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Indirect effects of global change accumulate to alter
plant diversity but not ecosystem function in alpine
tundra
Emily C. Farrer1*, Isabel W. Ashton2, Marko J. Spasojevic3, Shiyang Fu1,
David J. X. Gonzalez1 and Katharine N. Suding1

1Department of Environmental Science, Policy & Management, University of California, 137 Mulford Hall #3114,
Berkeley, CA 94720-3114, USA; 2Rocky Mountain National Park, National Park Service, Estes Park, CO 80517, USA;
and 3Department of Biology, Campus Box 1137, Washington University in St. Louis, St. Louis, MO 63130, USA

Summary

1. Environmental change can affect species directly by altering their physical environment and indi-
rectly by altering the abundance of interacting species. A key challenge at the interface of commu-
nity ecology and conservation biology is to predict how direct and indirect effects combine to
influence response in a changing environment. In particular, little is known about how direct and
indirect effects on biodiversity develop over time or their potential to influence ecosystem function.
2. We studied how nitrogen (N), winter precipitation (snow) and warming influenced diversity and
ecosystem function over 6 years in alpine tundra. We used path analyses to partition direct effects
of environmental manipulations from indirect effects due to changes in the abundance of two domi-
nant plants. We hypothesize that (i) indirect effects will develop more slowly but will become stron-
ger than direct effects over time and (ii) after 6 years, indirect effects will more strongly influence
diversity while direct effects will influence ecosystem function.
3. Indirect effects of N on diversity were consistently stronger than direct effects and actually devel-
oped quickly, prior to direct effects. Direct effects of snow on diversity were detected in year 2 but
then subsequently were reversed, while indirect effects were detected in year 4 and grew stronger
over time. Overall in year 6, indirect effects were much stronger than direct effects on diversity.
4. Direct effects predominated for three of four ecosystem functions we measured (productivity, N
mineralization, winter N availability). The only indirect effects we found were that N and snow indi-
rectly affected microbial biomass N by influencing Geum abundance. Across all four ecosystem
measures, indirect effects were infrequent and weaker than direct effects.
5. Synthesis. Increasing indirect effects on diversity over time indicate that short-term experiments
or monitoring of natural systems may underestimate the full magnitude of global change effects on
plant communities. Moreover, explicitly accounting for changes in dominant plant abundance may
be necessary for forecasting plant community response to environmental change. Conversely, weak
indirect effects for ecosystem processes suggest that predicting ecosystem function without knowl-
edge of plant responses to global change may be possible.

Key-words: climate change, ecosystem function, nitrogen fertilization, Niwot Ridge, path analysis,
plant–climate interactions, precipitation, snow, temperature, time-lags

Introduction

Environmental change can both directly affect a species by
altering the physical environment and indirectly affect a spe-
cies by altering the abundance of coexisting species and thus
their interaction network (Tylianakis et al. 2008; Walther
2010). Recent work demonstrates that indirect effects can be

as or more important than direct effects in influencing a
species response to a changing environment (Davis et al.
1998; Suttle, Thomsen & Power 2007; Tylianakis et al. 2008;
Adler, Leiker & Levine 2009; Gilman et al. 2010). However,
it remains unclear how to incorporate indirect effects into pre-
dictions of ecological response to global environmental
change. Specifically, little is known about how the relative
strengths of direct and indirect effects develop over time
or the potential for indirect effects to influence ecosystem*Correspondence author. E-mail: ecfarrer@berkeley.edu
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function. Understanding which components of systems are
most influenced by indirect effects and how these processes
may change over time has the potential to illuminate when
modelling complexity is necessary in forecasting biodiversity
and ecosystem response to future environmental change.
Several frameworks describing ecological responses to envi-

ronmental change emphasize a temporal hierarchy of response
(Shaver et al. 2000; Smith, Knapp & Collins 2009), where
individual-level physiological responses occur first, followed
by reordering of species abundances in the community as some
species are favoured by the changing conditions at the expense
of others. It is this second stage of species reordering where
environmental change can influence the abundance of competi-
tors and the strength of per-capita competitive effects (Klande-
rud 2005; Adler, Leiker & Levine 2009; Kardol et al. 2010a;
Adler, Dalgleish & Ellner 2012; Farrer et al. 2014a; but see
Levine et al., 2010). Thus, indirect effects through altered
interactions may take longer to manifest compared with direct
physiological effects (Suttle, Thomsen & Power 2007). As the
dominant species often control the majority of resources and
most strongly affect species interactions (Keddy 2001; Smith,
Knapp & Collins 2009), changes in abundance of dominant
species may be where indirect effects on diversity predominate
(Kardol et al. 2010a).
Species reordering, by shifting the distribution of species

functional traits within a community, can also affect ecosystem
processes (Shaver et al. 2001; Antoninka et al. 2009). As the
traits of dominant species often contribute more to ecosystem
processes (Grime 1998; Shaver et al. 2000; Hooper et al.
2005), changes in abundance of dominant species may be
where indirect effects on ecosystem function predominate and
the magnitude of these effects should depend on similarities in
functional traits among the species (Kardol et al. 2010b). Indi-
rect effects on ecosystem function may take longer to manifest
than indirect effects on diversity due to time-lags inherent in
many pathways by which species traits influence function (e.g.
litter deposition and decomposition) (Chapin et al. 1995).
Here, we test the relative importance of direct and indirect

effects of environmental change on diversity and ecosystem
function in alpine tundra. We experimentally manipulated three
environmental drivers (alone and in combination) expected to
increase by the end of the century: N deposition, winter precipi-
tation and summer temperatures (Dentener et al. 2006; IPCC
2007; Galloway et al. 2008). We hypothesize that (i) indirect
effects through changes in abundance of the dominant species
will develop more slowly but will become stronger than direct
effects over the 6-year duration of the experiment and (ii) after
6 years, indirect effects will have a stronger effect on diversity
compared with measures of ecosystem function.

Materials and methods

STUDY SITE AND GLOBAL CHANGE EXPERIMENT

This experiment was conducted in moist meadow alpine tundra on
Niwot Ridge (40°030 N, 105°350 W) in the Front Range of the Rocky
Mountains, Colorado, USA. Climate conditions at the field site

(summer temperatures, N deposition, summer and winter precipita-
tion) over the length of the experiment are shown in Fig. S1 in
Supporting Information. Moist meadow is common on leeward slopes
receiving moderate to heavy snowcover (Frank & Isard, 1986). It is
co-dominated by Deschampsia cespitosa (a perennial bunchgrass,
Poaceae) and Geum rossii (a perennial forb, Rosaceae), which
together make up over 60% cover. Hereafter, we refer to these domi-
nant species as Deschampsia and Geum, respectively.

In 2006, we established a factorial manipulative experiment of win-
ter precipitation (snowpack), nitrogen and temperature. The experi-
ment used a split-plot design in which the whole-plot factor was
precipitation and N addition and warming were randomized within
precipitation treatment. The experiment consisted of three blocks of
sixteen 1 m2 plots (48 total plots, six replicates for each treatment
combination). Precipitation was manipulated using snow fences run-
ning the length of the centre of each block so that the windward eight
plots received ambient snow and the leeward eight plots received
additional snowpack. This design allowed each N and warming treat-
ment combination to be replicated twice within each split-plot. Snow
fences elevated snow depth in treatment plots by an average of
40 cm throughout the winter (2.29 control plots) and treatment plots
experienced 6–8 weeks more snow cover. Nitrogen was added as os-
mocote slow release fertilizer (urea 40-0-0 N-P-K), initially at a rate
of 28 g N m�2 year�1 and reduced to 10 g N m�2 year�1 in 2011;
due to incomplete release of the fertilizer pellets and high surface
water flow at the beginning of the growing season, we estimate that
the actual N made available in each plot was 14 and
5 g N m�2 year�1, respectively (Bowman et al. 1993; Suding et al.
2008). Ambient N deposition in the tundra was approximately
5 kg N ha�1 year�1 (0.5 g N m�2 year�1) over this time period (Fig.
S1b). Growing season temperature (June through August) was
increased using open-topped chambers which increased air tempera-
ture by 1 °C.

PLANT COMMUNITY AND ECOSYSTEM MEASUREMENTS

Species composition was measured in each of the 48 plots in 2006–
12 using the point-intercept method, yielding a per cent cover for
each species within each plot. Presence was assessed at 100 evenly
spaced points per plot; species that were present in the plot but not
hit were recorded as 0.5 (indicating < 1% cover). We used the
Shannon Index as a measure of species diversity, incorporating both
richness and evenness in one metric, H = �∑(pi ln pi), where pi is
the relative abundance of species i. The 2006 data were taken prior to
the initiation of the manipulative treatments. Because plots varied
considerably in their initial species composition and diversity, 2007–
12 data are presented as a change (Δ) from 2006 values.

In 2012, we measured four ecosystem processes in order to capture
global change effects on processes important to system carbon and
nutrient cycling: net primary productivity, microbial biomass N, win-
ter N availability and N mineralization. Indirect effects through
changes in dominant plant species have the potential to impact some
of these ecosystem processes. While Deschampsia and Geum do not
differ in biomass production (Steltzer & Bowman 1998; Suding et al.
2008), they differ substantially in litter quality which affects microbial
biomass N (Bowman et al. 2004; Suding et al. 2008), N mineraliza-
tion (Steltzer & Bowman 1998; Suding et al. 2008) and winter litter
N immobilization (Steltzer & Bowman 2005).

We quantified net primary productivity by clipping above-ground
live biomass to ground level in one 20 9 20 cm area within each
plot at peak biomass, drying at 60 °C, and weighing.
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We measured microbial biomass in late June of 2012 in each plot,
from soil cores (3.4 cm diameter) sampled to a depth of 10 cm. Soil
cores were brought back to the laboratory on ice, sieved (2 mm), and
gravimetric soil moisture was measured (by drying at 105 °C). Chlo-
roform-labile N and C was determined using the chloroform fumiga-
tion extraction technique (Robertson et al. 1999). Briefly, a 10 g
subsample of the soil was extracted immediately, and another subsam-
ple was fumigated with chloroform to kill microbes and then
extracted with 0.5 mol L�1 K2SO4. Total dissolved nitrogen (TDN,
by persulfate digestion) was measured on a chemiluminescence gas
analyzer (TOC-V CSN; Shimadzu Corp, Kyoto, Japan) and microbial
biomass N was calculated as the difference between fumigated and
unfumigated samples. To correct for extraction efficiency, microbial
biomass N was divided by 0.54 (Brookes et al. 1985).

Net N mineralization was measured using a portion of the soil core
from microbial biomass. In the field, the soil core was split in half
and one part was put inside a gas-permeable bag and was returned to
the hole for in situ N mineralization measurements (Eno 1960). After
28 days, the incubated soils were retrieved, sieved and extracted with
0.5 mol L�1 K2SO4. Initial and incubated samples were analysed for
nitrate and ammonium as above. N mineralization was calculated as
the increase in NH4+ and NO3� over the 28-day incubation period.

Nitrogen availability was measured using ion exchange resins
[Rexyn I-300 (H-OH); Fisher Scientific, Pittsburgh, PA, USA]. We
placed two ion exchange resin tubes (2.54 cm diameter 9 2 cm
height wrapped in nylon mesh) at a depth of 10 cm in each plot.
Winter N availability (mid-August to mid-June) was measured over
the 2011–12 winter. Resins were extracted with 2 mol L�1 KCl and
analysed for nitrate (QuikChem 8000 continuous-flow autoanalyzer;
Lachat Instruments, Milwaukee, WI, USA) and ammonium (Synergy
2 Multidetection Microplate Reader; BioTek Instruments, Inc., Wi-
nooski, VT, USA) in the Kiowa Environmental Chemistry Laboratory
(Boulder, CO, USA). Summer N availability (mid-June to mid-
August) was also measured in 2012; it confirmed our N addition
treatment and was so tightly correlated with the N addition treatment
that it was dropped from further analyses.

STATIST ICAL ANALYSIS

We assessed net effects of environmental change treatments on domi-
nant species cover and diversity using repeated-measures linear mixed
models in R (R Core Team 2013) package NLME (Pinheiro et al.
2013). We included pre-treatment cover as a covariate in the models.
We modelled nitrogen, snow and temperature and all two-way
treatment interactions as fixed effects. We also tested for changes in
treatment effects over time by modelling year (as a factor) and all
two-way and three-way interactions between year and treatments.
Repeated measurements were modelled by including plot (within
snow and block) as a random effect with compound symmetry error
structure. Net effects of treatments on ecosystem properties (produc-
tivity, winter resin N, N mineralization and microbial biomass N)
were analysed as above but without year effects or a random plot
effect, as they were only measured in 2012.

The direct and indirect effects of the three environmental manipula-
tions on diversity were assessed using separate path analyses on each
year of data. Prior to path analyses, all variables were examined for
distributional properties and the linearity of relationships. We then
constructed an initial model which included the direct effects of treat-
ments (N, snow, temperature, N 9 snow, N 9 temperature and
snow 9 temperature) on the cover of the two dominant plant species
(Deschampsia and Geum) and diversity, the direct effects of the

dominant plants on diversity and the covariance between Deschamp-
sia and Geum (Fig. S2). Treatments were modelled as binary (0 for
control, 1 for treatments); interactive effects were modelled as addi-
tional binary variables representing the product of the two treatments
(0 for control and single treatments, 1 for two treatments). In this
analysis, dominant plant cover and diversity were corrected for pre-
treatment starting conditions (measured as a Δ from 2006). All vari-
ables were standardized so that effects could be directly compared.
For each year, we fit the model using maximum likelihood in the LAV-

AAN package (Rosseel 2012) in R. We removed variables to find the
model with the lowest AIC (Spasojevic et al. 2014) to balance model
fit and parsimony (Grace & Pugesek 1997) and assessed final model
fit with the v2 statistic and the root mean square error of approxima-
tion (RMSEA). Chi-squared values associated with a P-value > 0.05
(suggesting that observed and expected covariance matrices are not
different) and a RMSEA < 0.05 indicate a good model fit (Kline
2010). Z-statistics were used to determine the significance of each path-
way. Indirect effects were deemed significant when the two individual
pathways making up the indirect effect were significant by the Z-test.

We then compared the magnitude of direct vs. indirect effects of
N, snow, and temperature on diversity. Direct effects are quantified
by their standardized regression coefficient (standardized coefficients
are used so that all variables are weighted equally regardless of mea-
surement units) (McCune & Grace 2002; Grace 2006); indirect effects
are calculated by multiplying standardized regression coefficients
along pathways through the dominant plant species and summing
(McCune & Grace 2002; Grace 2006). Covariances were not used in
calculating magnitude of direct or indirect effects. In order to check
that backwards selection (i.e. exclusion of non-significant terms) did
not affect calculations of direct and indirect effects over time, we ran
models in all years including all explanatory variables and confirmed
that it did not qualitatively influence results.

Results were similar using the Shannon diversity index or evenness
as the metric of species diversity, with the exception that there
were no direct effects on N on evenness (for evenness results, see
Figs S2–S4).

We tested the strength of direct and indirect effects on ecosystem
function (productivity, microbial biomass, winter N availability, N
mineralization) using path analysis in the final year of the experiment
(2012). We built an initial model that included direct single factor
and two-way interactive effects of treatments on dominant plants and
ecosystem properties. We also included effects of Deschampsia and
Geum on ecosystem properties and covariance between Deschampsia
and Geum (Fig. S2). Summer soil moisture was used as a covariate
for all variables except winter N availability. Other aspects of model
design and fit were performed as above.

Results

NET EFFECTS OF ENVIRONMENTAL CHANGE ON

DIVERSITY OVER TIME

Diversity declined in the N and snow addition treatments, and
effects grew stronger over time (Fig. 1a, Table 1, for
repeated-measure ANOVA results, see Table S1). The warming
treatment had little effect on diversity; however, the path
analyses indicated that in year 2 temperature combined with
N had a negative effect (N 9 temperature interaction) and in
the final year of the experiment temperature alone had a slight
positive effect on diversity (Table 1, Fig. 2).

© 2014 The Authors. Journal of Ecology © 2014 British Ecological Society, Journal of Ecology, 103, 351–360

Indirect effects of global change 353



Nitrogen addition strongly affected the abundance of the
two dominant plant species, increasing Deschampsia cover
and decreasing Geum cover (Figs 1b,c and 2, for repeated-
measures ANOVA results, see Table S1). Snow addition also
increased Deschampsia cover especially in the last 3 years of
the experiment (Figs 1b and 2). The snow treatment and the
combined N plus temperature treatment reduced Geum cover,
although the magnitudes of these effects were more variable
across years (Figs 1c and 2). The effect of environmental
change treatments on the dominant species generally
increased in strength over time (Fig. 2). Deschampsia and
Geum also exhibited significant negative covariance in all
years (Fig. 2).

DIRECT AND INDIRECT EFFECTS ON DIVERSITY OVER

TIME

We identified both direct and indirect effects of nitrogen,
snow, and less so, temperature, on diversity (Figs 2 and 3,
Table 1). In the year following the initiation of treatment
(2007), no treatment effects on diversity, either direct or indi-
rect, were evident (Fig. 2a). Nitrogen directly reduced species
diversity starting in year 3, and this diversity reduction

persisted in years 5 and 6 (Figs 2 and 3a). Snow directly
reduced diversity starting in year 2, but unlike the direct
effect of N, diversity recovered from the direct effect after
year 3 (i.e. plots that had lost species in year 2 regained them
again in year 3), so that direct effects did not play a role in
long-term response to snow (Figs 2 and 3b). No direct effect
of temperature alone was detected, only an N 9 temperature
interaction in year 2 (Fig. 2b, Table 1).
Indirect effects, through changed abundances of Deschamp-

sia and Geum, were detected for all three environmental
change treatments and displayed different patterns of develop-
ment over time (Fig. 3). Nitrogen indirectly reduced diversity
by increasing the abundance of Deschampsia starting in year
2, and the indirect effects increased slightly in magnitude over
time (Figs 2 and 3a). Nitrogen also indirectly increased diver-
sity through decreasing the abundance of Geum in year 3,
though this effect was small (Fig. 2c). Snow indirectly
reduced diversity via increased Deschampsia abundance start-
ing in year 4 and effects increased over time (Figs 2 and 3b).
The only evidence of an indirect effect of warming on diver-
sity was in the last year of the experiment, where warming
reduced the abundance of Deschampsia (Figs 2 and 3c). After
6 years, for all environmental change treatments (N, snow,

Table 1. Standardized direct, indirect and net effects of three environmental change drivers (N, snow, temperature) on diversity over time. Only
significant (P < 0.05) effects are shown

Environmental change Type of effect 2007 2008 2009 2010 2011 2012

Nitrogen Direct �0.22 �0.24 �0.18
Indirect �0.26 �0.24 �0.46 �0.37 �0.30
Net 0.00 �0.26 �0.46 �0.46 �0.61 �0.48

Snow Direct �0.28 �0.12
Indirect �0.22 �0.21 �0.40
Net 0.00 �0.28 �0.12 �0.22 �0.21 �0.40

Temperature Direct
Indirect 0.24
Net 0.00 0.00 0.00 0.00 0.00 0.24

N 9 temperature Direct �0.24
Indirect
Net 0.00 �0.24 0.00 0.00 0.00 0.00
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Fig. 1. The effects of environmental change drivers on diversity (a), Deschampsia (b) and Geum (c) over time. Data are corrected for pre-treat-
ment conditions (Δdiversity and cover from 2006). Only treatments significant in a repeated-measures ANOVA are shown, *P < 0.05, **P < 0.01,
***P < 0.001 (see Table S1), and values are averaged over other treatments for clarity (mean � SE).
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temperature), indirect effects were stronger than direct effects
on diversity (Fig. 3, Table 1).

DIRECT AND INDIRECT EFFECTS ON ECOSYSTEM

FUNCTION

Direct effects of environmental manipulations on ecosystem
function predominated 6 years after the initiation of the experi-
ment (Fig. 4, for ANOVA results, see Table S1). Productivity

was positively affected by snow but only in the absence of
warming (snow 9 temperature effect, Figs 4 and 5a). Snow
addition decreased winter N availability, especially in the N
addition treatment (N 9 snow effect, Figs 4 and 5b). N addi-
tion increased net N mineralization (Figs 4 and 5c) and
decreased microbial biomass N (Figs 4 and 5d). Only one of
the four ecosystem function variables we measured, microbial
biomass N, was affected by changes in abundance of the
dominant plant species: snow and N indirectly decreased
microbial biomass N via negative effects on Geum cover
(Fig. 4), and the magnitude of these effects was small
(Table 2). While experimental treatments affected Deschamp-
sia abundance, these effects did not translate to indirect
effects on ecosystem function. Overall, indirect effects on
ecosystem function were much weaker than indirect effects
on diversity (Tables 1 and 2).

Discussion

Understanding how indirect effects develop over time and
which components of ecological systems are most influenced
by indirect effects is essential for assessing the impact of glo-
bal change on systems and forecasting future change. Theo-
retical expectations of the temporal progression of effect of
environmental change on systems, from initial physiological
change to subsequent species reordering (Shaver et al. 2000;
Smith, Knapp & Collins 2009), suggest the development of
indirect effects may lag behind direct effects. Consistent with
theory, we found that direct effects of snow on diversity
occurred initially but then were reversed, while indirect
effects developed more slowly and accumulated over time.
Conversely, indirect effects of N on diversity were detected
earlier than direct effects; both increased and then stabilized
over time with indirect effects consistently stronger than
direct effects. The indirect effects of species reordering, how-
ever, did not extend to the ecosystem level: after 6 years,
direct effects were much stronger than indirect effects on
measures of ecosystem function.

NET EFFECTS OF ENVIRONMENTAL CHANGE

TREATMENTS

In high-elevation mountain ecosystems, plant species are
thought to be strongly limited by environmental factors (Har-
sch et al. 2009; Engler et al. 2011; Carlson et al. 2013). For
instance, wind redistributes snow along topographic gradients,
slope and aspect affect temperature and radiation, and both
temperature and snowpack influence the timing of snowmelt.
This strong control may cause these systems to be particularly
responsive to environmental change. For example, within the
alpine tundra zone, the timing of snowpack controls the grow-
ing season length, a fundamental control on plant species
composition (Kikvidze et al. 2005; Scherrer & K€orner 2011;
Spasojevic et al. 2013). Increased atmospheric deposition of
N may also relax N limitation on plant growth (Bowman
et al. 1993, 2006). We manipulated three key environmental
controls that are predicted to change in our study system:
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Fig. 2. Path analyses showing significant (P < 0.05) causal relation-
ships among environmental drivers, abundance of dominant plant spe-
cies and diversity from 2007 to 2012 (a–f). The width of the arrow
corresponds to the strength of the correlation; an arrow pointing to
another arrow indicates an interactive effect. Desces = Deschampsia
cespitosa, Geuros = Geum rossii. Models had a good overall fit in
every year (v2 > 0.5, P > 0.53, root mean square error of approxima-
tion <0.001 in each year). When interactive effects are significant but
main effect is not, the main effect is labelled ‘ns’.
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snowpack, nitrogen and temperature. Although we manipu-
lated these factors alone and in combination, interactive
effects were surprisingly infrequent (also see Farrer et al.
2014a).

Snow addition

Snowpack and snow duration exert strong controls on where
species can persist in alpine tundra landscapes (Litaor, Wil-
liams & Seastedt 2008). Increased snow can benefit fast-
growing species that thrive under high moisture conditions,
such as one dominant species in our system, Deschampsia, as
well as protect plants from spring frost events. However,
increased snow generally has been shown to decrease diver-
sity, as we found here, due to the loss of species that cannot
tolerate a shortened growing season (Seastedt & Vaccaro
2001; Wahren, Walker & Bret-Harte 2005; Wipf & Rixen
2010). For example, carbon limitation from a shorter growing
season due to increased snowpack can cause species decline
(Bell & Bliss 1979). The reduction in growing season length
caused by increased snowpack is also generally found to
decrease productivity (Wipf & Rixen 2010); however, in this
study, production was only decreased when increased snow

was combined with warming (particularly in 2012, the warm-
est of the experimental years). In the absence of warming,
increased snow increased biomass production, likely due to
reduced water limitation.
Elevated snowpack can also have profound impacts on

winter nutrient dynamics, which contribute disproportionately
to annual nutrient cycling in tundra systems (Brooks, Wil-
liams & Schmidt 1995). Typically, increased snowpack leads
to high rates of N mineralization in the winter due to insula-
tion by the snow, followed by high rates of immobilization at
snowmelt (Schimel, Bilbrough & Welker 2004). Because the
duration of our winter resin N measurements included both
winter insulation and snowmelt periods, the negative effect of
increased snow on winter N availability, particularly with N
addition, indicate that high rates of immobilization in plots
with elevated snow more than compensates for any excess N
mineralization that occurred in those plots through the winter.
This immobilization likely leads to reduced N availability to
plants during snowmelt, which could be one factor related to
the negative effect of increased snow on diversity. It also sug-
gests that future increases in precipitation will help to reduce
export of inorganic N to surface waters (Brooks, Williams &
Schmidt 1998).

Warming

Increased minimum temperatures (McGuire et al. 2012) have
been causing an earlier spring melt and a longer, drier grow-
ing season at our study site (Cain 2010) and in many tundra
areas world-wide. While temperature is generally perceived as
a major abiotic control in alpine tundra (Callaghan et al.
2011; Gottfried et al. 2011), our warming treatment using
passive ITEX chambers created a small increase (1 °C) in
ambient summer temperature and did not cause consistent
biotic responses. While 1–3 °C warming has been shown to
reduce diversity in experiments across the tundra biome
(Walker et al. 2006; Elmendorf et al. 2012), as well as alter
ecosystem processes, particularly productivity and soil N
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Table 2. Standardized direct and indirect effects of three environmen-
tal change drivers (N, snow, temperature) on ecosystem properties in
2012. Only significant (P < 0.05) effects are shown

Ecosystem property
Environmental
change

Direct
effect

Indirect
effect

Productivity Snow 0.45
Snow 9 temperature �0.56

Microbial biomass N �0.46 �0.13
N 9 temperature 0.09
Snow �0.12

Winter N
availability

N 0.85
N 9 snow �0.52

N mineralization N 0.44
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dynamics (Rustad et al. 2001), effects have been inconsistent
and largely constrained to specific functional groups (shrubs,
lichens) not abundant at our study site. Predicted temperature
change over the next century is much greater (4 °C), and sim-
ulations suggest that temperature will drive tundra community

change (Farrer et al. 2014a), and possibly ecosystem change,
at Niwot Ridge in the long term.

Nitrogen addition

Although the alpine tundra is in general a low-nutrient sys-
tem, nutrient availability varies within the alpine tundra zone,
increasing along a snowpack gradient from dry to moist to
wet meadow communities (Bowman et al. 1993; Fisk,
Schmidt & Seastedt 1998). Current atmospheric N deposition
rates (near 6 kg N ha�1 year, Williams & Tonnessen 2000)
have been increasing significantly over the last several dec-
ades (Williams & Tonnessen 2000; Mladenov et al. 2012).
These rates are in the range of the critical loads measured for
changing individual species abundance (4 kg N ha�1 year)
and for overall community change (10 kg N ha�1 year)
(Bowman et al. 2006), as well as our N fertilization treat-
ment.
Diversity decline with N fertilization, as we found in this

study, is a classic response in many ecosystems (Stevens
et al. 2004; Clark et al. 2007) including moist and wet mea-
dow alpine tundra (Theodose & Bowman 1997; Suding
et al. 2008). Response to N differed between the two domi-
nant plant species, with N increasing abundance of Des-
champsia and decreasing abundance of Geum. These
responses were expected based on several previous studies
(Suding et al. 2004, 2008; Farrer et al. 2013) and were
likely due to differences in N uptake and growth rate char-
acteristics of the two species (Theodose et al. 1996; Miller
& Bowman 2003).

Desces

Geuros

Winter N availability

Temp

N

Snow
0.27

R2 = 0.33

R2 = 0.46

R2 = 0.40

N mineralization

Microbial biomass

Productivity

R2 = 0.49

R2 = 0.45

–0.30

0.45

–0.52
–0.50

–0.46
0.85

0.44

–0.56

R2 = 0.19

–0.46

0.41

Fig. 4. Path diagram comparing direct and indirect effects of global
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of the correlation; an arrow pointing to another arrow indicates an
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rossii. The model had a good overall fit (v235 = 22.85, P = 0.943, root
mean square error of approximation <0.001). Interactive effects on
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of the covariate soil moisture on Geum (r = �0.32, P = 0.01)
and microbial biomass N (r = 0.55, P < 0.001) is not shown for
simplicity.
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We found N fertilization increased summer net N minerali-
zation, a response that is common across systems and is likely
the result of increased plant litter N content (McNulty & Aber
1993; Fisk & Schmidt 1996; Matson, Lohse & Hall 2002).
Concurrent with an increase in N mineralization, microbial
biomass decreased with N addition. Together this suggests
carbon limitation in soil microbes in N addition plots, which
is expected because N deposition can reduce plant allocation
below-ground, reduce ligninase activity and react chemically
with soil compounds to produce recalcitrant products (Tresed-
er 2008). While lower microbial biomass can result in lower
soil CO2 emissions (Treseder 2008), this will likely not appre-
ciably offset the strong effects of warming on the tundra as a
carbon source (Natali et al. 2011; Belshe, Schuur & Bolker
2013).

INDIRECT EFFECTS ON DIVERSITY AND ECOSYSTEM

FUNCTION

We extended the frameworks of environmental change that
emphasize a temporal hierarchy of response (Shaver et al.
2000; Smith, Knapp & Collins 2009) to predictions about
how indirect effects may propagate through a system. We
hypothesized that direct effects of environmental change,
involving individual-level physiological responses, should
occur first and then level off in magnitude following a period
of species loss or adaptation. We found that direct effects of
nitrogen and snow develop within 2–3 years and then level
off or reverse, indicating that declines in species unable to
tolerate the changed environmental conditions occur fairly
quickly.
Based on the environmental change frameworks, we also

hypothesized that indirect effects should develop more slowly,
as they will depend on reordering of species abundances in
the community as some species are favoured by the changing
conditions at the expense of others and competitive interac-
tions play out. As hypothesized, indirect effects of snow on
diversity manifested more slowly than direct effects but
became stronger over time (Fig. 3b). However, indirect
effects of N on diversity developed rapidly, within 2 years,
prior to direct effects; they increased and then appeared to
stabilize over the 6-year experiment at a level higher than
direct effects. Indirect effects were largely mediated by one of
the dominants plants, Deschampsia, a fast-growing, competi-
tive species that increased dramatically in abundance with N
and snow. Increased competition from fast-growing, opportu-
nistic dominants may be a general case where indirect effects
are strong (Adler & Hille Ris Lambers 2008; Kardol et al.
2010a; Farrer et al. 2014a). Interestingly, in the case of Des-
champsia, indirect effects were driven by population growth
of the species rather than change in per-capita effects (path
coefficients linking Deschampsia to diversity remained con-
stant over time).
In contrast to diversity, dominant plant species mediated

few effects on ecosystem function. While Deschampsia and
Geum have similar biomass production (Steltzer & Bowman
1998; Suding et al. 2008) and so may not mediate large

changes in production, they have been shown to have spe-
cies-specific effects on other ecosystem functions that could
cause indirect effects. For instance, Deschampsia and Geum
are known to differentially affect microbial biomass (Bowman
et al. 2004; Suding et al. 2008), N mineralization (Steltzer &
Bowman 1998; Suding et al. 2008), and litter N immobiliza-
tion over the winter (Steltzer & Bowman 2005) through dif-
ferences in litter quality. Consistent with Geum’s effect on
microbial biomass N, snow and N treatments indirectly
decreased microbial biomass N via negative effects on Geum
cover. Even though we did not find strong indirect effects on
ecosystem function through dominant plants, other intermedi-
aries might be important. For example, it is possible that if
we included soil microbial community structure in our analy-
sis, we may have detected indirect effects on soil processes
via microbial communities (Antoninka et al. 2009). It also
may be that we need to follow the experimental treatment
responses longer than 6 years to identify indirect effects on
ecosystem function. Time-lags inherent in many pathways by
which species traits influence function (e.g. litter deposition
and decomposition) (Chapin et al. 1995) may require a
decade or more.

Implications

The strong indirect effects of global change on plant diver-
sity found here and in many other studies across systems
(Klanderud 2005; Adler & Hille Ris Lambers 2008; Anton-
inka et al. 2009; Kardol et al. 2010a; Adler, Dalgleish &
Ellner 2012) imply that multispecies approaches must be
taken when forecasting plant community response to global
change. For example, because we found that competition
from Deschampsia drives declines in diversity with global
change, diversity declines might not be predicted for sites
where Deschampsia is not abundant. Moreover, the develop-
ment of increasing indirect effects on diversity over time
suggests that short-term experiments or monitoring of natural
systems undergoing environmental change may underesti-
mate the full magnitude of global change effects on plant
communities. Conversely, the weak indirect effects on eco-
system processes suggest that predicting ecosystem function
without knowledge of plant responses to global change may
be possible. Overall, understanding which components of
systems are most influenced by indirect effects and how
they play out over time will help us identify when model-
ling complexity is necessary in forecasting ecosystem
response to future environmental change.
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version of this article:

Table S1. ANOVA results showing the effect of global change treat-
ments on ecosystem and plant community properties.

Figure S1. Mean summer temperatures, N deposition, summer precip-
itation and winter precipitation at Niwot Ridge over the length of the
experiment.

Figure S2. Initial form of the path analysis models.

Figure S3. Treatment effects on evenness.

Figure S4. Path diagram of environment, dominant species, and even-
ness over time.

Figure S5. Magnitude of direct and indirect effects of environmental
change on evenness over time.
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