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Abstract

Low-diversity ecosystems cover large portions of the Earth’s land surface, yet studies of

climate change on ecosystem functioning typically focus on temperate ecosystems, where

diversity is high and the effects of individual species on ecosystem functioning are

difficult to determine. We show that a climate-induced decline of an invertebrate species

in a low-diversity ecosystem could contribute to significant changes in carbon (C)

cycling. Recent climate variability in the McMurdo Dry Valleys of Antarctica is asso-

ciated with changes in hydrology, biological productivity, and community composition

of terrestrial and aquatic ecosystems. One of the greatest changes documented in the dry

valleys is a 65% decrease in the abundance of the dominant soil invertebrate (Scottnema
lindsayae, Nematoda) between 1993 and 2005, illustrating sensitivity of biota in this

ecosystem to small changes in temperature. Globally, such declines are expected to have

significant influences over ecosystem processes such as C cycling. To determine the

implications of this climate-induced decline in nematode abundance on soil C cycling we

followed the fate of a 13C tracer added to soils in Taylor Valley, Antarctica. Carbon

assimilation by the dry valley nematode community contributed significantly to soil C

cycling (2–7% of the heterotrophic C flux). Thus, the influence of a climate-induced

decline in abundance of a dominant species may have a significant effect on ecosystem

functioning in a low-diversity ecosystem.
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Introduction

Studies of global change and associated declines in

biodiversity have typically focused on macroscopic

species in high-diversity ecosystems (e.g. Tilman et al.,

2001; Olff et al., 2002; Spehn et al., 2005). Yet, ecosystems

with low species and functional diversity may be

equally or more vulnerable to global change (Kareiva

& Marvier, 2003; Bohn & Amundsen, 2004; Newsham &

Garstecki, 2007). Most terrestrial ecosystems host a high

degree of redundancy in functional diversity of soil

organisms, and it is proposed that losses of individual

species will have negligible to low effects on ecosystem

processes (Andrén & Balandreau, 1999), but how the

loss of single species may influence functioning in low-

diversity soil ecosystems remains unresolved. For ex-

ample, in laboratory experiments, the relationship be-

tween soil biodiversity and ecosystem functioning is

strongest in species-poor communities (o10 inverte-

brate species), but whether these relationships are as

important to the functioning of natural systems is less

clear (Bradford et al., 2002; Liiri et al., 2002; Setälä &

McLean, 2004).

Quantifying the influences of a specific taxonomic

group on soil ecosystems is complicated because of

large numbers of species, many unidentified, and multi-

ple interactions among these species (Vetter et al.,

2004; Wardle et al., 2004). Such information is essential

to develop hypotheses describing the influences of

global change on essential ecosystem processes such

as carbon (C) cycling (Fitter et al., 2005). The study of

low-diversity soil ecosystems such as hot and coldCorrespondence: J. E. Barrett, e-mail: jebarre@vt.edu

Global Change Biology (2008) 14, 1–11, doi: 10.1111/j.1365-2486.2008.01611.x

r 2008 The Authors
Journal compilation r 2008 Blackwell Publishing Ltd 1



deserts may offer opportunities for elucidating relation-

ships between biodiversity and ecosystem functioning

(Wall & Virginia, 1999). Soil ecosystems in the McMurdo

Dry Valleys of Victoria Land, Antarctica, comprise

simple food webs with minimal diversity and little

trophic redundancy (Freckman & Virginia, 1997; Adams

et al., 2006). Hence, the dry valleys provide a model low-

diversity ecosystem for evaluating the importance of

individual microscopic soil species in regulating eco-

system functioning.

Climate change in the Antarctic provides opportunity

to evaluate the influences of climate variation on the

structure and functioning of whole soil communities,

where soil food webs are simple relative to temperate or

even many Arctic ecosystems (Wall & Virginia, 1999;

Convey & McInnes, 2005). In contrast to the Antarctic

Peninsula and sub-Antarctic which have experienced

significant warming over the past 50 years (Vaughan

et al., 2003; Turner et al., 2005; Anisimov et al., 2007), the

McMurdo Dry Valley region has cooled significantly

since the mid-1980s at a rate of 0.07 1C annually; more

relevant to ecological functioning in this region is a

0.12 1C yr�1 decline observed over the austral summer

(Doran et al., 2002b). This climate variation is associated

with changes in species composition, population levels,

and ecosystem functioning in soils, lakes, and streams;

soil nematodes in particular exhibited a marked decline

(Doran et al., 2002b; Esposito et al., 2006).

To determine the implications of this climate-induced

decline in nematode abundance, we investigated C

cycling in Antarctic soil food webs, using an isotope

tracer experiment and measurements of soil CO2 efflux

in light of long-term variation in nematode commu-

nities and soil temperatures at two sites in Taylor Valley,

Antarctica (Fig. 1). We assessed the influence of soil

biota on the soil C cycle by measuring the 13C content of

soil nematodes following the addition of a 13C-labeled

sugar added to intact soil plots. We compared the

amount of 13C in living nematodes from pretreatment,

tracer-amended, and control soils and calculated the

total C flux through the nematode biomass using assim-

ilation parameters from a food web model (Hunt et al.,

1987; Hunt & Wall, 2002) and related this to observed

rates of soil respiration. Our objectives were to estimate

the contributions of one- and two-species communities

to the total heterotrophic soil C flux and develop hy-

potheses predicting the ecosystem-level implications of

nematode community shifts following climate change.

Materials and methods

Study site

The McMurdo Dry Valley region of Victoria Land, Ant-

arctica, is a polar desert with mean annual temperatures

ranging from �15 to �30 1C and annual precipitation of

less than 10 cm water equivalent per year (Doran et al.,

2002a; Witherow et al., 2006). Terrestrial communities lack

vascular plants and other taxonomic groups common to

nearly all other soils; metazoan biodiversity is limited to

two mite, one springtail, two rotifer, two tardigrade, and

four nematode species that rarely co-occur (Barrett et al.,

2004; Adams et al., 2006). The most abundant and widely

distributed invertebrate is a microbial-feeding nematode,

Scottnema lindsayae Timm, 1971, which is often the sole

metazoan invertebrate species in soils (Freckman &

Virginia, 1997; Barrett et al., 2004). An additional nema-

tode, Eudorylaimus antarcticus Steiner, 1916 (Yeates, 1970),

has a more limited distribution, low abundance, and co-

occurs with S. lindsayae (along with Plectus spp. and

occasionally Geomonhystera spp.) in suitable soil habitats

(Treonis et al., 1999; Adams et al., 2006). Multiple factors

influence habitat suitability and, therefore, the distribu-

tion of soil organisms and the composition of inverte-

brate communities in the dry valleys, especially salt

content and composition, proximity to liquid water,

and the availability of organic substrate to fuel metabolic

activity (Freckman & Virginia, 1997; Treonis et al., 1999;

Barrett et al., 2004, 2006; Poage et al., 2008).

Nematode abundance and soil environment

We present multiple year records of soil nematode

populations from control plots of long-term soil experi-

ments located near Lake Fryxell and Lake Hoare in

Taylor Valley, Antarctica, associated with the McMurdo

Long-Term Ecological Research (MCM-LTER) project

(Fig. 1, Table 1). Data are presented from a long-term

experiment located on the south side of Lake Hoare,

including samples (n 5 8 samples per year) collected

between 1993 and 2005 (nematode abundances from
Fig. 1 Location of study sites near Lake Fryxell and Lake Hoare

in Taylor Valley (inset), Antarctica.
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1993 to 1998 were previously reported in Doran et al.,

2002b). Additional nematode data are presented from

soil samples (n 5 6 samples per site per year) collected

from control plots between 1999 and 2005 from a

complementary experiment located on the south sides

of Lake Hoare and Lake Fryxell.

Soils were collected from the top 10 cm of the soil

profile, using aseptic techniques and transported to the

Crary Laboratory at McMurdo Station for analyses of

soil biotic and chemical properties. Soil nematodes were

extracted within 48 h of sample collection using a

modified sugar-centrifugation extraction technique

and identified and enumerated under light microscopy

(Freckman & Virginia, 1997). Nematode population

abundances are expressed as individuals per kg soil,

corrected to oven dry weight equivalent. Gravimetric

soil water content and oven dry weight equivalence

were determined from mass loss of soils heated to

105 1C for 48 h (Barrett et al., 2004). Soil pH and electrical

conductivity were determined using standard electro-

chemical techniques (Nkem et al., 2006). Soil organic C

content was determined on dried, ground, and acidified

sub-samples with a Carlo Erba 1500 CHN analyzer (CE

Elantech, Lakewood, NJ, USA) at Dartmouth College

(Barrett et al., 2004). Microbial biomass was estimated

from chloroform labile C in 0.5 M K2SO4 extracts follow-

ing chloroform fumigation and extraction of soils

(Cheng & Virginia, 1993). Total organic C content of

control and fumigated K2SO4 extracts was measured on

a Shimadzu 5000 TOC analyzer (Shimadzu, Columbia,

MD, USA) in the Crary Analytical Laboratory at

McMurdo Station. Chlorophyll a content of soils was

determined using an acetone extraction procedure as an

index of soil algal biomass (Barrett et al., 2004). Chlor-

ophyll a concentrations in the acetone extracts were

measured on a Turner Model 111 Fluorometer (Turner

Designs, Sunnyvale, CA, USA) in the Crary Analytical

Laboratory at McMurdo Station.

We analyzed temperature records from long-term

monitoring sites on the south side of Lake Hoare near

one of the long-term experimental plots and installed

temperature sensors at the Lake Fryxell site. Soil tem-

perature on the south side of Lake Hoare site has been

monitored continuously since 1995 using a Campbell

CR10XT data-logger (Campbell Corporation, Logan,

UT, USA) and thermocouples buried at three depths

(surface, 5 cm, and 10 cm depths). Soil temperatures are

logged every 30 s, averaged, and stored at 10-min

intervals at this site. At the Lake Fryxell site, soil

temperatures were monitored using a HOBO 4-channel

outdoor temperature logger (Onset Corporation, Pocas-

set, MA, USA), recording at 10-min intervals through-

out the month of January 2003 to coincide with the

in situ tracer experiment. We present the mean annual

December, January, and February (DJF) temperatures at

5 cm depth for the long-term record from the Hoare site

(Fig. 2a), and the running 10-min mean temperature at

5 cm depth for the month of January 2003 at the Lake

Hoare and Lake Fryxell sites (Fig. 2b) to depict inter-

annual, seasonal, and diel variations in soil microcli-

mate. These data are used to estimate number of days

above 0 1C when invertebrates could be metabolically

active. No long-term, continuous records of soil moist-

ure are available to assess the influence of the decadal

cooling trend on soil water, but cooling is also likely to

have changed the number of days when sufficient

availability of liquid water permits metabolic activity

of soil invertebrates (e.g. Treonis et al., 2000).

Table 1 Average soil properties for study sites near Lake Fryxell and Lake Hoare

Fryxell Hoare P (Tot)*

Location 7713603000, 16311405500 7713800300, 16215205000 –

Elevation (m a.s.l.) 20 80 –

Degree hours above 0 1C for January 2003 584 627 –

Soil moisture content (% kg kg�1) 4.31 � 2.61w 0.64 � 0.26 0.026

Conductivity (mS cm�1) 82.1 � 13.3 38.7 � 16.1 0.0024

pH 9.47 � 0.22 9.46 � 0.28 0.41

Soil organic C content (g C kg soil�1) 0.51 � 0.10 0.27 � 0.11 0.022

Microbial biomass C (mg C kg soil�1) 8.2 � 5.7 7.9 � 6.0 0.19

Chlorophyll a content (mg C kg soil�1) 15.6 � 8.4 1.1 � 0.21 0.087

Total viable Scottnema lindsayae (no. of organisms kg�1) 861 � 225 247 � 54 0.0052

Total viable Eudorylaimus antarcticus (no. of organisms kg�1) 117 � 56 16 � 10 0.019

Frequency of S. lindsayae occurrence 1.0 1.0 –

Frequency of E. antarcticus occurrence 0.6 0.4 –

Total soil C efflux (mmol CO2 m�2 s�1) 0.15 � 0.10 0.04 � 0.02 o0.0001

*Significance of differences (one-tailed Student’s t-test) in soil properties from the Fryxell and Hoare sites.

wMean � 1 standard deviation values are presented for all data.
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Carbon cycling

Tracer (13C-ammended sugar solutions) and control

(water only) solutions were added to open-top, intact

1-L volume soil chambers in the field adjacent to long-

term experiments in the Lake Fryxell and Lake Hoare

basins of Taylor Valley. Before the establishment of the
13C-tracer experiment, undisturbed pretreatment soils

(n 5 5 per site) were collected for quantification of initial

nematode abundance, microbial biomass, and soil

chemistry from within 1 m of the tracer soil chambers.

Control (n 5 5 per site) and tracer-amended (n 5 5 per

site) soil plots were randomly assigned to plots at each

experimental site. Control treatments consisted of

100 mL deionized H2O kg soil�1. Tracer plots received

a 13C-mannitol (a simple alcohol-sugar derivative of

mannose, a common algal sugar) solution of 100 mg

4.4 atom % 13C in 100 mL deionized H2O, which in-

creased the soil organic C pool by an average of 30%

relative to pretreatment (t0) soils. We harvested whole

open-top soil chambers on day 21 of the experiment and

processed control and tracer-amended soils at the Crary

Laboratory, McMurdo Station, within 48 h of collection.

We extracted live nematodes from each plot using the

Baermann funnel procedure (Poinar, 1983) rather than

the modified sucrose extraction technique described

earlier so that C contamination from sucrose would

not interfere with the estimation of 13C-tracer recovery.

A minimum of 100 nematodes were hand-picked from

each extraction under a low power (� 25) dissection

scope, air-dried in a desiccator, and weighed before

determination of 13C-tracer recovery.

Total C assimilation was estimated from the observed

nematode populations and fractional abundance of 13C

in the nematode biomass. Fractional abundance,

F 5 (13C/12C), of labeled and unlabeled nematodes

was determined on a Thermo-Finnigan mass spectro-

meter (Thermo Fisher Scientific, Waltham, MA, USA) at

the Kansas State University (Manhattan, KS, USA)

stable isotope laboratory. Fractional abundances (F) of

the samples were converted to C assimilation rates

using the following equations (Boutton, 1991):

atom % excess 13Csample ¼ ðFpostdose � Ft0Þ � 100; ð1Þ

mmol excess 13Csample ¼ ðmmol CsampleÞ

� ðatom % excess 13CsampleÞ;
ð2Þ

% dose absorbed ¼
ðmmol excess 13CsampleÞ
ðmmol 13CdoseÞ

; ð3Þ

13C assimilation ¼ % dose absorbed

number of nematodes in sample

� organisms kg�1 � 100 mg C; ð4Þ

where postdose refers to the samples collected and

extracted after incubation with the 13C mannitol, and

t0 are the untreated samples collected at the initiation of

the experiment. The number of nematodes per kg dry

soil was determined independently using the sucrose-

centrifugation technique described earlier. We extrapo-

lated rates of nematode C assimilation to estimates of

total C flux through nematode biomass, using a 22%

assimilation efficiency based on parameters developed

for bacteria-feeding nematodes in the Detrital Food Web

Model (Hunt et al., 1987; Hunt & Wall, 2002):

Nematode C flux ¼
13C assimilation

assimilation efficiency
: ð5Þ

We measured total ecosystem CO2 efflux at the Lake

Hoare and Lake Fryxell sites using a closed gas
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exchange system (LiCor 6400-09, LiCor Inc., Lincoln,

NE, USA) modified to measure small changes in CO2

concentrations above desert pavement surfaces (Par-

sons et al., 2004). Measurements were made midway

through the tracer experiment on gas collection collars

inserted approximately 3 cm into undisturbed desert

pavement soils adjacent to control and tracer plots.

We report mean soil respiration rates from four cycles

of measurements conducted near mid-day for monitor-

ing sites adjacent to the tracer-amended plots.

Statistical analyses

Statistical analyses (means comparisons and regres-

sions) of nematode communities were made on

log(x 1 1)-transformed estimates of abundance to satis-

fy assumptions of normality and homogeneity of var-

iance (Sokal & Rohlf, 1995). Treatment means (t0, control

and substrate addition) were compared within each site

using one-way analysis of variance. Comparisons of

means between sites were made with a Student’s t-test.

Regression analyses were performed in JMP for estima-

tion of variance components explained by soil factors.

Results

Soils from the Lake Fryxell study site contained higher

levels of soil water and C, and marginally greater

concentrations of chlorophyll a relative to those collected

from near Lake Hoare at the initiation of the study (Table

1). Associated with these soil conditions, Fryxell basin

soils hosted larger populations, and had greater fre-

quency of occurrence of soil nematodes, which contrib-

uted to significantly higher rates of soil respiration (i.e.

greater soil CO2 efflux; Table 1). These results are con-

sistent with previous descriptions of these sites that

have shown habitat suitability in soils from the Lake

Fryxell basin to be superior relative to the Lake Hoare

basin (Virginia & Wall, 1999; Barrett et al., 2004).

Soil temperature

The 10-year mean summer (� SD) surface soil tempera-

ture (0–5 cm) at the Lake Hoare study site was 1.52 1C

(�1.24), with an average of 65 degree days above 0 1C

per year. Summer temperatures were calculated from

average daily December, January, and February climate

records (see ‘Materials and methods’). Two trends are

notable in these long-term summer soil temperature

records (Fig. 2a): a decline in summer soil temperatures

between 1995 and 2001 (consistent with a contempora-

neous record of air temperatures reported by Doran

et al., 2002b), and above-average summer temperatures

in 2002, followed by average summer temperatures in

2003 and 2004. The regression of summer temperatures

for the period 1995–2001 is y 5�0.48x 1 3.25, R2 5 0.58,

P 5 0.046. The mean monthly (� 1 SD) soil temperatures

for January 2003 were 3.3 (� 3.4) and 4.2 (� 4.0) 1C at the

Fryxell and Hoare sites, respectively (the 10-year mean

January soil temperature at Lake Hoare is 3.9 � 0.9 1C).

These observed temperatures amounted to an average of

25 degree days above 0 1C for the month of January at

both sites.

Long-term trends in nematode populations

Populations (organisms/kg soil) of the dominant soil

organism, S. lindsayae, declined significantly in all three

monitoring sites (Fig. 3). The regression for the long-

term decline in S. lindsayae abundance spanning 1993–
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Fig. 3 Decline in populations of Scottnema lindsayae (mean � SE)

on the south side of Lake Hoare (a) and Lake Fryxell (b). Open

circles represent means of eight replicate samples collected from

long-term monitoring plots near Lake Hoare between 1993 and

2005 (a). Diamonds and squares represent means of six replicate

samples collected from monitoring plots near Lake Hoare and

Lake Fryxell, respectively, between 1999 and 2005 (a, b).
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2005 is y 5�0.06x 1 3.26, R2 5 0.96, P 5 0.00002, with an

untransformed slope of �114 nematodes yr�1 (Fig. 3a).

The regressions for the decline in S. lindsayae at the

additional Fryxell and Hoare sites (Fig. 3a and b), where

data have been collected from 1999 to 2005, are

y 5�0.064x 1 3.74, R2 5 0.94, P 5 0.028, and y 5�0.093x

1 3.14, R2 5 0.68, P 5 0.017, respectively. Untransformed

slopes for these regressions are �508 and �127

nematodes yr�1 for the Lake Fryxell and Lake Hoare

sites, respectively.

Soil carbon cycling

Dry valley soils occur on poorly developed tills and

have very low organic matter content, 0.51 � 0.10 and

0.27 � 0.11 g C kg�1 in the Fryxell and Hoare sites, re-

spectively (Table 1). Observed rates of soil respiration

were low (0.01–0.30 mmol CO2 m�2 s�1), but within the

range of previously reported values (Burkins et al., 2001;

Parsons et al., 2004; Elberling et al., 2006). Soil respira-

tion was almost fourfold higher at the Lake Fryxell site

than at Lake Hoare (Table 1).

Increases in nematode abundance and microbial bio-

mass following addition of 13C-mannitol treatments in

soil plots were not significant, although they were

notable in the Lake Fryxell site where the abundance

of S. lindsayae and E. antarcticus increased by 100–140%

in substrate-amended plots after the 21-day incubation

(Table 2). Most of this increase in the S. lindsayae

population was due to a higher recruitment of juvenile

organisms (data not shown).

Significant differences among the d13C of nematodes

extracted from 13C-mannitol-amended soils relative to

nematodes extracted from control and pretreatment

soils are evidence of microbial uptake of the 13C tracer

and assimilation by nematodes (Table 3). Nematodes

collected from tracer plots in the Fryxell site were

enriched in 13C relative to t0 and control plots by

438% (one-way ANOVA: F 5 18.14, Po0.001). Nema-

todes collected from tracer plots from the Hoare site

were enriched relative to t0 and control plots by 27%
(one-way ANOVA: F 5 4.85, Po0.037). Enrichment of 13C

in nematodes extracted from Fryxell soils was more

than 10% greater than enrichment in nematodes ex-

tracted from Hoare soils, which contributed to higher

estimates of C assimilation rates by nematodes in

Fryxell plots relative to Hoare (two-tailed t-test:

P 5 0.042; Table 3).

Discussion

Recent climate cooling in the McMurdo Dry Valleys has

contributed to significant responses in aquatic and

terrestrial ecosystems (Doran et al., 2002b; Esposito

et al., 2006). Primary productivity in Taylor Valley lakes

decreased by 6–9% yr�1 through the 1990s following

increases in ice thickness and decreases in the penetra-

tion of solar irradiance (Doran et al., 2002b). Decreases

in soil nematode populations coincided with this cool-

ing of the dry valley region. Our data extend the trend

initially reported by Doran et al. (2002b) by 7 years, and

to additional sites in Taylor Valley (Fig. 3). This trend

Table 2 Mean (� SD) microbial biomass C and nematode abundance for control (1 water) and substrate-amended (1 13C-

mannitol) plots at two locations in Taylor Valley

Variable Treatment Fryxell Hoare

Microbial biomass carbon (mg C kg soi l�1) Control (1 water) 8.6 � 2.6 7.4 � 2.1

Substrate amended 20.5 � 15.5 7.9 � 3.8

Total viable Scottnema lindsayae (no. of organisms kg soil�1) Control (1 water) 1069 � 819 435 � 232

Substrate amended 2101 � 984 388 � 232

Total viable Eudorylaimus antarcticus (no. of organisms kg soil�1) Control (1 water) 29 � 12 10 � 4

Substrate amended 72 � 33 10 � 6

Table 3 Tracer recovery, C assimilation, total C efflux, and

estimated C flux associated with nematode communities at

two sites in Taylor Valley, Antarctica

Variable Fryxell Hoare

13C of nematodes collected

at t0 (d13C%)

�27.6 � 0.8b* �29.5 � 0.6b

13C of nematodes collected

from control plots (d13C%)

�26.0 � 2.3b �27.1 � 4.4b

13C of nematodes collected

from tracer plots (d13C%)

11.9 � 5.4a 1.3 � 7.5a

Nematode C assimilation

(mg C kg soil�1 day�1)

8.6 � 2.4a 1.8 � 0.74b

Nematode C flux

(mg C kg soil�1 day�1)

39.0 � 10.74a 8.3 � 3.38b

*Mean � 1 standard deviation.

Significant (Po0.05) differences in 13C content among assay

conditions (t0, control and tracer) by one-way ANOVA are

indicated by different superscript letters.

Significant comparisons of nematode C assimilation between

sites by one-tailed Student’s t-test are indicated by superscript

different letters.
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illustrates an overall decline of 65% in populations of

the dominant soil organism, the microbivorous nema-

tode, S. lindsayae. Similar, low-diversity soil commu-

nities on the Antarctic Peninsula have also exhibited

sensitivity to changes in soil climate following tempera-

ture and water manipulations (Convey et al., 2002).

Although this and related studies demonstrated de-

clines in soil biota following climate warming, the

results emphasized the interactive effect of temperature

and moisture availability on soil biota (Convey et al.,

2002; Newsham & Garstecki, 2007) and, together with

our data, support the conclusion that even modest

changes in climate (warming or cooling) can have

significant influences over soil communities. In Antarc-

tic ecosystems where species diversity and hence func-

tional redundancy is low, ecosystem responses to

variability in species composition are influenced by a

few key species (e.g. Bohn & Amundsen, 2004). Thus,

even small variation in communities or abundance of

key species could elicit significant changes in ecosystem

functioning, as observed in our study.

In contrast to the aquatic ecosystems of Taylor Valley

where the proximate effects of cooling are associated

with changes in the balance of liquid water and ice (i.e.

glacial melt, stream flow, ice thickness in lakes), the

influence of cooling on soils may be due to direct

changes in the thermal regime, as well as to changes

in liquid water availability. Thus, the decadal-scale

decreases in nematode populations may be attributed

to decreases in soil water content hypothesized to

accompanying regional cooling, and/or declines in

degree days above 0 1C, and resulting limitations over

reproduction and recruitment. Melting of ground-ice

has been shown to occur during the austral summer

(Lyons et al., 2005), and it logically follows that cooling

conditions would limit ice-melt and reduce soil moist-

ure conditions. For example, long-term climate varia-

tion in Eastern Antarctica has contributed to significant

changes in snowfall and moisture balance (Hodgson

et al., 2006). Similar changes in climate and moisture

balance are linked to changes in soil biota in maritime

Antarctica (Hodgson & Convey, 2005).

Antarctic nematodes are well adapted to these cli-

mate extremes through anhydrobiosis (Treonis et al.,

2000), a survival strategy induced by desiccation where

organisms enter a dry, metabolically inactive state

as a protection against environmental stress (Crowe &

Maden, 1975). Antarctic nematodes spend a significant

proportion of their lifespan in this inactive state, likely

spanning multiple years, because the average number

of degree days above 0 1C is considerably less than the

time required to complete heir lifecycle (estimated at

218 days; Overhoff et al., 1993). Under cooling condi-

tions with fewer days capable of supporting metabolic

activity, nematode populations would have limited

opportunity to reproduce, while natural rates of mor-

tality would result in relatively constant decreases in

population not balanced by recruitment. Thus, the

decadal scale decline may not be a physiological re-

sponse to temperature, but rather a temporal constraint

imposed by the limited number of degree days above

0 1C, which restricts opportunity for reproduction.

Moreover, anhydrobiosis confers an inherent hysteresis

into Antarctic nematode communities. Population le-

vels in any given year may be a legacy of the climate of

the previous year, even under warm contemporary

conditions, particularly if previously cold soils are also

dry. As a consequence, recovery of Taylor Valley nema-

tode population levels to pre-1993 conditions may

require multiple years of warm conditions.

Carbon assimilation

The variation in C assimilation by nematodes observed

at the site level (Table 3) in this study reflected the

greater abundance of nematodes and a higher C assim-

ilation per individual nematode at the Fryxell site (Table

2), where rates of soil respiration, soil organic C, and

moisture were significantly greater than in the Hoare

location (Table 1). Similarly, differences observed in the

rates of nematode population decline between sites may

be due to differences in soil conditions (e.g. C and water

availability) and different population levels before the

initiation of data collection. Differences in microclimate

may also contribute to this variation. For example, the

site near Lake Fryxell typically has greater relative

humidity (Doran et al., 2002a) and grab-samples from

numerous studies conducted over multiple years at

different times of the summer have exhibited higher

moisture content (Virginia & Wall, 1999; Barrett et al.,

2004; Parsons et al., 2004), although the lack of more

detailed microclimate records, especially water avail-

ability, prohibits drawing conclusions about differences

in soil climate conditions between the two sites.

At both sites, nematodes accounted for a measurable

fraction of the total soil C efflux (i.e. total soil respira-

tion), exceeding 7% for the most biologically active soils

in the Fryxell basin. This rate of C flux through nema-

tode biomass is highly disproportionate to their small

contribution to the total C budget (i.e. 0.025% of soil

organic C). Because microbivorous nematodes have

been shown to stimulate microbial growth and turnover

(Ingham et al., 1985; Bardgett et al., 1999; Ekschmitt et al.,

1999), it is likely that nematode influence over soil C

dynamics in the McMurdo Dry Valleys surpasses this

estimate (i.e. 7%) through their combined influence on

microbial dynamics and nutrient mineralization. These

proportions of C cycling contributed by the dry valley
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nematode community to the total soil flux are compar-

able to observations of invertebrate contributions to

energy flow in temperate ecosystems with much more

diverse and higher biomass metazoan communities

(Ferris et al., 1995; Verschoor, 2002; Schroter et al.,

2003; Cebrian, 2004). For example, we report that

nematodes contributed 2–6 ng C nematode�1 day�1 or

2–7% of the total heterotrophic C flux in Taylor Valley

soils, compared with 2–3 ng N nematode�1 day�1 for

Aphelenchus spp. isolated from agricultural soils in

California, USA (Chen & Ferris, 1999), 2–5% of nitrogen

mineralization in European grasslands (Verschoor,

2002), and 7–13% of total C mineralization by total soil

faunal communities in a European forest food web

(Schroter et al., 2003). Thus, the contribution of one to

two species of Antarctic nematodes to ecosystem func-

tioning of dry valley soils is in the same order of

magnitude of rates of nematode activity in highly

productive and species-diverse temperate ecosystems.

Species-specific variation in carbon cycling

Carbon assimilation increased as a nonlinear function of

nematode abundance (Fig. 4). The log-fit between C

assimilation and nematode abundance is y 5 4.96 ln(x)�
26.93, R2 5 0.93, for one-species communities and

y 5 2.40 ln(x)�12.60, R2 5 0.98, for two-species commu-

nities (Fig. 4). It is somewhat surprising that this rela-

tionship is not linear considering that the influence of

individual organisms upon C assimilation would be

expected to be additive, that is to say that the relation-

ship between assimilation and abundance should be

linear, especially in an ecosystem where biotic interac-

tions (e.g. competition) are typically considered mini-

mal (Hogg et al., 2006). This nonlinear response could be

influenced by a number of ecological factors including

demographic variation in nematode populations which

could change C assimilation because of biomass–meta-

bolism scaling relationships (West et al., 2003), or den-

sity-dependent interactions (Vetter et al., 2004), limiting

access to microbial substrate in higher populations,

especially if this influenced access to 13C-labeled

microbes.

E. antarcticus, a larger organism than S. lindsayae, 0.92

compared with 0.26mg dry weight individual�1 (Freck-

man & Virginia, 1997), was present in half of the soil

plots where it comprised 14% of the total nematode

populations (Table 1). This larger species might be

expected to exert a significant influence over commu-

nity metabolism despite its lower abundance. However,

the C assimilation rates for nematodes collected from

single-species (S. lindsayae) and two-species (S. lind-

sayae 1 E. antarcticus) communities were similar over

the wide range of nematode abundances (approxi-

mately 100–1000 nematodes kg soil�1). This result sug-

gests that E. antarcticus does not interact with microbial

populations in the same manner as S. lindsayae. This

finding is consistent with presumed differences in their

feeding preferences; S. lindsayae is a microbivore and

E. antarcticus has been observed to consume algae (Wall,

2007), which would not incorporate the 13C label. As a

result, tracer recovery increased as a function of total

nematode abundance and was driven largely by num-

bers of S. lindsayae, regardless of richness or community

type (Fig. 4).

Similar results have been reported in other studies

from temperate environments where abundance of

particular species (Smith & Knapp, 2003; Cole et al.,

2004; Dangles & Malmqvist, 2004) or functional differ-

ences among species (Heemsbergen et al., 2004) were

more important than the influence of species richness.

For example, Dangles & Malmqvist (2004) reported that

shifts in abundances can have effects on ecosystem

functioning that are as great as those from shifts in

species richness and suggest that biodiversity–ecosys-

tem functioning relationships may be driven by domi-

nant species in soil ecosystems, as our results suggest.

Other biotic interactions, such as competition for

resources, mutual inhibition, predation or density de-

pendence in general, may complicate diversity–func-

tioning relationships (Vetter et al., 2004).

The simple two-species community we investigated

does not provide an adequate range of diversity to

evaluate the influence of species richness on ecosystem

functioning. However, the data from the one-species

communities demonstrate that the dominant species
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(S. lindsayae) is responsible for a high proportion of

metazoan-mediated C cycling observed in dry valley

soil ecosystems. In some ecosystems, certain species (i.e.

keystone species) play more critical roles in ecosystem

functioning, because they possess a particular behavior

or trait (Mills et al., 1993). Soil food webs are generally

considered less prone to species-specific effects than

aboveground ecosystems because they are character-

ized by a high degree of species diversity and functional

redundancy (Liiri et al., 2002). Our data demonstrate

that in a soil ecosystem with low taxonomic, phyloge-

netic, and functional diversity, a single species plays a

critical role in the C cycle and by implication, food web

dynamics. A decline in such a key soil species, as has

been observed over the past decade (Doran et al., 2000a),

would be expected to elicit strong effects on ecosystem-

level C cycling.

The microscopic nature of soil fauna belies the fact

that these organisms are responsible for a large propor-

tion of the energy flow and nutrient mineralization in

terrestrial ecosystems (Ingham et al., 1985; Ferris et al.,

1995; Verschoor, 2002; Schroter et al., 2003; Cebrian,

2004). Even the lowest estimates of nematode activity

reported here are significant considering that dry valley

soils have traditionally been considered inactive, even

‘aseptic’ environments (Priscu, 1999). This study and

other recent evidence demonstrate that cold desert food

webs are not only active but are also sensitive to climate

change (Doran et al., 2002b; Hodgson & Convey, 2005;

Esposito et al., 2006). Considering the dominance of S.

lindsayae in dry valley soil food webs, continuing de-

clines in population levels in response to climate change

are expected to alter C cycling and influence soil micro-

bial communities and associated ecosystem function-

ing. The 65% decline in S. lindsayae populations is

associated with a 32% loss of function in C cycling as

inferred by the relationships between nematode abun-

dance and C assimilation shown in Fig. 4. This non-

linear trend suggests that further declines may elicit

increasingly large changes in C cycling. An understand-

ing of C cycling in these soils and how they respond to

species decline or loss is fundamental to predicting the

response of Antarctic ecosystem functioning to climate

change.

Conclusions

Studies in high-diversity ecosystems have demon-

strated functional redundancy in biodiversity-mediated

ecosystem processes and consequently little alteration

of ecosystem functioning following declines in species

diversity. However, low-diversity ecosystems, such as

deserts, cover much of the Earth’s surface. We show that

in a low-diversity polar desert, a single nematode

species is responsible for a significant portion of C

cycling. A decline in abundance of this nematode,

associated with regional climate change, suggests that

alteration of soil communities in low-diversity ecosys-

tems may significantly alter the ecosystem processes.
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Setälä H, McLean MA (2004) Decomposition rate of organic

substrates in relation to the species diversity of soil saprophy-

tic fungi. Oecologia, 139, 98–107.

Smith MD, Knapp AK (2003) Dominant species maintain eco-

system function with non-random species loss. Ecology Letters,

6, 509–517.

Sokal RR, Rohlf FJ (1995) Biometry. WH Freeman and Company,

New York.

Spehn EM, Hector A, Joshi J et al. (2005) Ecosystem effects of

biodiversity manipulations in European grasslands. Ecological

Monographs, 75, 37–63.

10 J . E . B A R R E T T et al.

r 2008 The Authors
Journal compilation r 2008 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/j.1365-2486.2008.01611.x



Tilman DA, Reich PB, Knops J, Wedin D, Mielke T, Lehman C

(2001) Diversity and productivity in a long-term grassland

experiment. Science, 294, 843–845.

Timm RW (1971) Antarctic soil and freshwater nematodes from

the McMurdo Sound region. Proceedings of the Helminthological

Society of Washington, 38, 42–52.

Treonis AM, Wall DH, Virginia RA (1999) Invertebrate biodiver-

sity in Antarctic Dry Valley soils and sediments. Ecosystems, 2,

482–492.

Treonis AM, Wall DH, Virginia RA (2000) The use of anhydro-

biosis by soil nematodes in the Antarctic Dry Valleys. Func-

tional Ecology, 14, 460–467.

Turner J, Colwell S, Marshall G et al. (2005) Antarctic climate

change during the last 50 years. International Journal of Clima-

tology, 25, 279–294.

Vaughan DG, Marshall GJ, Connolley WM et al. (2003) Recent

rapid regional climate warming on the Antarctic Peninsula.

Climate Change, 60, 243–274.

Verschoor BC (2002) Carbon and nitrogen budgets of plant-

feeding nematodes in grasslands of different productivity.

Applied Soil Ecology, 20, 15–25.

Vetter S, Fox O, Ekschitt K, Wolters V (2004) Limitations of faunal

effects on soil carbon flow: density dependence, biotic regula-

tion and mutual inhibition. Soil Biology and Biochemistry, 36,

387–397.

Virginia RA, Wall DH (1999) How soils structure communities in

the Antarctic Dry Valleys. BioScience, 49, 973–983.

Wall DH (2007) Global change tipping points: above- and below-

ground biotic interactions in a low diversity ecosystem. Philo-

sophical Transactions of the Royal Society of London. Series B,

Biological Sciences, 362, 2291–2306.

Wall DH, Virginia RA (1999) Controls on soil biodiversity: insights

from extreme environments. Applied Soil Ecology, 13, 137–150.

Wardle DA, Bardgett RD, Klironomos JN, Setälä H, van der
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