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Abstract
Global environmental changes affect not only the aboveground but also the belowground components of ecosystems. The
effects of seasonal drought and air warming on the genus level richness of Collembola, and on the abundance and biomass
of the community of Collembola and mites were studied in an acidic and a calcareous forest soil in a model oak-ecosystem
experiment (the Querco experiment) at the Swiss Federal Research Institute WSL in Birmensdorf. The experiment included
four climate treatments: control, drought with a 60% reduction in rainfall, air warming with a seasonal temperature increase
of 1.4uC, and air warming + drought. Soil water content was greatly reduced by drought. Soil surface temperature was
slightly increased by both the air warming and the drought treatment. Soil mesofauna samples were taken at the end of the
first experimental year. Drought was found to increase the abundance of the microarthropod fauna, but reduce the biomass
of the community. The percentage of small mites (body length 0.20 mm) increased, but the percentage of large mites
(body length .0.40 mm) decreased under drought. Air warming had only minor effects on the fauna. All climate treatments
significantly reduced the richness of Collembola and the biomass of Collembola and mites in acidic soil, but not in
calcareous soil. Drought appeared to have a negative impact on soil microarthropod fauna, but the effects of climate
change on soil fauna may vary with the soil type.
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variable affecting both the structure and function of the soil fauna
community [13–z16]. Generally, it seems that the abundance of all
faunal groups decreases with drought. For example, soil mites, one
of the most abundant group of mesofauna has been found to be
positively related to soil moisture across many ecosystems [17–20].
Drought seems to be a limiting factor for Collembola. For
example, drought periods were associated with a reduction (in
absolute numbers and diversity) in Collembola species that dwell
in the forest litter and the moss layer [6,14,21]. Moisture-induced
shifts in the community composition of soil mesofauna may
influence community structure, which in turn may affect body size
distribution, although to our knowledge, this has not yet been
explicitly explored. These changes may have important impacts on
ecosystem functions, including changes in decomposition rate
under future climatic changes [8].
Warming can alter the soil fauna community by leading to
changes in the abundance and composition of soil bacteria and
fungi, and influencing plant physiology and community structure.
Changes in community structure are directly related to the
resource availability and microhabitat conditions of the ecosystem
[9,22]. According to several studies, the responses of soil fauna to
warming vary with climate [8,23–27]. Wolters [28] found that, for
ten consecutive years, the annual mean temperature was
significantly correlated with alterations in collembolan density in

Introduction
Soil mesofauna exert strong regulatory control over the soil food
web and have substantial effects on important soil characteristics,
including the distribution of soil particles, the soil’s water-holding
capacity and water infiltration rate, the lability of organic
compounds and mineralization, immobilization, the availability
of N and other nutrients, the transport of compounds, and the
composition, abundance, dispersal, and activity of bacteria and
fungi [1–4]. Soil mesofauna are also particularly sensitive to
environmental changes, and therefore thought to be an excellent
bioindicator [5–7]. However, few studies on soil mesofauna have
been made in the context of environmental change [8], in spite of
its important ecosystem functions. This contrasts with the way
above-ground effects [9], responses of soil microbial communities
[10], litter decomposition [11], and nutrient cycling [12] have
been extensively investigated. Environmental changes, such as
changes in precipitation and air temperature, are likely to lead to
changes in the mesofauna and could alter belowground biological
processes, with potential consequences for ecosystem functions.
Warming and changes in precipitation amounts can strongly
influence microarthropod reproduction and development rates by
altering the soil temperature and moisture [8]. Soil moisture has
often been reported to be the most important environmental
PLOS ONE | www.plosone.org
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nized during transport and filling in the lysimeter compartments.
In spring 2006, 24 2-year-old oak seedlings were planted in each
soil compartment. Three common European oak species were
selected, each with four provenances [32]. The oak seedlings were
randomly distributed in each compartment. Treatments started in
spring 2007 with the mesofauna samples taken at the end of the
season.

a beech forest on limestone (Göttingen, Germany). Oribatida and
predatory mites (Mesostigmata and Prostigmata), in particular the
Oribatida species Diapterobates notatus, also tended to increase in
number with warming [25]. However, the abundance of most
Collembola, including Hypogastrura tullbergi, Lepidocyrtus lignorum and
Isotoma anglicana, tended to reduce with warming [25]. Only minor
changes in the soil fauna occurred at higher temperatures, even
after 6 years of elevated temperature treatment [29]. These
contradictory results may be due to the significant side-effects of
drought, which have often been found to accompany experimental
increases in temperature. Harte et al. [1] found that warming
increased microarthropod abundance and biomass only under wet
conditions, but not under dry conditions. In fact, increases in
temperature are often associated with decreases in moisture, and
the indirect effects of changes in soil moisture may be more
important for the survival and reproductive ability of soil fauna
than the direct effects of warming [30]. Thus targeted experiments
and monitoring studies are needed to distinguish between the
effects of warming and drought.
The current study was performed as part of the ‘‘Querco’’
experiment [31], in which combined air warming and/or drought
treatments were studied in two types of forest soils. The overall
goal of the Querco experiment is to understand the effects of
climate change on near-natural oak model ecosystems at the Swiss
Federal Research Institute WSL [32]. We hypothesized that the
abundance and biomass of soil Collembola and mites, and the
taxon richness of Collembola, will be decreased by drought but
increased by warming without interaction.

Determination of Soil Water Content, Soil Temperature,
Foliage and Root Biomass, and Soil Respiration
Volumetric soil water contents were measured using time
domain reflectometry (TDR 100, Campbell Scientific Inc., USA)
in each soil compartment at 0–25 cm depth at 1-week intervals
throughout the growing season from June to December 2007. Soil
temperatures were measured hourly below the soil surface at a
depth of 1 cm with iButton temperature loggers (Maxim
Integrated Products Inc., USA). Foliage biomass was sampled at
the end of the growing season in 2007. The root biomass in 2007
could not be measured as the experiment was running afterwards
for another two years. We therefore estimated the root biomass in
2007 by using the allomectric relationship between foliage and
root mass in 2009 and the foliage biomass sampled in 2007. The
soil respiration rate was measured at permanent docking cylinders
(diameter = 10 cm) in each soil subplot using a 6400-09 soil CO2
flux chamber connected to an LI-6400 infrared gas analyser (both
LI-Cor Bioscience Inc, Lincoln, Nebraska, USA). Each measurement was conducted three times in a row to average out shortterm variations.

Methods and Materials

Sampling, Extraction and Identification of Soil
Collembola and Mites

Design of the ‘‘Querco’’ Experiment

Soil cores (0–5 cm depth, 5 cm diameter) were collected from
22 October to 10 November 2007 with a steel cylinder at three
locations in each soil compartment of three of the four replicate
chambers. The three soil cores from each soil compartment in
each chamber were combined to form a mixed sample.
Immediately after collection, the soil samples were transported
to the laboratory, and soil Collembola and mites were extracted
using Tullgren dry funnels [35] for 48 hours. All specimens
were sorted and counted with a dissecting microscope and
examined with an Olympus BX41 research microscope. All
Collembola were identified to genus level, mainly according to
the keys in ‘‘Checklist of the collembolan of the world’’ [36],
but also according to the keys in Potapov [37] and Bretfeld
[38]. Abundance was expressed as ind. m22. Soil mites were
classified into four groups, namely Mesostigmata, Oribatida,
Prostigmata and Astigmata [39].

The current study was conducted in 2007 at the Swiss Federal
Research Institute WSL in Birmensdorf, Switzerland, as part of
the Querco experiment [31]. The experimental set-up included
16 hexagonal model ecosystem chambers (6 m2 in area, 3 m in
height, and 1.5 m in soil depth), with roofs that close
automatically during rainfall. The chambers were arranged in
a Latin square with four treatments and four replications each.
The treatments were control, air-temperature warming, drought,
and air warming + drought. In the control treatment, opened
chamber walls provided the same air temperature as at ambient
conditions. In the air warming treatment, the opening of the
chamber walls was reduced, which increased the air temperature
in summer 2007 (June, July and August) passively by 1.4uC, in
line with the IPCC A2 scenario for Switzerland [33–34].
Subsequently, soil temperature (210 cm) was also increased,
e.g. by 0.7uC in August 2007.
Irrigation was applied with the same ion composition as the 30year precipitation mean of the site [31]. The irrigation regime was
the same in the air-warming treatment as in the control. Sufficient
water (according to the monitoring by TDR and tensiometers) was
supplied by means of sprinklers at intervals of 2 to 3 days from
May to October. In the drought and air-warming + drought
treatment, the irrigation was interrupted several times (Fig. 1).
Therefore, in these treatments, the amount of irrigation from April
to October was 60% lower than the long-term mean at the site, as
it used as a reference to the severe variation in the IPCC A2
scenario. Each chamber was divided into two soil-lysimeter
compartments containing one of two forest soils with similar soil
texture, namely, acidic loamy sand (haplic alisol, pH 4.1) or
calcareous sandy loam (calcaric fluvisol, pH 7.3). The sandy forest
soils (for details, see Kuster et al. [31]) were taken in autumn 2005
from sites stocked with adult oaks, and then passively homogePLOS ONE | www.plosone.org

Biomass Calculations
Individual body length and width was measured at 10–806
magnification with a dissecting microscope equipped with an
ocular micrometer with 0.01-mm precision. Dry biomass was
calculated from regression equations estimating weights from
linear dimensions:
Collembola dry mass: Y ~0:0024L3:676 [40]

(1)

where Y is the dry weight (mg) and L is the length (mm) of
individuals.
The dry mass of the mites was calculated using the equations of
Douce [41]:
Oribatida with WG 6 WB .0.013: Y ~156:33ðWG |WB Þ
{1:31
(2)
2
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Figure 1. Effects of climate treatments and soil types on soil water content. Soil water content (SWC) at a depth of 0–25 cm in acid (A) and
calcareous (B) soils as affected by the treatments: CO = control, AW = air warming, D = drought, and AWD = air warming + drought. Values are means
of four plots in 2007. < indicates no significant drought effects between (CO and AW) and (D and AWD) (n = 4).
doi:10.1371/journal.pone.0043102.g001

between drought and air warming + drought. This confirms that
the temperature treatment was not confounded by drought effects
(Fig. 1). SWC was substantially lower in soils, both acidic and
calcareous, with a drought treatment (drought and air warming +
drought) compared to in well-watered soils (control and air
warming). After the plots were re-watered in July and August, the
differences between the treatments disappeared accordingly
(Fig. 1). There was a significant soil type effect on the SWC from
mid August until the end of 2007, which indicates that the values
in the acidic soil type were higher than in the calcareous soil type,
especially in the control and air warming treatments. There was a
positive air warming effect on the soil temperature in August,
September and October, whereas the drought treatment raised the
temperature below the soil surface only in August and September.
However, when Tukey HSD pair-wise comparisons were
performed for each soil type separately, the only significant
difference was between control and air warming + drought in
September (Fig. 2). There was no soil type effect on the monthly
soil temperature.

Oribatida with WG 6 WB ,0.013: loge Y ~1:5loge ðWG |WB Þ
z6:11
(3)
(4)
Mesostigmata: Y ~150:27ðL|WG Þ{2:32
(5)
Prostigmata: Y ~19:26ðL|WB Þz0:04
where Y is the dry weight (mg); L is the maximum body length
(mm) excluding chelicera; WG is the maximum gnathosomal width
(mm); and WB is the maximum body width (mm).
A few Astigmata were also found. Their body shape is similar to
Stigmaeus (Prostigmata), and their biomass was estimated using
equation (5).

Statistical Analysis
Our experiment had a split-plot design with two subplots (soil
types) within each plot (chamber with climate treatment). The main
and interactive effects of the climate treatments and soil types were
analyzed with an ANOVA accounting for split plots. The effect of
the chambers was tested as a third factor, and climates were
accordingly tested against its interaction with the chambers. The
effect of the chambers was only kept in the ANOVA model if it was
significant [42]. The differences among climate treatments in each
soil type were evaluated with an LSD post hoc multiplied comparison.
Pooling both soil types, the main and interactive effects between
drought and warming were analyzed with a two-way ANOVA. The
homogeneity of variances was confirmed by Levene’s test before
analysis. All tests were considered to be significant at P,0.05 level.
SPSS 13.0 was used for all analyses.

Plant Foliage, Root Biomass and Soil Respiration
The foliage biomass at the end of the 2007 growing season was
significantly reduced by the drought treatment in the acidic soil
type, but not in the calcareous soil type. A significant soil type
effect indicated a higher foliage biomass and coarse root biomass
in the calcareous than in the acidic soil type. Drought significantly
reduced the coarse root biomass more in the acidic soil than in the
calcareous soil (Table 1). As an indicator for soil respiration in
2007, the soil respiration at the end of a drought period in 2009
was significantly reduced by the drought treatment.

Results
Soil Water Content and Temperature
During the experiment, soil water content (SWC) did not differ
between the air warming treatment and the control, and also not
PLOS ONE | www.plosone.org
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Figure 2. Effects of climate treatments and soil types on soil surface temperature. Mean surface temperature relative to controls (CO) in
acid (A) and calcareous (B) soils as affected by the treatments: AW = air warming, D = drought, and AWD = air warming + drought in 2007, where *
indicates a significant difference from CO (P,0.05, n = 4).
doi:10.1371/journal.pone.0043102.g002

types were combined, drought appeared to increase the
abundance of microarthropod fauna (Table 4, Fig. 4A), but
significantly to decrease their biomass (Table 4). This however,
is probably mainly due to the effect of drought observed in the
acidic soil (Fig. 4B).

Abundance, Group Richness, and Biomass of Soil
Collembola and Mites
Fourteen genera of Collembola were identified, and the
abundance of each Collembola genus and mite group in the
four treatments and two soils were determined (Table 2). Only
in the acidic soil, Collembola genus level richness was
significantly reduced by all climate treatments (Fig. 3). There
was a slight trend for Collembola to be richer in the calcareous
than in the acidic soil type, with a weak climate-soil interaction
(Table 3). Similarly, climate treatments reduced the biomass of
the microarthropod fauna only in the acidic soil (Fig. 4B), and
also with a weak climate-soil interaction (Table 3). If both soil

Body Size of Mites and Collembola as Affected by the
Treatments
The body size distribution of soil mites was altered by drought
(Table 4). Drought increased the percentage of mites with small
body size ( 0.20 mm), but reduced the percentage of mites with
large body size (.0.40 mm). The smaller body size was mainly to
do with the effect of drought observed in the acidic soil (Table 5).
Furthermore, the small and large mites responded differently to air
warming. Smaller mites were generally negatively associated with
air warming in both soil types, while larger mites were positively
associated with air warming in calcareous soil (Table 5). The
percentage of large Collembola (.0.60 mm) was reduced by
drought in combination with warming (Table 4), whereas the soil
type showed no distinguishable pattern (data not shown).

Table 1. Effects of climate treatments and soil types on soil
respiration, foliage biomass and coarse root biomass.

DW Foliage 07 DW Root 07
A

B

Control

a

0.156 (0.013)
ab

Soil Respiration

a

6.9a (0.6)

a

0.531 (0.058)

7.8a (1.1)

0.814 (0.111)

Airwarming

0.121

Drought

0.110b (0.005)

* 0.526a (0.037)

2.7b (0.1)

AW & D

0.119ab (0.006)

0.555a (0.036)

2.0b (0.1)

Control

0.162a (0.011)

0.835a (0.058)

9.5a (0.7)

(0.009)

Discussion

Airwarming

0.140 (0.004)

0.697 (0.021)

7.2a (0.7)

Drought

0.141a (0.010)

* 0.822a (0.051)

3.0b (0.9)

AW & D

a

a

0.126 (0.005)

a

a

0.600 (0.038)

Effects of Drought and Warming on Soil Collembola and
Mites
Previous reports concerning the effect of warming on soil
collembolan abundance have been inconsistent. This might be due
to the inability of the previous experimental designs to distinguish
the warming effects from the drought effects inadvertently caused
by the warming treatment [6,27–28]. In our study, the experimental design allowed us to separate the effects of warming and
drought. The air warming treatment, which in the Querco
experiment increased the air and the soil surface temperature
slightly, only induced a negative response with respect to the
richness of Collembola at the genus level and the biomass of
Collembola + mites in the acidic soil (Fig. 3 and 4B). The effects on
the soil water content of the two soils were similar (Fig. 1). Air

2.8b (0.5)

Air-warming (AW) and drought (D) treatment effects on soil respiration on
20.8.09 at the maximum of a drought period (mmol CO2 m22 s21), with the
foliage biomass and coarse root biomass in 2007 (kg m22, means 6 SE) in the
two soils (‘‘A’’ acidic, ‘‘B’’ calcareous). Different letters indicate significant
differences between the respective treatments in the same soil. DW indicates
dry weight. An asterisk (*) indicates a significant difference between acidic and
calcareous soil for the respective treatment.
doi:10.1371/journal.pone.0043102.t001

PLOS ONE | www.plosone.org

4

August 2012 | Volume 7 | Issue 8 | e43102

Drought and Warming Affect Soil Mesofauna

Figure 3. Effects of climate treatments and soil types on Collembola richness. Effects of the treatments (CO = control, AW = air warming,
D = drought, and AWD = air warming + drought) on the genus level richness (number of genera) of Collembola in two forest soils (acidic and
calcareous) in the Querco experiment at WSL in 2007, with mean values + SE, where * indicates significant differences from CO (P,0.05, n = 3).
doi:10.1371/journal.pone.0043102.g003

warming not only had little effect on microarthropod fauna, apart
from on their body size distribution, but it also had little effect on
soil respiration, leaf biomass and coarse root biomass (Table 1).
In contrast, drought reduced the microarthropod biomass and
Collembola richness, which is consistent with our hypothesis
and with previous studies. Moisture conditions generally have a
strong impact on Collembola behaviour and survival [13]. A
field experiment in a spruce (Picea abies) monoculture forest near
Giessen in Hesse, Germany, found that drought treatment
drastically reduced the size of the Collembola communities in
litterbags, and concluded that drought treatment stressed the
Collembola, and reduced their abundance and species richness

[14]. In a spruce forest in Sweden, euedaphic and hemiedaphic
species of Collembola were distinguished and both were found
to be negatively affected by experimental drought [21]. A longterm study (1992–2002) in Scots pine forests in the North
Vidzeme Biosphere Reserve (northern Latvia) found that the
abundance and diversity of Collembola species in the forest
litter and the moss layer were reduced during drought periods
[6].
How exactly drought affects Collembola is still not clear.
Drought may, for example, directly influence the physiological
reactions, resistance to dehydration, development responses,
oviposition rate, or fecundity [21]. The indirect effects of drought

Figure 4. Effects of climate treatments and soil types on the community of Collembola and mites. Effects of the treatments
(CO = control, AW = air warming, D = drought, AWD = drought + air warming) on (A) the abundance of Collembola and mites (ind. 103 m22) and (B)
the biomass of Collembola and mites (mg m22) in two forest soils (acidic and calcareous), with mean values + SE, where * indicates significant
differences from CO (P,0.05, n = 3).
doi:10.1371/journal.pone.0043102.g004
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Table 2. Abundance of soil Collembola and mites sampled in the Querco experiment.

CO

AW

D

AWD

A

B

A

B

A

B

A

B

Entomobrya

57 (57)

–

–

–

–

–

–

–

Folsomia

57 (57)

–

57 (57)

–

–

57 (57)

–

–

Isotomiella

226 (150)

226 (226)

113 (113)

–

–

–

57 (57)

–

Isotomodes

–

–

–

57 (57)

113 (113)

113 (57)

–

340 (98)

Lepidocyrtus

–

–

–

–

–

–

113 (113)

–

Marcuzziella

57 (57)

–

–

–

–

–

–

–

Neelides

170 (98)

57 (57)

–

340 (170)

–

–

–

–

Oligaphorura

57 (57)

–

–

113 (113)

–

–

–

113 (57)

Pachyotoma

57 (57)

–

–

–

–

–

–

–

Parisotoma

170 (98)

226 (57)

679 (259)

623 (463)

962 (591)

226 (226)

226 (150)

170 (98)

Proisotoma

–

57 (57)

–

113 (113)

113 (113)

–

57 (57)

–

Protaphorura

–

57 (57)

–

–

–

–

–

–

Thalassaphorura

113

396

226

1189

–

510

–

623

(113)

(247)

(226)

(490)

–

(259)

–

(396)

4529

2378

4360

4926

7757

2944

5492

3680

(1076)

(196)

(1306)

(2247)

(2072)

(1429)

(884)

(932)

Astigmata

–

–

–

–

57 (57)

–

396 (204)

–

Mesostigmata

3227

2944

1755

3001

2038

623

2491

1019

(354)

(1630)

(575)

(1331)

(260)

(150)

(1501)

(98)

Oribatida

1982

5718

3284

2831

2887

4360

5435

8096

(653)

(2237)

(2362)

(982)

(1348)

(3041)

(3229)

(3906)

Prostigmata

566

849

736

1302

5548

11607

9229

7643

(113)

(392)

(204)

(558)

(2774)

(8319)

(7967)

(2666)

Collembola

Tullbergia

Acari

Mean (SE) abundance of Collembola and mites (ind. m22) as affected by the treatments (CO = control,
AW = air warming, D = drought, and AWD = air warming + drought) in two forest soil types (‘‘A’’ acidic, ‘‘B’’ calcareous) in the Querco experiment at WSL.
doi:10.1371/journal.pone.0043102.t002

Collembola community structure showed that certain species are
highly adapted to specific characteristics of the substrate and thus
respond rapidly to changes in microhabitat conditions [14]. In the
acidic soil in the Querco experiment, especially, such indirect
effects have been partly confirmed by the way drought seems to
reduce the fungal abundance (unpublished data) and soil
respiration (Table 1). Changes in the soil fauna community also
influence the functions of an ecosystem, e.g. decomposition [14]
and nitrogen cycling [46].

may also play a role in determining microhabitat heterogeneity,
fungi biomass and diversity. Soil bacteria and fungi are
particularly sensitive components in soils, showing simultaneous
responses to decreases in substrate humidity and quality [14]. The
species structure of fungi is, for example, known to change with
varying moisture levels [43–44].
Most Collembola and Oribatida are mycophagous and may
selectively feed on different fungal species [5,45]. For example, five
needle-excavating oribatids species may need particular fungi to
make oviposition possible [11]. A detailed analysis of the

Table 3. Effects of climate treatments and soil types on Collembola and mites.

Collembola richness

Community abundance

Community biomass

F

P

F

P

F

P

Climates (df = 3)

1.00

0.44

1.45

0.30

2.66

0.12

Soils (df = 1)

3.05

0.12

0.03

0.87

0.26

0.62

Climates * Soils (df = 3)

2.41

0.14

0.11

0.95

3.18

0.09

F- and P- values of the main and interactive effects of treatments (climates) and soils (ANOVA, split-plot design in the Querco experiment at WSL) on Collembola genus
level richness (number of genera), and the community (Collembola and mite) abundance and biomass.
doi:10.1371/journal.pone.0043102.t003
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Table 4. Effects of drought and air warming on Collembola and mites.

Community

Community

Collembola of

Collembola of

Mite of

Mite of

abundance

biomass

small size

large size

small size

large size

(#0.30 mm)

(.0.60 mm)

(#0.20 mm)

(.0.40 mm)

F

F

F

F

F

P

F

P

P

P

P

P

Drought (df = 1)

5.62

0.05

6.18

0.04

0.03

0.86

3.76

0.09

20.51

,0.01

17.85

,0.01

Warming (df = 1)

0.26

0.63

0.84

0.39

0.23

0.64

0.12

0.74

1.52

0.25

0.34

0.57

Drought * Warming (df = 1)

0.04

0.85

0.94

0.36

,0.01

0.99

6.92

0.03

1.06

0.33

0.41

0.54

F- and P- values of the main and interactive effects of treatments (drought and warming) on the community (Collembola and mite) abundance and biomass, and on the
number of Collembola of small size ( 0.30 mm), Collembola of large size (.0.60 mm), mite of small size( 0.20 mm), and mite of large size(.0.40 mm) by two-way
ANOVA in the Querco experiment at WSL.
doi:10.1371/journal.pone.0043102.t004

In our study, we found that drought actually increased the
abundance of the microarthropod fauna, which is inconsistent
with some other reports [13,20–21]. However, the contribution of
mites to this result was difficult to estimate without specific
taxonomic identification. For Collembola, we found that the
significant reduction of richness caused by drought was mainly due
to the absence of some rare genera, such as Oligaphorura,
Marcuzziella, and Pachyotoma, and the increase in abundance under
drought was dependent on the contribution of two genera,
Parisotoma and Tullbergia, whose abundance increased by 200% and
55%, respectively, compared to that of the control. This might
reflect the way soil fauna adopt different adaptation strategies to
cope with low humidity, which may be morphological, physiological or reproductive adaptations [47].
Lindberg et al. [19] found some drought-tolerant Collembola
species in the drought plots they studied using PCA analysis. A
detailed analysis of the Collembola community structure indicated
that certain species, such as Willemia anophthalma and Mesaphorura
tenuisensillata seemed to be resistant to drought [14]. It could be
that they reproduced through parthenogenesis, which had been
shown to be a common strategy to increase the population among
small euedaphic Collembola living deeper in the soil and among
active colonizers, such as Mesaphorura machrochaeta (Familia:
Tullbergiidae) and Parisotoma notabilis [48]. Our results indicated
that the composition of Collembola species under drought tends to
shift towards a dominance of drought-resistant species, while
drought-sensitive species are at risk of disappearing.

Effects of Drought on Body Size Distribution
Body mass is a fundamental organismal trait and is closely
related to an organism’s physiology and ecology [49]. The body
size distribution of soil mites was markedly changed by drought in
this study, with an increase in small mites and a decrease in large
mites. Whether this change in body size distribution resulted from
a change in species composition or a change in size within species
could not be determined. To our knowledge, few previous studies
reported a change in the distribution of mesofauna body size in
response to environmental changes. It seems, however, to be a
general phenomenon in many animals, and reflects intraspecific
change in some cases [50–52].
In Australia, light brown apple moths are reported to be smaller
during warm, dry months than during cool, wet months [53]. Also
in Australia, the growth and size of the wild brush-tailed
phascogale is reduced during drought years [54]. Numerous
authors have argued that such patterns of morphological variation
are evidence of adaptation to environmental variables (referred to
by Boyce [55]). Jones [52], for example, proposed that a small
body size was advantageous during drought. However, a clear
understanding of the adaptive significance of this variation is still
missing. In a recent issue of the journal OIKOS, eight papers
explored the influence of body size on many processes, ranging
from individual biological rates to ecological networks [50].
Changes in body size reported here could imply changes in the
soil food web, in the organism’s ecosystem functions, e.g. its
metabolic or ingestion rate, and in its ecology. For example, its
strength in interacting with other species, such as prey-handling

Table 5. Effects of climate treatments and soil types on body length categories of mites.

Length
(mm)

0.20

0.21–0.40

.0.40

Soil

Percentage of soil mites in each length category (%)
CO

AW

D

AWD

Calcareous

50 (18 ) ab

31 (14) b

84 (11) a

90 (5) a

Acidic

40 (13) bc

33 (3 ) c

73 (2 ) a

67 (16 ) ab

Calcareous

39 (15) a

41 (23) a

8 (5) a

9 (5 ) a

Acidic

8 (8 ) a

33 (14 ) a

14 (3 ) a

23 (12) a

Calcareous

10 (3) b

28 (9 ) a

8 (6) b

1 (0) b

Acidic

53 (6) a

34 (17) ab

12 (5 ) b

10 (6 ) b

The percentages of different body length of mites in each treatment and soil type in the Querco experiment at WSL. Values are means (SE). Values in a row followed by
different letters are significantly different (P,0.05).
doi:10.1371/journal.pone.0043102.t005
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ability and risk of being attacked by predators, may change,
corresponding to changes in body size [49].

The sensitivity of acidic soil to climate treatments, especially to
drought, was also confirmed by the reduction in other components
of the ecosystem, such as the coarse root and foliage biomass. For
example, the foliage biomass was found to significantly decrease
under drought in the acidic soil but not in the calcareous soil
(Table 1). Over a three-year period the trees grew better on acidic
than on calcareous soils, therefore consuming more water, these
characteristics disappeared when drought was imposed, indicating
stronger drought effects on trees grown in acidic than in alkaline
soil [31]. Common beans are reported to grow longer roots and
extract more soil moisture as an important mechanism to cope
with soil water [60]. The roots of drought-tolerant bean species
reached a soil depth of 1.3 m under drought stress at Palmira (soil
pH 7.7), while the roots extended only to 0.7 m under acid soil
conditions at Quilichao (soil pH 5.0) [60]. This suggests that the
mechanism to cope with drought was inhibited in acidic soil. In
conclusion, it seems that mesofauna are sensitive to air warming
and drought, particularly in acidic soils.

Role of Soil Types
Our experiment showed that more changes as a result of the
climate treatments occurred in the acidic than in the calcareous
soil. The negative effects of drought on Collembola and mites in
the acidic soil may be correlated with the presence of aluminum
ions. Some soil fauna are reported to survive in stressed and
polluted areas by using detoxification mechanisms, such as the
activation of metal-binding proteins and the precipitation of metals
as intracellular electron-dense granules [56–57]. However, the
presence of aluminum ions is generally thought to be toxic.
Aluminum ions have been found to be more mobilized in the
acidic than in the calcareous soil (221 mg kg-21 in the acidic vs.
,2 mg kg21 in the calcareous topsoil, Kuster, T.M., unpublished
data) and can reach toxic levels for soil biota [12]. Another
possible explanation for the strong effect of drought on mesofauna
in the acidic than in the calcareous soil may relate to carbon,
energy, and nutrient input for the food web. Drought significantly
reduced the coarse root biomass in the acidic soil than in the
calcareous soil (Table 1), and microbial biomass carbon and
microbial biomass nitrogen were significantly lower in the acidic
soil (Hu et al., personal communication). Roots, root exudates,
decaying organic matter, and the associated microorganisms
provide most of the carbon and energy that fuels the soil food web
[58–59]. A reduction in these components may lead to a reduction
in mesofauna richness.
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