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Abstract

To understand the responses to external disturbance such as defoliation and

possible feedback mechanisms at global change in terrestrial ecosystems, it is

necessary to examine the extent and nature of effects on aboveground–be-
lowground interactions. We studied a temperate heathland system subjected

to experimental climate and atmospheric factors based on prognoses for year

2075 and further exposed to defoliation. By defoliating plants, we were able

to study how global change modifies the interactions of the plant–soil sys-

tem. Shoot production, root biomass, microbial biomass, and nematode

abundance were assessed in the rhizosphere of manually defoliated patches

of Deschampsia flexuosa in June in a full-factorial FACE experiment with the

treatments: increased atmospheric CO2, increased nighttime temperatures,

summer droughts, and all of their combinations. We found a negative effect

of defoliation on microbial biomass that was not apparently affected by glo-

bal change. The negative effect of defoliation cascades through to soil nema-

todes as dependent on CO2 and drought. At ambient CO2, drought and

defoliation each reduced nematodes. In contrast, at elevated CO2, a combi-

nation of drought and defoliation was needed to reduce nematodes. We

found positive effects of CO2 on root density and microbial biomass. Defoli-

ation affected soil biota negatively, whereas elevated CO2 stimulated the

plant–soil system. This effect seen in June is contrasted by the effects seen

in September at the same site. Late season defoliation increased activity and

biomass of soil biota and more so at elevated CO2. Based on soil biota

responses, plants defoliated in active growth therefore conserve resources,

whereas defoliation after termination of growth results in release of

resources. This result challenges the idea that plants via exudation of organic

carbon stimulate their rhizosphere biota when in apparent need of nutrients

for growth.

Introduction

Soil biota plays a significant role in biogeochemical cycling

and their responses to global change are therefore consid-

ered important at the ecosystem scale (Brussaard 1998;

Bradford et al. 2002), but are remarkably understudied

(West et al. 2006; Bardgett et al. 2013). The interactions

between the aboveground and the belowground spheres are

complex relationships affected by biotic as well as abiotic

factors.

Defoliation is a disturbance of the plant–soil system

by partial removal of the aboveground biomass. Defoli-

ation effects belowground depend on abiotic factors

such as climate as well as biotic factors such as plant

growth phase (Guitian and Bardgett 2000; Wilsey 2001;

Yeates et al. 2003; Ilmarinen et al. 2005; Lau and Tiffin

2009; Yeates and Newton 2009; Stevnbak et al. 2012).

Defoliation effects on the plant–soil interactions may

relate to whether plants stimulate decomposition

through the exudation of low-molecular-mass carbon

compounds when in apparent need of nutrients (Grif-

fiths and Robinson 1992). The exudates would then

feed the microbial loop and increase the microbial graz-

ers and higher trophic levels of the soil food web

(Bonkowski et al. 2000). There have been several studies

with both negative (Holland and Detling 1990; Northup
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et al. 1999; Nguyen and Henry 2002) and positive

(Holland et al. 1996; Hamilton and Frank 2001) effects

on carbon release from roots upon defoliation. Simi-

larly, defoliation had different effects on amount of

microorganisms going from a decrease in microbial

biomass (Guitian and Bardgett 2000; Williamson and

Wardle 2007) to an increase in number of bacteria

(Mawdsley and Bardgett 1997), but this did not result

in an increased microbial activity.

Defoliation effects on soil biota will depend greatly on

which plant responses are affected by the action. Litter

quality may decrease at elevated CO2 due to reduced

nitrogen content and therefore slower decomposition

(Ball 1997). Water use efficiency could increase at ele-

vated CO2 potentially increasing soil moisture followed

by increased decomposition and nutrient mineralization

(Field et al. 1995). Finally, root biomass depends strongly

on availability of resources for plants, and rhizodeposition

is important for the rhizosphere biota (Jones et al. 2009).

Defoliation effects have been observed on resource alloca-

tion within the plant and in the rhizosphere. In grassland

sampled in the middle of the growing season, defoliation

by grazing resulted in increased aboveground production

(Frank 1998) and an increased transport of N and P from

roots to shoots (Mikola et al. 2009). Mikola et al. (2009)

found no stimulation of either mineralization or soil

fauna by defoliation of plants in active growth. Similar

results were obtained in microcosms with newly estab-

lished grass in active growth: At field nutrient levels, defo-

liation altered allocation of C and N, but did not

stimulate either microbial activity or abundance of micro-

bial grazers (Ilmarinen et al. 2008). In another microcosm

experiment with defoliation of grasses in different phases

of growth, Ilmarinen et al. (2005) suggest that the

reduced root C concentration they find in defoliated

plants could be due to increased C allocation to growing

shoots at the expense of roots following defoliation, as

found in Caldwell et al. (1981), Briske et al. (1996), and

Strauss and Agrawal (1999). However, they also find that

plants defoliated in the later stages of the growing season

increased the root mass relative to plant mass.

Stimulating effects of defoliation on soil biota have

been reported, but often in studies performed under less

favorable conditions for plant growth, after the most pro-

ductive part of the growing season. Defoliation in a cool

Scottish upland in September (Ostle et al. 2007) or in

water-limited grassland of Yellowstone in the driest

month of July (Hamilton et al. 2008) both resulted in

transfer of more photosynthate to soil biota. In a Danish

temperate heathland at the end of the growing season in

September, defoliation resulted in increased carbon flow

through the soil biota and more so at elevated CO2

(Stevnbak et al. 2012). Based on the above-mentioned

studies, it seems as if defoliation of actively growing grass

does not induce carbon release from plants to soil biota,

whereas carbon exudation may increase when the active

growth phase is over.

Elevated CO2 generally results in an increase of

abundance and activity at the bottom of the food web,

that is, of bacteria, fungi, and microfauna (protozoa

and nematodes) as found in a meta-analysis of soil

biota response to global change (Blankinship et al.

2011). Now, elevated CO2 will not occur alone but in

combination with climatic changes such as elevated

temperature and altered precipitation pattern. Responses

of soil biota to global change are unique for each glo-

bal change factor with positive effects of elevated CO2

and precipitation and negative effects of warming

(Blankinship et al. 2011). Interactions between different

global change factors may create responses not pre-

dicted by single-factor experiments, for example, ele-

vated CO2 increased net primary production in a

grassland but in combination with elevated precipita-

tion, temperature, or both, elevated CO2 had a negative

effect on primary production (Shaw et al. 2002). The

interaction between elevated CO2 and temperature has

been modeled with three different biogeochemical mod-

els (Norby and Luo 2004) with different results. This

shows that multifactor experiments are needed to

increase our understanding of the processes. One of the

few recordings of multiglobal change factors with

impact on soil biota revealed significant effects involv-

ing elevated CO2, N deposition, and summer drought

(Eisenhauer et al. 2012). Here, CO2 was the global

change factor affecting most soil biota groups, with

increasing abundances at micro-, meso-, and macro-

fauna level. Furthermore, CO2 turned out to be the

only global change variable playing a role when build-

ing a SEM model of global change effects on the soil

food web (Eisenhauer et al. 2012). The likely explana-

tion as already stated by Ostle et al. (2007) is that

environmental changes affecting the quantity and qual-

ity of photosynthate-C inputs to the soil impact the

biology that regulates the soil C cycle.

In this study, we defoliated grass in active growth. The

study was performed in a field site in a multifactor FACE

experiment where CO2, temperature, and precipitation

are manipulated to simulate predicted global change

(IPCC 2013). This allowed us to test how this disturbance

affected aboveground–belowground interactions under

influence of elevated CO2 as well as predicted climatic

changes. If defoliation causes plants to actively increase

rhizodeposition in order to gain nutrients from soil biota

activity, we would expect a stimulation of soil biota at

defoliation and more so at elevated CO2 where nutrient

availability in soil is reduced.
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Materials and Methods

Site description

The experiment took place at the CLIMAITE experimen-

tal site (55°530 N, 11°580 E) – a FACE facility approxi-

mately 50 km northwest of Copenhagen, Denmark. The

site is a dry, temperate heathland, dominated by the

dwarf shrub Calluna vulgaris (L.) and the perennial grass

Deschampsia flexuosa (L.). The soil is a well-drained,

nutrient-poor sandy deposit with a pH of 4–5 and an

organic top layer ranging from 2 to 5 cm in depth. Long-

term annual mean air temperature is 8.0°C, and annual

mean precipitation is 607 mm (Danish Meteorological

Institute).

Experimental design

The setup consists of twelve 7 m diameter octagons. Each

octagon is divided into four plots receiving either (1)

summer drought (D) by automatic rainout shelters; (2)

passive nighttime warming (T) of air and soil by reflec-

tance curtains 50 cm above ground; (3) a combination of

drought and warming (TD); or (4) neither drought nor

temperature treatment. Furthermore, six of the twelve

octagons are under ambient (A) atmospheric CO2 con-

centrations and the other six subjected to an elevated

(CO2) CO2 concentration (510 ppm in a free air CO2

enrichment setup, FACE). The experiment thus has a full-

factorial design arranged in blocks of pairwise octagons

representing all combinations of D, T, and CO2, including

an untreated control for reference (A). Hence, eight treat-

ments with six replicates, in total 48 plots, arranged in a

split plot design (Mikkelsen et al. 2008). The warming

treatment elevates the air and soil temperature by 1–2°C.
The drought continues for 2–5 weeks or until soil water

content falls below 5 vol.% water content in the top

20 cm of the soil (Mikkelsen et al. 2008). The drought

effect lasts into the fall, but by October, the soil moisture

is only 1% lower in the drought-treated plots (Dam et al.

in prep.). Nitrate in lysimeter water in the upper 15 cm

mineral soil was reduced between ambient and elevated

CO2 (P = 0.031) from 2.3 to 1.1 ppm N (K. S. Larsen

et al., unpubl.). The experimental area is protected from

large herbivores by fencing.

Defoliation treatment

The entire climate manipulation design in operation for

6 years was overlain with a +/� defoliation treatment on

areas with Deschampsia flexuosa. In each plot, two circular

units of 0.07 m2 were marked off in segments where

D. flexuosa was dominant. Two of the plots did not have

a sufficient area of grass leaving us with 46 plots (six

treatments with six replicates, two treatments with five

replicates, n = 92). The vegetation in the grass units was

either left nondefoliated as a control or defoliated by cut-

ting. Cutting was performed manually four times, every

6–8 days starting June 1st after the annual drought treat-

ment had removed precipitation throughout May. The

cuttings were removed from the plots. Before the first

cutting, the grass height of the units was assessed. The

average of all units was 14.4 cm �3.9 with no treatment

differences. At each defoliation event, the vegetation was

cut down by 1/6 of the pretreatment median height in

each individual defoliation unit to simulate the effect of

foliar insect herbivores such as grasshoppers (e.g., Avanes-

yan and Culley 2015). Thus, by the end of the treatment,

the defoliation had removed 2/3 of the original vegeta-

tion, and the median height was approximately 8–10 cm

above the soil, depending on the original median height.

Soil sampling

At June 27th, soil samples were randomly collected in all

92 units by coring. One larger core (4 cm diameter,

15 cm deep) was sampled for root biomass determina-

tion. Three cores (2 cm diameter, 8 cm deep) were

retrieved and mixed to cover spatial variability. The soil

from the 2 cm cores was analyzed for soil moisture con-

tent, SOM, nematode numbers, and microbial biomass by

chloroform fumigation. Root C:N, substrate-induced res-

piration (SIR), and protozoan numbers were estimated,

too, but these data showed no significant response and

are not presented here. The soil samples were transported

in coolers and kept at 5°C until processed. To deal with

the large number of samples, they were processed over

8 days, with the different treatments distributed evenly

between the days to avoid bias. This staggered processing

is furthermore accounted for in the statistical model.

When processed, aboveground plant biomass was

removed and the rhizosphere carefully cut up for homog-

enization.

Shoot and root analyses

The grass height of all units (+/� defoliation) was

assessed at each defoliation treatment as well as at the

end of the defoliation treatment. These values were used

for estimation of shoot production. The roots from each

4 cm core were carefully washed over a 2-mm sieve, and

all root material was collected and dried at 80°C and

weighed. From the mixed 2 cm cores, subsamples of 5 g

soil were dried at 80°C for 48 h for soil moisture deter-

mination and combusted at 550°C for 6 h for SOM

determination by loss on ignition.
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Soil microbial biomass and growth

A subsample of 10 g of soil mixture was fumigated in

ethanol-free chloroform (CHC13) for 24 h to release the

nutrients in the soil microbial biomass (Jenkinson and

Powlson 1976; Tate et al. 1988). After fumigation, the soil

was extracted in 50 mL 0.5 mol/L K2SO4 for 1 h and fil-

tered. Simultaneously, another subsample was extracted in

the same manner but without fumigation to recover the

soil inorganic nutrients. Due to problems with the fumi-

gation procedure, only 1/3 of the data were analyzed.

Total organic carbon (TOC) (fumigated samples) and dis-

solved organic carbon (DOC) (nonfumigated samples)

were measured on Shimadzu TOC-5000A total organic C

analyzer using the infrared gas detector (IRGA) method.

Microbial carbon was calculated using the extractability

factor KEC = 0.45, to account for the microbial biomass

C that is not released by fumigation and extracted by

K2SO4 (Jonasson et al. 1996): Microbial C = (TOC –
DOC)/KEC. Microbial growth was assayed as fractional

increase in respiration rate (respiration rate 4–20 h/respi-
ration rate 0–4 h, Scheu 1992) in agitated soil slurries

amended with carbon (Wamberg et al. 2003).

Soil fauna

Nematodes were extracted from 5 g (fresh weight) of soil

by a modified combination of the Baermann pan and the

Whitehead tray (Whitehead and Hemming 1965) extrac-

tion methods. Samples were extracted for 48 h, and

nematodes were then counted at 940 magnification using

a dissecting microscope. After counting, the samples were

fixed in a 4% formaldehyde solution. They were later ana-

lyzed for nematode community composition of trophic

groups. Based on mouth part morphology, the nematodes

were identified to one of five feeding groups (Yeates et al.

1993) under a dissecting microscope at 940 magnifica-

tion.

Statistics

We analyzed effects of global change manipulations and

the defoliation and all possible interactive effects on the

plant–soil system: With the three climate change factors

(CO2, temperature, and precipitation/ drought) as well

as defoliation as fixed factors, we used mixed linear

models to test the effect on every measured plant and

soil variables. The statistical model was extended with a

random statement to account for random variation

introduced by the experimental design. As random fac-

tors, we used block (representing pairs of octagons

including all treatments), CO2 nested within block,

warming nested within CO2 and block, and drought

nested within CO2 and block. Due to lack of replicates

for microbial biomass, we have CO2 and defoliation as

fixed factors for this parameter and CO2 nested within

block as random statement. We applied log transforma-

tion when necessary to obtain normality. All data were

analyzed in R (R Development Core Team, 2013) using

the lmer function from the lme4 package (Bates et al.

2014). The anova function from the LmerTest package

was used to obtain P-values. Models were reduced

based on evaluation of F values using the step function

(LMERConvenienceFunctions). In the results reported

below, only the factors kept in the model after reduc-

tion are shown for each analysis.

Results

We found a negative effect of defoliation on soil biota

exerted via aboveground–belowground interactions. The

model showed statistically significant main effects of defo-

liation on microbial biomass (Fig. 1) and on nematode

abundance (Fig. 2). At the same time, there is a consider-

able regrowth of the defoliated D. flexuosa (Fig. 3) –
comparably larger than the growth of the nondefoliated

plants in the same time span. The results also show that

the plants were indeed in active growth when defoliated,

as there is a considerable growth of the nondefoliated

plots, too (Fig. 3). The defoliation was not just numeri-

cally but also statistically the most significant effect on

shoot growth. Warming reduces shoot growth and

drought increases this effect, both at elevated CO2. These

interactions between global change treatments on shoot

growth were numerically smaller and statistically less

strong compared to defoliation (Fig. 3).

For nematode abundance, the interaction between,

defoliation, drought, and CO2 treatment was significant

(Fig. 2). Drought and defoliation each reduces nematode

abundance at ambient CO2, whereas only the combina-

tion of the two reduces nematode abundance at elevated

CO2 (Fig. 2). The relative abundance of nematode feeding

groups was not affected by the treatments. The average

distribution was 45% bacterivores, 30% herbivores, 15%

fungivores, and 5% omnivores and predators (5% were

unidentified). Microbial biomass showed a numerically

small, but statistically significant increase at elevated CO2

(Fig. 1).

The elevated CO2 led to increases of two important

links in the belowground food chain: The model showed

positive statistically significant main effects of CO2 on

root density (Fig. 4) and microbial biomass (Fig. 1).

Drought and temperature had less pronounced effects on

the system and primarily affected root density. Root

density was reduced by drought and temperature enforced

drought effects, further decreasing density (Fig. 4).
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Discussion

Belowground response to defoliation
depends on plant growth phase

The present study was performed in June, before seed-set,

where we expected that the plants were still investing a

considerable amount of resources aboveground. In Stevn-

bak et al. (2012), a comparable amount of aboveground

biomass of Deschampsia flexuosa was removed in the

FACE experiment of the present study by grasshopper

defoliation in September (after flowering and seed-set, at

the end of the growing season). Indeed, we saw a consid-

erable regrowth of the grasses contrary to the September

results from Stevnbak et al. (2012), where there was no

compensatory growth in the defoliated grasses. However,

contrary to Stevnbak et al. (2012), we found that above-

ground defoliation reduced belowground biota – both

nematode abundance and microbial biomass – and did

not stimulate microbial growth (data not shown). The

rhizosphere biota is presumably limited by easily available

C as there are stimulating effects of elevated CO2, which

through increased photosynthesis is likely to also increase

C allocation belowground. Further, soil water nitrate was

lower in the present study than in the study of Stevnbak

et al. (2012) (K. S. Larsen et al., unpubl.), suggesting

greater nutrient limitation in June than in September. As

the defoliation does not have a stimulating effect, it seems

reasonable to assume that the difference in the results of

the two studies is at least in part caused by differences in
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Figure 1. Microbial biomass. Means with SE bars (n = 1–3). Lack of replication (see Materials and Methods) only allowed us to run a two-factor

mixed linear model (CO2 * defoliation) on these data. Significant effects at P < 0.05 are displayed.

Figure 2. Nematode abundance. Means with SE bars (n = 6). Effects at P < 0.1 are displayed.
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allocation of resources belowground and the derived

changes in root exudation, determined by growth phase

and the need for resources aboveground for production

of biomass, photosynthesis, and flowering/seed-set. This

difference in plant growth phase is confirmed by the lack

of growth of nondefoliated vegetation during the Septem-

ber study, while the June study shows a considerable

growth even in the nondefoliated units. In accordance

with this, Frank (1998) finds a positive relationship

between forage consumption and plant production in the

growing season, and Wilsey (1996) finds an increased

shoot production of grass defoliated soon after having

been brought out of mimicked winter dormancy. Also

in support of our results on investment of resources

aboveground instead of in root exudation in plants defo-

liated before seed-set, Ilmarinen et al. (2008) find a

reduced allocation of C to roots and an increased alloca-

tion of N to shoots – without a corresponding increase in

Figure 3. Shoot productivity: Growth of Deschampsia flexuosa in treatment units since first defoliation date. For defoliation-treated units, the

cuttings are included in cumulative values for growth. Values are means with SE bars (n = 6). Significant effects at P < 0.05 are displayed.

Figure 4. Root density. Means with SE bars (n = 6). Significant effects at P < 0.05 are displayed.

ª 2015 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd. 4845

M. Dam & S. Christensen Elevated CO2, Soil Biota, Defoliation, Season



N uptake – upon defoliation. The study was performed

on relatively young plants still in active growth and indi-

cates an altered internal allocation of C and N in the

plant rather than increased uptake and shows no stimula-

tion of soil biota at defoliation (Ilmarinen et al. 2008). A

study on defoliation of 8-week-old plants in microcosms

(Stanton 1983) and a grassland field study of defoliation

effects in spring (Todd 1996) showed reduced nematode

abundances comparable to our findings. In line with this,

an experiment where defoliation of grass was performed

in both early and late growth phase resulted in a reduced

microbial biomass early but increased microbial biomass

in the late growing phase (Guitian and Bardgett 2000).

Our results are obtained in a heathland with a grass cover

of naturally low diversity. Under a more diverse plant

cover, belowground effects might differ.

CO2 increases soil biota and belowground
plant biomass

Root mass and microbial biomass both increase at elevated

CO2 in agreement with previous results from the experi-

mental sites, observing increases in plant net photosynthe-

sis at light saturation (Albert et al. 2011), biomass of roots

(Arndal et al. 2014), and in soil respiration (Selsted et al.

2012). These components were all stimulated either by ele-

vated CO2 alone or in interaction with drought or temper-

ature. This is most likely due to the increased input of C

into the belowground food chain from the increased CO2

available to aboveground photosynthesis. This result is in

line with Eisenhauer et al. (2012) who found elevated CO2

to increase root and shoot biomass, and found the root

biomass to be a determining factor for the soil food web.

Hence, as hypothesized, we might see more organisms in

the decomposer food web at future CO2 levels. The signifi-

cant interaction between CO2 treatment, defoliation, and

drought suggests that elevated CO2 creates more robust

nematode populations, which it takes a combination of

two stressors (drought and defoliation) to reduce. It takes

only one stressor (drought or defoliation) to reduce nema-

tode numbers under present day CO2.

In Stevnbak et al. (2012), the defoliation-induced stim-

ulation of belowground biota and nutrient availability is

greater under elevated CO2 where photosynthetic capacity

of grass plants is increased (Albert et al. 2011), where

they grow more roots (Arndal et al. 2014) and thus con-

tain more resources. In the present study, CO2 stimulated

soil biota. Even when significantly reduced by defoliation

and drought, the nematode abundance was numerically

higher at elevated CO2 than under ambient CO2. Hence,

in the two otherwise contrasting parts of the growing sea-

son, increased CO2 stimulates soil biota and thereby likely

the decomposer capacity (Blankinship et al. 2011; Eisen-

hauer et al. 2012) partly due to increased rhizodeposition

(Eisenhauer et al. 2012).

Conclusion

It seems that the often proposed mechanism of plants

feeding their belowground microbial loop when in imme-

diate need of nutrients (Bardgett et al. 1998; Bonkowski

2004) is not present in this natural system, even though it

is indeed relatively nitrogen limited and more so at ele-

vated CO2 (Larsen et al. 2011). The present study shows

that exudation and belowground allocation of resources to

the advantage of the soil biota does not occur when the

perennial plant is in need of resources for shoot growth.

We therefore propose that defoliation effect depends on

plant growth phase: If the results from Stevnbak et al.

(2012) and other studies showing a stimulation of below-

ground biota by defoliation (Mikola et al. 2001; Ostle

et al. 2007; Hamilton et al. 2008) were indeed due to

plants releasing carbon to feed the microbial loop when in

need of nutrients, we would expect a more pronounced

response when plants are in active growth than when the

growth conditions are less favorable and the growing sea-

son is terminating. However, when we compare defoliation

impact on soil biota before seed-set (this study) with

impact after seed-set (Stevnbak et al. 2012), we find that

the aboveground–belowground interactions upon defolia-

tion seem to depend on prioritizing of resources related to

aboveground growth rather than on the plants induction

of the rhizosphere associated biota. These results empha-

size the need for further investigation into whether plants

are strategically regulating the life around its roots or if

their inputs into the soil simply reflect differences in flow

of resources depending on varying needs within the plant.

In the face of predicted increased CO2 levels in the

atmosphere and the derived increased C input below-

ground and more abundant decomposer community

demonstrated in this study, it therefore stands to reason

to consider that management of grazing intensity of natu-

ral areas during the season could help modify the effects,

as defoliation and CO2 worked antagonistically in the

productive part of the season (June), whereas the effects

were synergistic later in the season (September).

Acknowledgments

We would like to thank G. Sylvester, A. Spangenberg, M.

Schollert, D. Byriel, and K. Heinsen for assistance in the

laboratory. We would also like to especially thank M.

Vesterg�ard for valuable discussions and comments to the

manuscript. The CLIMAITE project has been funded by

the Villum Kann Rasmussen Foundation and further sup-

ported by Air Liquide Denmark A/S.

4846 ª 2015 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

Elevated CO2, Soil Biota, Defoliation, Season M. Dam & S. Christensen



Conflict of Interest

None declared.

References

Albert, K. R., T. N. Mikkelsen, A. Michelsen, H. Ro-Poulsen,

and L. van der Linden. 2011. Interactive effects of drought,

elevated CO2 and warming on photosynthetic capacity and

photosystem performance in temperate heath plants. J. Plant

Physiol. 168:1550–1561.
Arndal, M. F., I. K. Schmidt, J. Kongstad, C. Beier, and A.

Michelsen. 2014. Root growth and N dynamics in response

to multi-year experimental warming, summer drought and

elevated CO2 in a mixed heathland-grass ecosystem. Funct.

Plant Biol. 41:1–10.

Avanesyan, A., and T. M. Culley. 2015. Herbivory of native

and exotic North-American prairie grasses by nymph

Melanoplus grasshoppers. Plant Ecol. 216:451–464.
Ball, A. 1997. Microbial decomposition at elevated CO2 levels:

effect of litter quality. Glob. Change Biol. 3:379–386.
Bardgett, R. D., D. A. Wardle, and G. W. Yeates. 1998.

Linking above-ground and below-ground interactions: how

plant responses to foliar herbivory influence soil organisms.

Soil Biol. Biochem. 30:1867–1878.
Bardgett, R. D., P. Manning, E. Morrien, and F. T. De Vries.

2013. Hierarchical responses of plant-soil interactions to

climate change: consequences for the global carbon cycle. J.

Ecol. 101:334–343.

Bates, D., M. Maechler, B. Bolker, and S. Walker. 2014. lme4:

Linear mixed-effects models using Eigen and S4. R package

version 1.0-6. https://CRAN.R-project.org/package=lme4.

Blankinship, J. C., P. A. Niklaus, and B. A. Hungate. 2011. A

meta-analysis of responses of soil biota to global change.

Oecologia 165:553–565.

Bonkowski, M. 2004. Protozoa and plant growth: the

microbial loop in soil revisited. New Phytol. 162:617–631.

Bonkowski, M., W. X. Cheng, B. S. Griffiths, G. Alphei, and S.

Scheu. 2000. Microbial-faunal interactions in the rhizosphere

and effects on plant growth. Eur. J. Soil Biol., 36:135–147.
Bradford, M. A., T. H. Jones, R. D. Bardgett, H. I. J. Black, B.

Boag, M. Bonkowski, et al. 2002. Impacts of soil faunal

community composition on model grassland ecosystems.

Science, 298:615–618.
Briske, D. D., T. W. Boutton, and Z. Wang. 1996.

Contribution of flexible allocation priorities to herbivory

tolerance in C4 perennial grasses : an evaluation with 13C

labeling. Oecologia 105:151–159.
Brussaard, L. 1998. Soil fauna, guilds, functional groups and

ecosystem processes. Appl. Soil Ecol. 9:123–135.
Caldwell, M. M., J. H. Richards, D. A. Johnson, R. S. Nowak,

and R. S. Dzurek. 1981. Coping with herbivory:

photosynthetic capacity and resource allocation in two

semiarid Agropyron bunchgrasses. Oecologia 50:14–24.

Dam, M., J. G. C. Ransjin, M. Arndal, S. Christensen, C. Beier,

and M. Vesterg�ard. In prep. Soil nematodes under grass

increase at elevated CO2 when moisture is low.

Eisenhauer, N., S. Cesarz, R. Koller, K. Worm, and P. B.

Reich. 2012. Global change belowground: impacts of

elevated CO2, nitrogen, and summer drought on soil food

webs and biodiversity. Glob. Change Biol. 18:435–447.

Field, C. B., R. B. Jackson, and H. A. Mooney. 1995. Stomatal

responses to increased CO2: implications from the plant to

the global scale. Plant, Cell Environ. 18:1214–1225.
Frank, D. A. 1998. Ungulate processes direct in regulation

Yellowstone and feedback of ecosystem National effects

Park. Wildl. Soc. Bull. 26:410–418.

Griffiths, B. S., and D. Robinson. 1992. Root-induced nitrogen

mineralisation: a nitrogen balance model. Plant Soil

139:253–263.
Guitian, R., and R. D. Bardgett. 2000. Plant and soil microbial

responses to defoliation in temperate semi-natural grassland.

Plant Soil 220:271–277.

Hamilton, E. W., and D. A. Frank. 2001. Can plants stimulate

soil microbes and their own nutrient supply? Evidence from

a grazing tolerant grass. Ecology 82:2397–2402.
Hamilton, E. W., D. A. Frank, P. M. Hinchey, and T. R.

Murray. 2008. Defoliation induces root exudation and

triggers positive rhizospheric feedbacks in a temperate

grassland. Soil Biol. Biochem. 40:2865–2873.
Holland, E. A., and J. K. Detling. 1990. Plant response to

herbivory and belowground nitrogen cycling. Ecology

71:1040–1049.

Holland, J. N., W. Cheng, and D. A. Crossley. 1996.

Herbivore-induced changes in plant carbon allocation:

assessment of below-ground C fluxes using carbon-14.

Oecologia 107:87–94.

Ilmarinen, K., J. Mikola, M. Nieminen, and M. Vestburg.

2005. Does plant growth phase determine the response of

plants and soil organisms to defoliation? Soil Biol. Biochem.

37:433–443.

Ilmarinen, K., J. Mikola, and M. Vestberg. 2008. Do

interactions with soil organisms mediate grass responses to

defoliation? Soil Biol. Biochem. 40:894–905.

IPCC. 2013. CLIMATE CHANGE 2013: The physical science

basis. Contribution of Working Group I to the Fifth

Assessment Report of the Intergovernmental Panel on Climate

Change T. Stocker et al. , eds., Cambridge and New York.

Jenkinson, D. S., and D. S. Powlson. 1976. The effects of

biocidal treatments metabolism in soil - I fumigation with

chloroform. Soil Biol. Biochem. 8:167–177.
Jonasson, S., A. Michelsen, I. K. Schmidt, E. V. Nielsen, and T. V.

Callaghan. 1996. Microbial biomass C, N and P in two arctic

soils and responses to addition of NPK fertilizer and sugar:

implications for plant nutrient uptake. Oecologia 106:507–515.
Jones, D. L., C. Nguyen, and R. D. Finlay. 2009. Carbon flow

in the rhizosphere: carbon trading at the soil–root interface.
Plant Soil 321:5–33.

ª 2015 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd. 4847

M. Dam & S. Christensen Elevated CO2, Soil Biota, Defoliation, Season

https://CRAN.R-project.org/package=lme4


Larsen, K. S., et al. 2011. Reduced N cycling in response to

elevated CO2, warming, and drought in a Danish heathland:

synthesizing results of the CLIMAITE project after two years

of treatments. Glob. Change Biol. 17:1884–1899.

Lau, J. A., and P. Tiffin. 2009. Elevated carbon dioxide

concentrations indirectly affect plant fitness by altering plant

tolerance to herbivory. Oecologia 161:401–410.

Mawdsley, J. L., and R. D. Bardgett. 1997. Continuous

defoliation of perennial ryegrass (Lolium perenne) and

white clover (Trifolium repens) and associated changes in

the composition and activity of the microbial population of

an upland grassland soil. Biol. Fertil. Soils 24:52–58.
Mikkelsen, T. N., C. Beier, S. Jonasson, M. Holmstrup, I. K.

Schmidt, P. Ambus, et al. 2008. Experimental design of

multifactor climate change experiments with elevated CO2,

warming and drought: the CLIMAITE project. Funct. Ecol.

22:185–195.

Mikola, J., G. W. Yeates, G. M. Barker, D. A. Wardle, and K.

I. Bonner. 2001. Effects of defoliation intensity on soil food-

web properties in an experimental grassland community.

Oikos 92:333–343.

Mikola, J., H. Setala, P. Virkajarvi, K. Saarijarvi, K. Ilmarinen,

W. Voigt, et al. 2009. Defoliation and patchy nutrient return

drive grazing effects on plant and soil properties in a dairy

cow pasture. Ecol. Monogr., 79:221–244.

Nguyen, C., and F. Henry. 2002. A carbon-14-glucose assay to

compare microbial activity between rhizosphere samples.

Biol. Fertil. Soils 35:270–276.
Norby, R. J., and Y. Luo. 2004. Evaluating ecosystem responses

to rising atmospheric CO2 and global warming in a multi-

factor world. New Phytol. 162:281–293.

Northup, B. K., J. R. Brown, and J. A. Holt. 1999. Grazing

impacts on the spatial distribution of soil microbial biomass

around tussock grasses in a tropical grassland. Appl. Soil

Ecol. 13:259–270.

Ostle, N. J., M. J. I. Briones, P. Ineson, L. Cole, P. Staddon,

and D. Sleep. 2007. Isotopic detection of recent

photosynthate carbon flow into grassland rhizosphere fauna.

Soil Biol. Biochem. 39:768–777.
R Development Core Team (2013). R: A language and

environment for statistical computing. R Foundation for

Statistical Computing, Vienna, Austria. ISBN 3-900051-07-0,

URL http://www.R-project.org/

Scheu, S. 1992. Automated measurement of the respiratory

response of soil microcompartments: active microbial biomass

in earthworm faeces. Soil Biol. Biochem. 24:1113–1118.

Selsted, M. B., L. van der Linden, A. Ibrom, A. Michelsen, K.

S. Larsen, J. K. Pedersen, et al. 2012. Soil respiration is

stimulated by elevated CO2 and reduced by summer

drought: three years of measurements in a multifactor

ecosystem manipulation experiment in a temperate

heathland (CLIMAITE). Glob. Change Biol. 18:1216–1230.

Shaw, M. R., E. S. Zavaleta, N. R. Chiariello, E. E. Cleland, H.

A. Mooney, and C. B. Field. 2002. Grassland responses to

global environmental changes suppressed by elevated CO2.

Science 298:1987–1990.

Stanton, N. L. 1983. The effect of clipping and phytophagous

nematodes on net primary production of blue grama,

Bouteloua gracilis. Oikos 40:249–257.
Stevnbak, K., C. Scherber, D. J. Gladbach, C. Beier, T. N.

Mikkelsen, and S. Christensen. 2012. Interactions

between above- and belowground organisms modified in

climate change experiments. Nat. Clim. Chang. 2:

805–808.
Strauss, S. Y., and A. A. Agrawal. 1999. The ecology and

evolution of plant tolerance to herbivory. Trends Ecol. Evol.

14:179–185.

Tate, K. R., D. J. Ross, and C. W. Feltham. 1988. A direct

extraction method to estimate soil microbial C: effects of

experimental variables and some different calibration

procedures. Soil Biol. Biochem. 20:329–335.

Todd, T. C. 1996. Effects of management practices on

nematode community structure in tallgrass prairie. Appl.

Soil Ecol. 3:235–246.
Wamberg, C., S. Christensen, I. Jakobsen, A. K. Muller, and S. J.

Sorensen. 2003. The mycorrhizal fungus (Glomus intraradices)

affects microbial activity in the rhizosphere of pea plants

(Pisum sativum). Soil Biol. Biochem. 35:1349–1357.
West, J. B., S. E. Hobbie, and P. B. Reich. 2006. Effects of

plant species diversity, atmospheric [CO2], and N addition

on gross rates of inorganic N release from soil organic

matter. Glob. Change Biol. 12:1400–1408.
Whitehead, A. G., and J. R. Hemming. 1965. A comparison of

some quantitative methods of extracting small vermiform

nematodes from soil. Ann. Appl. Biol. 55:25–38.

Williamson, W. M., and D. A. Wardle. 2007. The soil

microbial community response when plants are subjected to

water stress and defoliation disturbance. Appl. Soil Ecol.

37:139–149.

Wilsey, B. J. 1996. Urea additions and defoliation affect plant

responses to elevated C0 2 in a C 3 grass from Yellowstone

National Park. Oecologia 108:321–327.
Wilsey, B. J. 2001. Effects of elevated CO2 on the response of

Phleum pratense and Poa pratensis to aboveground

defoliation and root feeding nematodes. Int. J. Plant Sci.

162:1275–1282.

Yeates, G. W., and P. C. D. Newton. 2009. Long-term changes

in topsoil nematode populations in grazed pasture under

elevated atmospheric carbon dioxide. Biol. Fertil. Soils

45:799–808.

Yeates, G. W., T. Bongers, R. G. M. DeGoede, D. W.

Freckman, and S. S. Georgieva. 1993. Feeding habits in soil

nematode families and genera - an outline for soil

ecologists. J. Nematol. 25:315–331.

Yeates, G. W., P. C. D. Newton, and D. J. Ross. 2003.

Significant changes in soil microfauna in grazed

pasture under elevated carbon dioxide. Biol. Fertil. Soils

38:319–326.

4848 ª 2015 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

Elevated CO2, Soil Biota, Defoliation, Season M. Dam & S. Christensen

http://www.R-project.org/

