1991), changes in N
supply can strongly influence plant abundance and
diversity (Bobbink et al. 1998, Matson et al. 2002, Fenn
et al. 2003, Stevens et al. 2004). Nitrogen fertilization
has been a common experimental approach to study
these effects, and most fertilization studies have shown
that increased N supply alters diversity and composition
(Gough et al. 2000, Shaver et al. 2001, Bowman et al.
2006). In our present study we both increase and
decrease the ambient supply of N to examine how
species loss alters composition and function along a
gradient in N availability.

Microbial community structure and function is
emerging as one key link between exogenous changes
in N and plant-soil effects. Increased N availability can
directly affect microbial structure (Treseder 2004,
Sinsabaugh et al. 2005, Stursova et al. 2006). In
addition, plant effects on N cycling in soils can occur
indirectly via microbial composition and activity (Hob-
bie 1992, Aerts 1999, Ehrenfeld et al. 2005). One
mechanism by which microbes can influence soil
feedbacks is the production of extracellular enzymes
(Dakora and Phillips 2002). Extracellular enzymes
mediate the decomposition of litter, the breakdown of
organic matter, and the mineralization of N and
phosphorus (Sinsabaugh 1994). Extracellular-enzyme
activity can indicate the sensitivity of microbial function
to plant species loss (Kourtev et al. 2002, Allison et al.
2006), contributing to resilience or vulnerability to
environmental change.

Although ecologists recognize that plants and mi-
crobes may sometimes regulate and precipitate threshold
dynamics (Chapin et al. 2004, Groffman et al. 2006),
studies that examine the effects of altered nutrient
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supply rarely also investigate the role of biotic structure
and feedbacks through the microbial community. For
instance, little is known about how plant community
structure contributes to the overall changes observed in
N-fertilization experiments. Many of the studies that
have focused on microbial and biogeochemical effects of
N fertilization have been conducted in ecosystems where
plant species turnover is slow and assumed not to be an
important factor in ecosystem response (Waldrop et al.
2004, Sinsabaugh et al. 2005). In cases when both plant
and microbial change occur, effects of altered nutrient
supply on microbial structure and function (Mack et al.
2004, Schmidt et al. 2004, Bradley et al. 2006, Stursova
et al. 2006, Rinnan et al. 2007) are often considered
separately from concurrent changes in plant structure
and function (Seastedt and Vaccaro 2001, Gough et al.
2002, Pauli et al. 2002). In the few experiments that have
manipulated both N supply and biotic structure, direct
limitation of environmental conditions appears to be
more important than species interactions, with surpris-
ingly little interaction among factors (Bret-Harte et al.
2004, Brooker 2006, Manning et al. 2006). While these
results bring into question the assumed importance of
plant species to system resilience, other work suggests
that system vulnerability will vary depending on
characteristics of biotic structure (Bardgett et al. 1999,
Eviner and Chapin 2002, Scherer-Lorenzen et al. 2003,
Allison 2004, Chapin et al. 2006). Thus, to understand
the role biota play in resilience to environmental change,
it is essential to understand the reciprocal interactive
nature of the relationships between plant—soil feedbacks
and limiting factors (Hobbie et al. 1999, Nilsson et al.
2002, Bret-Harte et al. 2004).

In this study we investigated soil, plant, and microbial
responses to a widespread environmental change,
increased N supply, and how its effects are mediated
by changes in biotic structure. In the Front Range of the
Rocky Mountains in Colorado, USA, there is evidence
that atmospheric N deposition (currently ~6
kg-ha '-yr!; Sievering 2001) is affecting plant commu-
nity structure and diversity via changes in N supply
(Bowman et al. 2006). Over the past 20 years, the biotic
structure of moist-meadow alpine tundra appears to be
shifting from codominance of two plant species (Geumn
rossii, Deschampsia caespitosa) that are associated with
divergent effects on net N cycling (decreased and
increased rates, respectively) (Steltzer and Bowman
1998, Bowman et al. 2004) to the dominance of
Deschampsia. This is an ideal study system to test the
importance of biotic resilience to changes in N supply
due to the codominance of two plant species associated
with very different soil effects (see Plate 1). The
codominance allows us to conduct experimental manip-
ulations within one system that has relevance to the
general dichotomy of plant strategies and plant species
effects common across systems (Chapin 1980, 2003,
Craine et al. 2002, Diaz et al. 2004), thereby encom-
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passing differences that could greatly influence plant—
soil feedbacks in response to N fertilization.

Our experimental approach involved removing species
and manipulating N supply. As long-term records
indicate that changes in species composition have
already occurred, we both decreased and increased N
supply rates from ambient levels. We examined effects of
N supply and species loss separately, and in combina-
tion, over six years to determine whether changes in
biotic structure (in this case the loss of either one of the
codominant species) influence the vulnerability of the
system to accumulated changes in N. Specifically, we
tested the following set of predictions:

1) Plant species vary in their sensitivity to sustained
directional changes in a critical environmental factor
(e.g., N supply). Species with strong soil feedbacks that
act to slow N cycling may be particularly vulnerable to
increases in N availability, while species that act to
accelerate N cycling may benefit most from enhanced N.

2) Plant species associated with slow rates of N cycling
may be able to counteract the effects of exogenous
increases in N in the short term, maintaining their
abundance and strong interactions with other species in
the community. As a result, the community as a whole
(e.g., in terms of diversity, evenness, composition) will
initially be resilient to exogenous changes.

3) Eventual loss of the species associated with
feedbacks that counteract the direction of exogenous
change would dramatically curtail resiliency, causing
abrupt and noncontinuous responses in microbial
function and plant community characteristics (Fig. 1).

Together, we refer to these three predictions as the
“plant—soil threshold hypothesis” because it posits that
resiliency depends on species interactions mediated by
sensitivities of plant—soil feedbacks to exogenous
change. Alternatively, either environmental limitation
or biotic control could determine community resilience,
with few interactive effects. Environmental limitation
would predict that sustained changes in a critical
environmental factor (such as our manipulations of N
availability) would change biotic structure but that these
changes will not depend on plant species interactions
within the community. Conversely, biotic control would
predict that loss of particular plant species (which we
simulate with species removal), regardless of underlying
environmental cause, drives changes in resilience.
Because we manipulated N availability and species loss
separately and in all possible combinations over a six-
year time course, we are able to distinguish among the
plant—soil threshold hypothesis and these alternatives.
By explicitly testing how plant-soil feedbacks and
directional environmental change can interact to influ-
ence system resilience, we extend previously developed
theory of threshold effects (May 1977, Gunderson 2000,
Scheffer and Carpenter 2003, Bestelmeyer 2006, Groff-
man et al. 2006).
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METHODS

We conducted our experiment in moist-meadow
alpine tundra on Niwot Ridge (40°03" N, 105°35" W)
in the Front Range of the Rocky Mountains, Colorado,
USA. We focused on Geum rossii (R. Br) C. L. Hitchc.
(formerly Acomastylis rossii), a roseaceous forb, and
Deschampsia caespitosa (L.) P. Beauv., a tillering
bunchgrass, the two most abundant species (each
approximately 30% cover) at the study site (May and
Webber 1982). While these two species are roughly
equivalent in cover, they are functionally distinct,
particularly in relation to N cycling. Deschampsia grows
faster, has a lower foliar C-to-N ratio, and is associated
with faster net N mineralization than Geum, a nitrogen-
conservative species (Steltzer and Bowman 1998, Miller
and Bowman 2002, Bowman et al. 2004). High phenolic
concentrations produced by Geum appear to be associ-
ated with high microbial activity and high net N
immobilization (Steltzer and Bowman 1998, Bowman
et al. 2004).

Experimental design

In June 2001 we selected seven moist-meadow sites.
The sites varied in elevation from 3397 m to 3544 m and
were aligned across the ridge within an area of ~5 km?>.
We used site as a replicate blocking factor due to the
space limitations within any one moist-meadow area.
Within each of the seven sites, we selected 10 1-m? plots
that had equal proportions of Geurn and Deschampsia
cover. Cover was determined nondestructively with
point-quadrant frame sampling. Plots were separated
by at least 2 m and trenched to a depth of 15 cm three
times during each growing season. Of the 10 plots, we
randomly selected 3 plots in which we removed Geum, 3
plots in which we removed Deschampsia, 1 plot in which
we removed biomass randomly in proportion to site
productivity, and 3 plots where no biomass was
removed. Removal treatments consisted of repeatedly
clipping the selected species to ground level. All clipped
biomass was collected, dried to a constant mass, and
weighed. Clipping of these perennial species does not
initially cause mortality of the individuals, and thus does
not create a large flush of soil C from decaying roots.
Instead, root death likely occurred slowly due to
repeated clipping of aboveground biomass. Because
root C (and root-associated organisms) likely have a
stronger influence on microbial communities than
aboveground litter (Brant et al. 2006), we expect that
the effects associated with the focal species dissipated
slowly in the first two years of the removal treatments.
The removal treatments were initiated in 2001 and
continued for the 2002, 2003, 2004, 2005, and 2006
growing seasons.

In combination with the removal treatments, we
manipulated resource availability by adding N or C to
one of each of the removal plots, with the exception of
the random biomass control. We selected plots for each
treatment randomly with the constraint that the N-
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addition plots were never within 5 m uphill from any
other type of plot. Nitrogen was added at the beginning
of the growing season each year, starting in 2001, using
Osmocote slow-release fertilizer (urea 40-0-0 [N-P-K])
at a maximum rate of 16 g N'-m >-yr~'. We expect the
actual N made available within each plot was <16 g
N'm 2yr~! (we estimate 10 g N-m~2yr~') due to surface
water flow (which is high at the beginning of the season
due to snowmelt) and incomplete release of the slow-
release pellets (Bowman et al. 1993). The application
rate was lower than or equivalent to many other N-
fertilization experiments previously conducted at the site
(Bowman et al. 1993, 1995, Seastedt and Vaccaro 2001)
but higher than estimated critical loads of N in an
adjacent community type (Bowman et al. 2006). Carbon
was added three times during the growing season at a
rate of 900 g C'm yr ! in a mixture of equal parts
glucose, cellulose, and lactose.

Response over time

In the five years following the initiation of the
experiment (2002-2006) we measured resin-extractable
N and species composition. To estimate plant-available
N in soils, three ion-exchange resin tubes (2 cm length X
2 cm diameter cylinders wrapped in nylon mesh) were
placed at a depth of 10 cm within each plot at the start of
the growing season, collected after one year, extracted
with 1 mol/L KCl, and analyzed on a continuous-flow
autoanalyzer (QuikChem 8000 [Lachat Instruments,
Milwaukee, Wisconsin, USA]) in the Kiowa Analytical
Laboratory (Nederland, Colorado, USA) for nitrate,
nitrite, and ammonium. Species composition was deter-
mined at the peak of the growing season using a point—
intercept method where species presence was recorded at
100 points within a 1 X 1 m grid at regular 10-cm
intervals. When species were present but did not occur at
a grid point, they were counted with a value of 0.5
(corresponding to <0.5% cover). Relative abundance
was estimated as the proportion of points with vegetation
that contained both species. We also took initial
measures of composition prior to the initiation of the
experimental treatments to standardize starting condi-
tions (in 2001, see Experimental design, above). However,
we do not include that data point in the compositional
time series (2002-2006) because it was taken early in the
season rather than at peak growing season.

In addition to the annual measurements of estimated N
supply and species composition, net primary productivity
was estimated across all sites in 2006. In 2006 we collected
aboveground biomass from three 20 X 20 cm subplots
within each of the 70 plots. In all cases, aboveground
biomass was sorted into litter, Geum, Deschampsia, and
other species, dried at 70°C, and weighed.

Plant—soil feedbacks

We used two approaches to assess plant effects on
soils: (1) measures of N cycling in monospecific patches
dominated by either Geum or Deschampsia at each
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experimental site in 2003, and (2) measures in the
treatment plots of N cycling and microbial extracellular
enzyme activities in 2006.

In 2003 we measured in situ net N-mineralization rate
and microbial biomass N in monospecific patches
dominated by either Geum or Deschampsia at the
experimental sites to confirm presumed species effects
on N cycling. Because our main experimental design
used areas where both species codominated (necessary
for removal treatments), we used another set of plots
(adjacent to our main experimental plots) for these
measures. In addition, we replicated these measures both
within and among sites, something we were not able to
do in the main experiment due to space constraints. We
selected four replicate patches of naturally occurring
Geum or Deschampsia at each of the experimental sites,
with the exception that we combined sampling of two
sites that were in close proximity to each other. We took
three soil cores (2 cm diameter X 10 cm deep) from each
patch and pooled them, for a total of 48 samples (2
patch types X 6 sites X 4 replicates/site). The soil from
the cores was gently split in half, and one part was
returned to the hole inside a gas-permeable bag, while
the other part was brought back to the laboratory on ice
for extraction and analysis (Eno 1960). After ~30 days
the soil incubated at the site was removed and brought
back to the laboratory for analysis. After field collection
the soils were sieved through a 2-mm? mesh screen. Soils
were then extracted in 0.5 mol/L K,SO, for inorganic N
and total nitrogen (TN). We measured inorganic N
colorimetrically on a continuous-flow autoanalyzer
(Latchat QuikChem 8000) and extractable TN and
CHCI;-N colorimetrically as inorganic N following
high-temperature persulfate digestion. We calculated N
concentrations of extractable dissolved organic N as the
extractable TN minus extractable inorganic N. Chloro-
form-labile N was determined using the chloroform-
fumigation extraction technique and then soils were
extracted with 0.5N K,SO, as above (Robertson et al.
1999). We calculated microbial N as the CHCl;-labile N
minus extractable TN, divided by a factor of 0.54 to
correct for chloroform-labile N extraction efficiency
(Brookes et al. 1985). We calculated net N-mineraliza-
tion rates as the difference in extractable inorganic N
between the initial and final cores, divided by the
incubation period of 30 days.

We also measured soil processes in the main
experiment to determine the effects of species removals
and fertilization treatments in 2006. We measured
available inorganic N, dissolved organic N, and
microbial biomass N in all treatment plots. Three soil
cores (2 cm diameter X 10 cm deep) were taken from
each of three areas within each plot and pooled,
resulting in three samples from each of the 70
experimental plots. The soils were processed and
analyzed similarly to our measurements of monospecific
patch effects in 2003, with the exception that we did not
measure in situ net N mineralization.
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We used a portion of the soil samples collected in 2006
to assay the activity of microbial extracellular enzymes
in five of the seven sites. These soil samples were frozen
(0°C), shipped to University of California (Irvine,
California, USA), and processed during winter 2007.
We measured the activity of extracellular enzymes
involved in the acquisition of C (a-glucosidase, pB-
glucosidase, B-D-cellobiohydrolase, B-xylosidase, phe-
nol oxidase, and peroxidase), N (N-acetyl-pB-glucosami-
nidase and leucine amino peptidase), and P (acid
phosphatase) using 4-methylumbelliferyl (MUB) o-D-
glucopyranoside, 4-MUB B-D-glucopyranoside, 4-MUB
B-D-cellobiohydrolase, 4-MUB B-D-xylopyranoside, L-
3,4-dihydroxyphenylalanine, 4-MUB N-acetyl-B-D-glu-
cosaminide, L-Leucine-7-amido-4-methylcoumarin hy-
drochloride, and 4-MUB phosphate as substrates,
respectively. We followed published protocols (Sinsa-
baugh et al. 2003). Briefly, soil slurries were prepared
with 1 g of soil in 125 mL sodium acetate solution (50
mmol/L, pH 5) and homogenized for 1 min. The phenol
oxidase and peroxidase assays were prepared in clear 96-
well plates and the remainder in black 96-well plates,
allowing for 16 analytical replicates per sample. Soils
and labeled substrates were incubated at 13°C for ~18 h.
Fluorescence was measured on a Bio-Tek FL600
microplate fluorescence reader (BioTek Instruments,
Winooski, Vermont, USA) with excitation filters set at
360 nm and emission filters set at 460 nm. For phenol
oxidase and peroxidase assays, absorbance was mea-
sured at 460 nm.

Thus, in our experimental plots we measured species
composition and resin-available N each year (2002-
2006) following the treatment initiation (in 2001) of
nitrogen availability and species removal. In 2006 we
additionally measured available inorganic, dissolved
organic, and microbial biomass N, aboveground bio-
mass production, and the activities of nine microbial
extracellular enzymes, in the experimental plots. Because
we chose our experimental plots to have approximately
equal representation of Geum and Deschampsia prior to
our experimental manipulations, to better assess species
effects we also measured N cycling in monospecific
patches dominated by either Geum or Deschampsia at
each experimental site (adjacent to the experimental
plots) in 2003.

Statistical analyses

Differences in net N mineralization and microbial
biomass N in patches dominated by Geum and
Deschampsia were assessed with a two-way ANOVA,
with patch and site as fixed factors. In cases where there
was a patch effect, we conducted post hoc contrasts of
patch type with each site.

The amount of biomass clipped from the removal
plots was examined to determine if the effects of Geum
or Deschampsia removal would be confounded with the
amount of biomass removed. We analyzed differences in
total biomass removed using a repeated, linear, mixed-
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in 2003 in monospecific patches (either dominated by Geum or
Deschampsia) adjacent to the experimental treatments (that were
established in co-dominated areas) at six of the seven moist-
meadow alpine tundra sites on Niwot Ridge (Rocky Mountain
Front Range, Colorado, USA). Across all sites, net N-
mineralization rates were slower, and microbial biomass N
higher in areas associated with Geum compared to Deschampsia.

effects model (Ime) in R version 2.4.0 (R Development
Core Team 2006) with year, removal treatment, and
nutrient treatment as fixed effects and site and plot as
random effects. Biomass measures were log transformed
prior to analyses to meet assumptions of normality and
heteroscedasticity. We used AIC criterion to determine
the best-fit model and the best-covariance structure
(Pinheiro and Bates 2000). To determine the degree to
which effects of species removal were due to a reduction
in general biomass rather than a change in species-
specific interactions, we compared plots where biomass
was randomly removed to Deschampsia removal, Geum
removal and control plots using a linear mixed model.

To test for the effect of removal and nutrient
treatments on resin-available N, we used a repeated,
linear, mixed model with year, removal, and nutrient
treatment as fixed effects and site and plot as a random
effect. We tested for treatment effects on 2006 soil
inorganic and dissolved organic N and on microbial
biomass N using a nested, linear, mixed model with
treatments as fixed effects and soil cores nested within
subplot and site. We used a similar model for above-
ground biomass production measured in 2006. For
enzyme activities, we tested for treatment effects on mean
activity of each enzyme for each plot in a linear mixed
model with site and plot as random effects and microbial
biomass N as a covariate. One of the enzymes, phenol
oxidase, did not meet the assumptions of normality and
so we used the Scheirer-Ray-Hare extension of a Kruskall
Wallis test (Sokal and Rohlf 1994).

To examine the changes in species-abundance patterns
over time and how these were affected by removal and
fertilization treatments, we analyzed the species compo-
sition data in three ways: (1) a repeated-measures, linear
model examining the effect of removal and nutrient
treatments and all interactions on the relative abun-
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dance of our two focal species, Geum and Deschampsia,
and of the major functional groups, forbs and grami-
noids; (2) a repeated-measures, linear model examining
the effect of removal and nutrient treatments on total
species number and evenness; and (3) a multivariate
permutational analysis of variance based on Bray-Curtis
dissimilarities of plant communities among plots.
Details about each of these analyses follow.

First, to examine patterns in species composition over
time, we analyzed changes in the relative abundance of
our two focal species, Geun and Deschampsia, and
changes in the relative abundance of the major
functional groups, forbs and graminoids, using a
repeated, linear, mixed model in R version 2.4.0 (R
Development Core Team 2006) with removal and
nutrient treatment and year as fixed effects, and site
and plot as random effects. The forb group excluded
Geum and the graminoids excluded Deschampsia. When
analyzing Geum and Deschampsia abundance we ex-
cluded the corresponding removal treatment where
abundances were kept close to zero for the length of
the experiment. Relative abundances were log-trans-
formed prior to analyses to meet assumptions of
normality and heteroscedasticity. Second, we used the
same model to test for effects of nutrient and removal
treatments on species number and evenness.

Finally, multivariate analyses of the relative abun-
dance of all species excluding Geum and Deschampsia
were done using a permutational multivariate analysis of
variance (PerMANOVA) (Anderson 2001, McArdle and
Anderson 2001) with nutrient treatment, year, and
removal treatment as main effects and 2006 productivity
as a covariate. Relative abundances were fourth-root
transformed and analyses were based on Bray-Curtis
dissimilarities. Permutations were run 9999 times.
Pairwise a posteriori comparisons were done using these
permutations to examine differences among years and
treatments. To determine the species most responsible
for compositional differences, we used repeated linear
models, as above, to test for treatment effects on the
most abundant species.

REsuLTS
Species effects in monospecific stands

Net N-mineralization rates measured in 2003 were
higher in Deschampsia patches relative to Geum patches
at our experimental sites (Fig. 2; F| 36=7.951, P < 0.01),
consistent with past results (Steltzer and Bowman 1998).
Microbial biomass N was higher in Geum patches
relative to Deschampsia patches (Fig. 2; F) 36 = 30.07,
P < 0.001). Microbial biomass N also varied signifi-
cantly among sites (Fs 3, =4.28, P < 0.01), but this site
variation did not affect the relative differences between
patch types.

Evaluation of experimental manipulations

The amount of biomass clipped from the plots to
maintain the removal treatments varied among years,
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declining with time (Fs 519 = 358.6, P < 0.001). In the
sixth year of our removals, 2006, we removed ~7 g
biomass/m2 from each plot, or <3% of the annual
productivity at the sites, indicating that we had
succeeded in reducing the presence of the focal species.
While the abundance of the target-removal species was
initially similar to each other, we removed different
cumulative amounts of biomass among removal treat-
ments (Fr44 = 30.32, P < 0.001) due to differences in
their response to clipping. We removed more biomass
from the random-removal plots than either Geum (Fj 24
=552, P < 0.001) or Deschampsia (F4 = 51.9, P <
0.001) removal plots and more from the Geum than
Deschampsia (Fy 33 = 10.6, P = 0.002) removal treat-
ments. The amount of biomass removed did not differ
among nutrient treatments (F, 44 = 0.8, P = 0.463).
Nutrient addition significantly affected resin-available
N (Fig. 3; F1 1, =111.4, P < 0.001) and this difference
increased over time (Fig. 3; Fg 200 =27.9, P < 0.001). As
intended, we increased N availability in the N-addition
plots compared to ambient controls (P < 0.001) and C-
addition plots (P < 0.001) and decreased N availability
in the C-addition plots compared to controls (P =
0.001). Based on the species effects we documented in
monospecific patches at the experimental sites (Fig. 2),
we expected that species removal would also affect N
cycling. However, resin-available N did not vary among
removal treatments (Fig. 2; F5 36 = 1.52, P =0.232).

Soil and microbial processes

Nutrient additions also caused large differences in soil
inorganic, organic, and microbial N pools among the
plots in 2006 (F,45 =326.9, P < 0.001; F545=90.2, P <
0.001; and F, 43 =14.0, P < 0.001, respectively; Fig. 4a—
¢; Appendix). Similar to the resin-available N, soil
inorganic N increased in the N-addition plots compared
to ambient controls (P < 0.001) and C-addition plots (P
< 0.001) and decreased N availability in the C-addition
plots compared to ambient controls (P < 0.001). The
difference in ambient and C-addition plots was due to
higher soil inorganic N in the ambient Geum removal
and non-removal plots relative to the C-addition plots
where Deschampsia was also removed (P = 0.006, P =
0.005, respectively). Dissolved organic N was lower in
the N-addition plots relative to ambient (P < 0.001) and
C-addition plots (P < 0.001), but there was no effect of
removals (£345 =0.29, P =0.751).

Microbial biomass N was higher in the C-addition (P
< 0.001) and ambient plots (P < 0.001) relative to the
N-addition plots. While overall there were no significant
effects of removals (F 45 =0.7, P =0.510) or significant
removal X nutrient interactions (Fp 45 = 0.5, P = 0.723)
on microbial biomass N, post hoc tests show that
microbial biomass N was significantly lower in the N-
addition plots compared to ambient (P = 0.016) and C-
addition (P =0.020) treatments in the absence of species
removal, as well as in the Geum removal, C-addition
plots (P =0.013).
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The activities of five out of the nine enzymes examined
significantly responded to the experimental treatments
(Fig. 5). The activity of two C-acquiring enzymes, o-
glucosidase and [-xylosidase, and one N-acquiring
enzyme, leucine amino peptidase, significantly decreased
due to nutrient fertilization (F530=9.1, P=0.0008; F> 2
=3.7, P=0.038; and F, 30 = 3.4, P =0.046, respectively;
Fig. 5a, ¢, g). In contrast, the activity of phenol oxidase,
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a tannin-acquiring enzyme, and acid phosphatase, a P-
acquiring enzyme, showed a significant interaction
between nutrient and removal treatments (Fy30 = 3.0,
P =0.024 and F, 30 =3.3, P =0.024; Fig. 5e, i). Phenol
oxidase activity was highest in Geum-removal plots with
N addition and lowest in Deschampsia-removal plots
with C addition (P < 0.05; Fig. 5e). In non-removal
plots, phenol oxidase decreased with N addition and
increased with C addition (P < 0.05). Geum removal
also increased the activity of acid phosphatase compared
to non-removals in N-addition plots and relative to
activity in Deschampsia-removal plots with no nutrient
additions (P < 0.05; Fig. 5i). However, when C was
added to Geum-removal plots acid phosphatase activity
was significantly repressed (P < 0.05; Fig. Se).

Aboveground biomass production

By 2006, nutrient and removal treatments had
affected aboveground biomass (F5 45 = 16.4, P < 0.001
and Fp4g = 13.6, P < 0.001, respectively; Fig. 4d;
Appendix). Standing biomass in plots where Geum had
been removed had recovered to control (no removal)
levels. However, aboveground plant biomass in plots
where Deschampsia had been removed was significantly
lower than control levels (P < 0.001); regrowth had not
fully compensated for the biomass of Deschampsia in six

years, likely due to the slow growth of Geum and other
subdominant forbs. Production responses to N avail-
ability were surprising: the addition of N did not
increase, and actually slightly decreased, aboveground
biomass (P < 0.001). The negative effect of N on Geum
strongly contributed to this effect. N addition decreased
production most when Deschampsia was removed and
had little effect when it was present. As expected, C
additions decreased production.

Community structure

Species abundances in unmanipulated plots remained
constant over the length of the experiment (£ 20=0.02, P
=0.9992). Geum was more abundant than Deschampsia
(F420=9.0, P=0.006 ), with average relative abundances
of 39% and 30%, respectively. Forbs other than Geum
constituted most of the remaining cover; other grami-
noids were rare and averaged only 5% relative abundance
in unmanipulated plots. While the unmanipulated plots
contained 4-13 species/m>, there were no consistent
trends in richness over time (F4,4=1.8, P=0.161). The
identity of the species present varied among plots and
over time; within the course of the experiment we
identified 47 species in our experimental plots.

Removal-treatment effects—Competition intensity
between the codominants was strong and fairly sym-
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metrical, with both codominants negatively affecting the
other dominant species more than other subordinate
species. Geum increased in relative abundance when
Deschampsia was removed from plots (Fig. 6a; Fj 30 =
60.5, P < 0.001). The response to Deschampsia removal
was marginally greater than the response to the removal
of vegetation from random species (P = 0.062).
Deschampsia increased in abundance when Geum was
removed from plots (Fig. 6b; F} 30 = §9.6, P < 0.001)
and this response was significantly larger than the
response to the random-removal treatment (P < 0.001).

While both codominants negatively affected other
species in the community, Deschampsia appeared to

exert a stronger competitive effect on many of the
subordinates. Initially forbs responded positively to
removal of Geum (Fig. 6¢; P < 0.001) and Deschampsia
(Fig. 6¢; P < 0.001) and did not vary in their response to
Deschampsia and Geum removals (P =0.942) or from the
response to random removals (P = 0.861, P = 0.855,
respectively). However, the competitive effect of De-
schampsia was apparent over time (Fg 25 = 3.0, P =
0.003): by 2006 forbs were more abundant in the
Deschampsia-removal plots than the Geum-removal
plots (P = 0.001). The response of graminoids also
varied among the species-removal treatments (Fig. 6d;
Fr45 = 6.6, P = 0.0030). Similarly to the forbs,
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graminoids responded positively to Deschampsia remov-  noids did not respond to Geum removal, as compared to
al compared to controls (P < 0.001) and Geum removals  the controls (P = 0.438) or to random-species removals
(P < 0.001), and marginally more than to plots with (P = 0.842). Artemisia scopulorum, the third most
random species removed (P = 0.081). However, grami- abundant species in the moist-meadow sites after Geum
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and Deschampsia, increased in abundance with the
removal of either dominant (F, 45 = 11.8, P = 0.0001),
as did another common forb, Erigeron simplex (F5 43 =
6.5, P =0.0031). The abundance of Carex scopulorum,
the most common graminoid, varied with removal
treatments (Fp43 = 6.6, P = 0.003), increasing in
abundance when Deschampsia was removed compared
to when Geum was removed (P < 0.001).

Interactions with either of the codominants did not
affect species richness (Fig. 7a; F>45=0.3, P=0.718) but
Geum facilitated community evenness. Evenness showed
a significant response to removal treatments (Fig. 7b;
F>45=10.6, P < 0.001) and the response changed over
time (Fg 215 = 7.3, P < 0.001). The removal of Geum
caused a decrease in evenness compared to Deschampsia
removals (P < 0.001) and to controls (P < 0.001). The
difference in evenness between Geum removal and other
plots increased over time: after six years evenness had
declined by >35%.

Nutrient-treatment effects.—Species composition was
generally less responsive to fertilization amendments
than to species removals. Geum responded to C and N
amendments differently (Fig. 6a; Fr3 = 10.2, P <
0.001). It decreased in abundance when plots were
fertilized with N (Fig. 6a, P < 0.001) and the negative
effect of N increased over time (Fig. 6a; Fg 515=7.2, P <
0.001), but showed no response to C additions (P =
0.853). The abundance of Deschampsia and forbs
showed no response to fertilization treatments (in Fig.

6b, F2’30 = 029, P= 0750, in Flg 6C, F2’4g = 004, P=
0.959, respectively). Graminoids responded to nutrient
additions differently (Fig. 6; F> 45 = 2.1, P =0.064), but
due to large variances, the overall response was only
marginally significant. Graminoids increased in abun-
dance with N addition (Fig. 6d) compared to C-addition
plots (Fig. 6k; P =0.004), but there was only a marginal
increase in N-addition plots compared to ambient (Fig.
6d; P = 0.069). A common forb, Bistorta bistortoides,
was one of the only subordinate species that showed a
strong response to nutrient treatments (f> 46 =154, P <
0.001), decreasing in abundance with the addition of C
(P < 0.001). Nutrient treatments did not significantly
affect species richness (F5 45 =0.1, P=0.874) or evenness
(F2ﬂ4g = 05, P= 0637)

Interactive effects of nutrient and removal treat-
ments.—Responses to nutrient addition and species
removal were generally independent of one another,
with the exception of the response of Geum (Fig. 6;
significant effect of removal X nutrient). While Geum
generally decreased when N was added, competition
with Deschampsia compounded the decline. Conversely,
Geum abundance was greatest when C was added and
Deschampsia was removed (Fig. 6). In comparison,
Deschampsia generally increased in relative abundance
with the removal of Geum, and this effect did not change
with time or nutrient additions (Fig. 6).

Multivariate analyses indicated that the composition
of the plant community was affected by nutrient and
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PLATE 1.

removal treatments. The community in the C-addition,
N-addition, and no-nutrient-addition plots all differed
significantly from one another (F» 314 = 3.4, P < 0.01),
as did the community in all the removal treatments
(F2,314=2.5, P < 0.01). There were no interactive effects
of nutrient manipulations and species removals on
community composition.

DiscussioN

Consistent with the plant—soil threshold hypothesis,
which posits that resiliency depends on species interac-
tions mediated by sensitivities of plant—soil feedbacks to
exogenous change, we found strong evidence that biota
were initially resilient to the changed N supply but that
this resilience broke down as N availability continued to
increase. In particular, N fertilization did not affect the
cover of Geum for the first four years of the study, but
then caused strong declines in years five and six. After
six years of fertilization, Geum cover declined from
almost 40% cover to 10% cover. Species-removal
manipulations indicate that the continued decline of
Geum will result in changed community-level parame-

Moist meadow alpine tundra at Niwot Ridge on the Front Range in Colorado, USA. In this community, two
codominant plant species, the rosaceous forb (Geum rossii) and a bunchgrass (Deschampsia caespitosa), differentially affect soil
processes. These plant—soil feedbacks may influence how the community responds to environmental changes such as increased
nitrogen deposition. Photo credit: 1. Ashton.

ters, decreasing evenness and shifting species composi-
tion. Surprisingly, however, it appears as if the biomass
of neither of the codominant species in this system,
which has been generally assumed to be N limited, is
directly limited by N. This result suggests that simple
resource competition for N is not the sole controlling
factor of plant-soil feedbacks in this system.

Resilience via plant—soil feedbacks

Soil microbial effects likely mediated the resilience
effects conferred by Geum. Geum patches were associ-
ated with slow rates of net N mineralization and high
microbial biomass N at every site in the experiment (Fig.
2); the lack of association between the removal of Geum
and changes in N cycling characteristics (Figs. 3 and 4) is
likely due to our sampling resolution in mixed-species
plots. While we attribute the time lag as resilience due to
these effects of Geum, it could also be due to the slow-
growing perennial life history of these plants. However,
we saw fairly rapid response of Deschampsia and Geum
to our species-removal treatments; effects were apparent
in the second year of manipulation compared to the
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delayed response to N fertilization. In addition, we have
observed fairly rapid changes in species composition due
to N fertilization in other experiments (Bowman et al.
1995, 2006). As such, this lag in response supports the
idea that species that slow N cycling can counteract the
effects of exogenous increases in N, maintaining their
abundance and diversity of other species in the
community in the short term.

The same plant—soil effects that lead to resilience also
can lead to rapid changes after the system has been
pushed past some buffering threshold. The decline in
Geum at high N availabilities does not appear to be
solely due to changes in competitive interactions
mediated by changed nutrient availability. Rather, the
decline occurred with or without the other codominant,
Deschampsia, present. Most general models of fertiliza-
tion effects assume that declines due to fertilization are
due to changed competitive interactions (Rajaniemi
2003, Suding et al. 2005). However, our findings indicate
that other processes mediate the sensitivity of Geum to
increased N. One possibility is that our N additions
acidified the soils (pH 5.8 in ambient-N plots and pH 5.7
in N-addition plots) and decreased the ability of Geum
to acquire micronutrients. However, given the small
change in pH and the general association of Geum with
acidic soils (USDA-NRCS 2006), such a decline in pH is
unlikely to explain the strong response to N addition.
Another possibility is that increased N made Geumn more
susceptible to another stress like drought. However,
given that 2002 was the only year during the experiment
with below average precipitation (D-1 weather station
[40°3’34” N, 105°37'0” W; 3739 m]; 1054, 893, 1081,
1108, 1159, and 1109 mm for 2001-2006, respectively)
and that soil moisture did not differ in any of our
experimental treatments, drought stress is unlikely to
explain the strong decline of Geum.

We speculate that the mechanism behind the thresh-
old decline is related to changes in the microbial
community. Geum litter and root exudates, which are
high in dissolved organic carbon and phenolic com-
pounds (Bowman et al. 2004; Meier et al. 2008), may
support a microbial community that enhances the
success of the plant species. Under ambient N condi-
tions, Geum may support a microbial community that
either inhibits the growth of other species or directly
facilitates its own growth via resource acquisition or
pathogen resistance. After six years, microbial biomass
N declined at higher N availabilities, as did the activities
of two C-acquiring extracellular microbial enzymes, o-
glucosidase and B-xylosidase and an N-acquiring
enzyme, leucine amino peptidase. Alpine soils are often
rich in organic matter, but after six years of N additions
microbial activity may have consumed much of the
labile soil C (Neff et al. 2002). At high N availability,
decreased soil C may decrease microbial biomass and
the activities of C-acquiring enzymes. These effects are
consistent regardless of removal treatment. Thus,
carbon availability may more strongly limit microbial
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activity in the N-addition plots compared to the ambient
and C-addition plots.

Certain species, in this case Geum, could be more
sensitive to changes in microbial function at higher N
availabilities. In addition to its effects on microbial
biomass N and C-degrading enzyme activities, N
fertilization significantly slowed the activity of phenol
oxidase, a tannin-degrading enzyme, in the presence of
Geum. This change suggests that microbes might shift
away from degrading Geum root-derived C and litter
(which contain very high concentrations of tannins;
Meier et al. 2008) under fertilized conditions. Further-
more, increases in acid phosphatase activity suggest that
soils may become depleted of P in the absence of Geum,
particularly when soils are also fertilized with N. If
Geum growth is facilitated by a microbial community
that is associated with low N availability, the decline in
microbial biomass and change in microbial function in
plots where N was added may explain the corresponding
decline in Geum abundance.

The combination of competitive interactions with
Deschampsia and high N levels caused the most
dramatic declines in Geum cover. The removal of
Deschampsia initially caused Geum to increase, indicat-
ing competition, but this response was only sustained at
low N levels. At high N levels, Geum initially increased
when Deschampsia was removed, but then declined in
years five and six. The timing of the decline in response
to high N was the same regardless of whether
Deschampsia was present. The negative effects of N
and the positive effects of Deschampsia removal
counterbalanced each other, resulting in little overall
change in Geum cover when the two factors were
combined.

Our results also indicate that the decline of Geum will
trigger further changes in plant community structure.
The loss of Geum is associated with community-wide
decreases in evenness and changes in composition.
Species richness, on the other hand, was relatively
robust to the species decline. Forbs in particular appear
to be sensitive to the loss of Geum. The initial response
of forbs is to increase in abundance when Geum is
removed, but over time their abundance declines
dramatically. This suggests that the large abundance of
forbs in the tundra is dependent on the presence of
Geum, perhaps due to alterations in the soil environ-
ment, changes in other limiting nutrients such as P,
and/or through indirect competitive interactions where
the presence of Geum limits the abundance of grami-
noids.

While the decline of Geum at high N availabilities is
noteworthy, the mechanisms responsible for the decline
could be general. Species turnover is common in N-
fertilization experiments; however, most species that
decline are presumed to be competitively excluded rather
than particularly sensitive to changed microbial function
at high N (Suding et al. 2005). We expect that species
that slow N cycling through feedbacks with the
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microbial community may be most likely to exhibit
similar responses, although feedbacks and responses to
N have been studied so infrequently that more work is
needed to test generality. One aspect of our results that
is unusual for terrestrial N-fertilization studies is that
aboveground production declined with N addition.
Production likely decreased due to sensitivity of one of
the most abundant species in the community, Geum, to
N. We expect that similar species responses may occur to
N fertilization but not affect the overall biomass result
to such an extent, particularly if the vulnerable species
were less abundant.

Species-level resource limitation

Similar to other studies that examined the interactive
effects of biotic structure and changed N supply (Bret-
Harte et al. 2004, Klanderud 2005, Manning et al. 2006),
we found evidence for direct effects of enhanced N
availability indicated by changes in Geum cover,
graminoid cover, and multivariate measures of commu-
nity composition. However, these changes were fairly
minor compared to the interactions between biota and
changes in N availability and, in the case of Geum,
opposite in direction with what we predicted. In
addition, we did not see direct abundance responses to
N availability in Deschampsia, as we predicted.

In contrast to the strong environmental limitation
shown by Geum, the other codominant, Deschampsia,
was predominately limited by biotic interactions, name-
ly, interactions with Geum. Based on its fast growth rate
and effects on N cycling, we predicted Deschampsia
would increase in abundance due to N fertilization and
act to accelerate effects of increased N availability (Fig.
1). However, the abundance of Deschampsia did not
increase due to N fertilization. While it did not increase
due to N fertilization, Deschampsia cover strongly
increased within one year after Geum-removal treat-
ments were initiated. This response was relatively
constant over time, resulting in a 20% increase in
Deschampsia cover in the absence of Geum. In addition,
possibly due to the decrease in Geum starting the year
prior, there was an increasing trend in Deschampsia
cover in year six due to N fertilization. Taken together,
these results suggest that Deschampsia should continue
to increase as N fertilization causes Geum cover to
decline and that this change is largely under biotic
control.

The potential effects of N deposition on plant
community structure are generally considered strong
due to the predominance of N limitation in temperate
ecosystems (Vitousek et al. 2002). Previous work at
Niwot Ridge and other alpine sites has indicated that
production is largely limited by nitrogen or co-limited by
N and P (Bowman et al. 1993, 1995, 2006, Theodose and
Bowman 1997, Seastedt and Vaccaro 2001, Soudzilov-
skaia et al. 2005). In fact, Bowman et al. (1995)
conducted a N-fertilization experiment in moist-mead-
ow tundra very similar to the system we worked in and
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found a significant increase in productivity, predomi-
nately due to an increase in graminoid (including
Deschampsia) biomass.

Although we assumed general N limitation based on
this past work, our results indicate that only one
functional group in the moist-meadow systems we
studied was directly limited by N: non-Deschampsia
graminoids. Because this group contributed a relatively
small amount to overall biomass production (~5%) and
because Geum biomass declined with N, we did not find
evidence of a positive effect of N addition on
productivity. A similar pattern was found in another
fertilization experiment where the decline of lichens
counterbalanced the increase in vascular plants, result-
ing in no community-wide change in biomass due to
increased N (Soudzilovskaia et al. 2005).

Interestingly, these effects were not symmetrical in our
N-reduction treatment, suggesting that effects of
changed N availability may be strongly nonlinear. The
C-addition treatment, while it decreased N availability
to a smaller extent than the corresponding increase in N
due to N-addition treatment, decreased aboveground
biomass production. In contrast to the lack of increase
due to N addition, this response to N reduction is what
we would expect in an N-limited system. Again, there is
evidence that this discontinuity is due to species
responses. While Geum decreased due to elevated N, it
did not increase due to lowered N availabilities. In
addition, microbial associations with Geum appear to be
more sensitive to increased N and remain fairly constant
across low N availabilities. This nonlinear response, as
well as the difference between the moist-meadow
response to N that we and Bowman et al. (1995) found,
is consistent with the idea that the study site has just
reached the critical load of N due to N deposition
(Bowman et al. 2006).

We speculate that one reason why Deschampsia did
not respond to changes in N availability in this current
study, even in the absence of its codominant competitor,
is because it has become particularly dependent on P
availability. This P limitation is a possibility for several
reasons. First, although Deschampsia did not respond to
increased N availability, it did respond to the removal of
Geum. The differences in response between these two
manipulations suggest that Deschampsia is competing
with Geum for something other than just N. Second,
Geum removal was associated with increased acid
phosphatase activities, suggesting the enhancement of
P limitation when Geum is lost and Deschampsia
increases in abundance. Last, while past work generally
finds evidence of N as the primary limiting resource
limiting overall production, the studies that followed the
response of Deschampsia found evidence of strong
species-level P limitation (Theodose and Bowman
1997, Seastedt and Vaccaro 2001). Litaor et al. (2005)
also documented a correlation between graminoid
biomass and P availabilities at our study site. If
Deschampsia is predominately limited by P availability
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in moist-meadow alpine tundra, further increased N
deposition may cause little direct change in its abun-
dance. Further changes in community structure may be
fairly minimal until the system approaches the critical
threshold in N supply, the point when Geum starts
declining due to N, as we observed in year six of this
study. The lack of responsiveness to N in a fast-growing
species such as Deschampsia could also be an indicator
of progressive P limitation of the plant community as a
whole as it approaches its critical N load and becomes N
saturated.

Conclusions

Plant-soil feedbacks through the microbial commu-
nity can affect vulnerability to exogenous environmental
change, contributing to threshold dynamics. Here we
demonstrate that moist-meadow alpine tundra is initial-
ly resilient to increased N availability. During this
resilience period, community structure was relatively
stable, with few changes attributable to increased N-
supply rates. However, five years after the manipula-
tions were initiated the resilience of the community
broke down, likely through changes in microbial
feedbacks affecting Geum, one of the dominant species.
This loss of resilience due to a directional environmental
change may be a common phenomenon (Gunderson
2000, McClanahan et al. 2002, Chapin et al. 2006), and
may be particularly strong if vulnerability is associated
with changed species interactions. In this case, because
the vulnerable species, Geum, was also a major
facilitator of subordinate species, its loss increased the
abundance of the other dominant, Deschampsia, and
decreased community diversity (evenness). Improved
understanding of dynamics of change, particularly the
complex interactions between biotic interactions and
environmental change, can be applied to managing
ecological processes and feedbacks to avoid the occur-
rence of these threshold effects.
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