
Predicting the responsiveness of soil biodiversity to
deforestation: a cross-biome study
THOMAS W . CROWTHER 1 , DAN IEL S . MAYNARD 1 , JONATHAN W. LEFF 2 ,

EM ILY E . OLDF I ELD 1 , REBECCA L . MCCULLEY 3 , NOAH F I ERER 2 and MARK A. BRADFORD1

1School of Forestry and Environmental Studies, Yale University, New Haven, CT 06511, USA, 2Department of Ecology and

Evolutionary Biology, University of Colorado, Boulder, CO 80309, USA, 3Department of Plant and Soil Sciences, University of

Kentucky, Ag Science Center North, Lexington, KY 40546, USA

Abstract

The consequences of deforestation for aboveground biodiversity have been a scientific and political concern for dec-

ades. In contrast, despite being a dominant component of biodiversity that is essential to the functioning of ecosys-

tems, the responses of belowground biodiversity to forest removal have received less attention. Single-site studies

suggest that soil microbes can be highly responsive to forest removal, but responses are highly variable, with negligi-

ble effects in some regions. Using high throughput sequencing, we characterize the effects of deforestation on micro-

bial communities across multiple biomes and explore what determines the vulnerability of microbial communities to

this vegetative change. We reveal consistent directional trends in the microbial community response, yet the magni-

tude of this vegetation effect varied between sites, and was explained strongly by soil texture. In sandy sites, the dif-

ference in vegetation type caused shifts in a suite of edaphic characteristics, driving substantial differences in

microbial community composition. In contrast, fine-textured soil buffered microbes against these effects and there

were minimal differences between communities in forest and grassland soil. These microbial community changes

were associated with distinct changes in the microbial catabolic profile, placing community changes in an ecosystem

functioning context. The universal nature of these patterns allows us to predict where deforestation will have the

strongest effects on soil biodiversity, and how these effects could be mitigated.
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Introduction

Forest ecosystems support a substantial proportion of

global biodiversity and represent a carbon (C) sink of

approximately 2.4 Pg per year (Pan et al., 2011). Both

features are threatened by the conversion of natural for-

ests to grasslands for timber or agricultural practices.

The loss of soil carbon resulting from this land-use

change accounts for 12% of total anthropogenic contri-

butions to current climate change (Van der Werf et al.,

2009), and associated species extinctions are a major

component of global biodiversity loss in recent decades

(Sala, 2000). As the dominant drivers of biogeochemical

cycles and a prominent component of biodiversity in

terrestrial ecosystems (Mora et al., 2011), soil microbes

(predominantly fungi, bacteria and archaea) intrinsi-

cally link these two features of forest ecosystems(Van

der Heijden et al., 2008). Understanding the mecha-

nisms that control, and the functional consequences of,

microbial community responses to forest removal,

therefore, remains among the biggest challenges for

basic and applied ecology.

Traditionally, the highly complex and opaque nature

of the soil environment has stymied efforts to identify

the effects of land-use change on microbial communi-

ties. The majority of studies have documented changes

in traditional microbial parameters, such as biomass or

activity, and often reveal reductions in both following

deforestation(Dinesh et al., 2003; Holden & Treseder,

2013). However, the advent of next-generation sequenc-

ing has provided unique insight into soil microbial

diversity and the processes structuring communities on

a global scale (Fierer et al., 2012). Two recent studies

conducted in the Brazilian rainforest suggest that, in

stark contrast with aboveground plants and animals,

bacterial diversity can increase following deforestation

(Da C Jesus et al., 2009; Rodrigues et al., 2013). These

observations were correlated with reductions in soil C

and nitrogen (N) concentrations, suggesting that the

loss of organic matter following forest removal may

drive microbial community responses. On a global-

scale, however, the effects of forest harvesting on soil C

and N stocks are more idiosyncratic (Johnson & Curtis,

2001), and there are negligible effects on microbial bio-

mass in several regions (Holden & Treseder, 2013). No

study, to date, has explored this idiosyncracy, by
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estimating community responses across multiple biome

types. As a result, we have a limited understanding of

the general trends that characterize microbial commu-

nity responses to deforestation, or the mechanisms

governing the susceptibility of soil biodiversity to dis-

turbance across broad spatial scales. Thus, we are

unable to anticipate the vulnerability of different

regions to such a land-use change.

The limited representation of fungi, the dominant

decomposing agents in woodland ecosystems

(H€attenschwiler et al., 2005), in community-scale analy-

ses represents another substantial gap in our under-

standing of soil biodiversity responses to deforestation,

even within single sites. Theoretical models predict that

via the formation of long-lived networks of hyphae,

fungal communities are more resistant (but not resil-

ient) than bacteria to land-use change (De Vries et al.,

2012a). However, since previous empirical studies have

focused on fungal biomass, fruiting bodies or specific

groups of mycorrhizal fungi (Aldrich-Wolfe, 2007; €Opik

et al., 2013), the susceptibility of entire fungal commu-

nities to forest removal remains unresolved. A conti-

nental-scale, cross-biome approach assessing fungi,

bacteria and their functional potential is essential to

identify the unifying principles governing the suscepti-

bility of soil biodiversity to forest removal.

The lack of empirical studies exploring soil microbial

responses to deforestation across multiple biomes

reflects the inherent challenges in identifying appropri-

ate/comparable sites, and characterizing diverse micro-

bial communities at a broad spatial scale. We take

advantage of a unique set of well-maintained, long-term

experimental research sites across the USA and use

high-throughput sequencing to explore community-

scale responses across tropical, temperate, and boreal

biomes. Each paired site consisted of a natural forest

adjacent to a previously forested old-field grassland. To

incorporate potential legacy effects of forests on soil

microbial communities, we included sites that varied

substantially in the time since forest removal (ranging

from <10 to >100 years). These also included two sites

containing a naturally formed grassland to identify if

general taxonomic differences are representative of the

vegetation type or simply the disturbance of forest

removal. We explore (i) the general trends characteriz-

ing the microbial community response to deforestation

and (ii) the site-specific characteristics governing micro-

bial susceptibility to vegetation change at the continen-

tal scale. We predicted that: (i) there will be consistent

microbial community responses to deforestation (Rodri-

gues et al., 2013), but the magnitude of these effects will

vary between sites, increasing linearly with time since

forest conversion (As seen for changes in biomass fol-

lowing deforestation; Holden & Treseder, 2013) and (ii)

the rate of the community response will be related to cli-

matic conditions, particularly temperature and mois-

ture conditions which represent key controls on the

activity of microbial communities (Bryant et al., 2008;

Crowther & Bradford, 2013). We further tested the pre-

diction that microbial community changes following

deforestation should lead to proportional changes in

the functional capabilities of belowground communities

on a continent-scale.

Materials and methods

Soil collection and sampling design

Soils were collected from 11 regions ranging from Hawaii to

Northern Alaska, using a sampling design intended to maxi-

mize variation in climatic conditions and biome types (Table

S1; Figure S1). Sites included 10 Long Term Ecological

Research stations [Andrews Experimental Forest, Oregon

44.21 °N, �122.26 °E (AND), Bonanza Creek, Alaska 64.85 °N,

�147.84 °E (BNZ), Cedar Creek Ecosystem Science Reserve,

Minnesota 45.40 °N, �93.20 °E (CDR), Coweeta LTER, North

Carolina 35 °N, �83.5 °E (CWT), Hubbard Brook Experimen-

tal Forest, New Hampshire 43.94 °N, �71.75 °E (HBR), Har-

vard Forest, Massachusetts 42.53 °N, �72.19 °E (HFR),

Kellogg Biological Station, Michigan, 42.4 °N, �85.4 °E (KBS),

Konza Prairie Biological Station, Kansas 39.09 °N, �96.57 °E
(KNZ), Luquillo LTER, Puerto Rico 18.3 °N, �65.8 °E (LUQ)

and Niwot Ridge LTER, Colorado 39.99 °N, �105.37 °E
(NWT)], and the Hawaii Experimental Tropical Forest, Insti-

tute of Pacific Islands Forestry, Hawaii 19.81 °N, �155.26 °E
(HAW). Each paired site included a natural forest and adjacent

grassland, manipulated by low-intensity (annual mowing)

management or unmanaged. To incorporate potential legacy

effects of forests on soil microbial communities, our study

design included sites that varied substantially in the time since

vegetation change (Table S1).

Microbial community attributes can vary seasonally and

annually (Baldrian et al., 2012; Lauber et al., 2013). We

attempted to capture this temporal variation in microbial com-

munities and identify the upper and lower bounds of the

response to deforestation. To capture the maximum possible

temporal variation in microbial community attributes, three

replicate soil samples (0–10 cm depth) were collected from

each sampling site over three years, with each annual sam-

pling date falling in a different season (spring, summer, and

Fall respectively). Each soil sample was homogenized and

divided up for different community/functioning analyses and

stored at �80 °C, prior to use. We also included two sites con-

taining a naturally formed grassland to identify if general tax-

onomic differences are representative of the vegetation type or

simply the disturbance of forest removal. Soils were sieved to

2 mm, screened to remove remaining root and litter frag-

ments, and then homogenized to provide a total of 66 soil

samples (11 regions 9 2 vegetation types 9 3 time points).

Soils were analyzed for pH by mixing water to soil in a 1 : 1

volumetric ratio and gravimetric moisture was determined by

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12565
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oven drying to constant mass at 105 °C. Total soil C and N

content was determined on an elemental analyzer (LECO, St

Joseph, MI, USA). Sand, silt, and clay contents were measured

using a simplified version of the hydrometer method follow-

ing Bouyoucos (1927), and the remaining soil was used for

microbial community analysis.

Phospholipid fatty acid (PLFA) analysis

We assessed active microbial biomass using PLFA analysis.

This methodology followed that of Findlay & Dobbs (1993).

Specifically, samples were homogenized and 5 g moist soil

was extracted in a single phase, phosphate-buffered dichlo-

romethane solution to remove PLFAs. These lipids were

further separated by silicic acid chromatography, and phos-

pholipids were derivatized in an alkaline solution to form

fatty acid methyl esters (FAMEs). FAME purification was per-

formed with C18 reverse plasma chromatography. These were

then separated and quantified by capillary gas chromatogra-

phy with a flame ionization detector (Shimadzu 2014 GC, Shi-

madzu Corp., Tokyo, Japan) equipped with a Restek Rtx-1

column (Restek Corp., Bellefonte, PA, USA). FAME peaks

were identified and concentrations calculated based on a Su-

pelco 37 Component FAME mix (Sigma-Aldrich Co., St. Louis,

MO, USA) run as a standard every third sample. Bacterial bio-

mass was calculated as the sum of the following fatty acids:

i14 : 0, i15 : 0, a15 : 0, i16 : 0, i17 : 0, a17 : 0, 16 : 1n9,

16 : 1n7, cy17 : 0, 18 : 1n7, 18 : 1n5, cy19 : 0, 14 : 0, 15 : 0,

17 : 0, 18 : 0, 10Me16, 10Me17, 10Me18, i17 : 1n7 (nmol g�1

soil). Fungal biomass was the sum of 18 : 2n6 and 18 : 1n9

(nmol g�1 soil).

High-throughput DNA sequencing

We used a barcoded high-throughput sequencing approach

similar to that described previously (Caporaso et al., 2012) to

assess the diversity and taxonomic composition of the micro-

bial communities found in each soil sample. Briefly, DNA was

extracted using a MoBio PowerSoil extraction kit. For fungi,

the first internal transcribed spacer region (ITS1) of the

eukaryotic rRNA gene was amplified using the ITS1-F and

ITS2 primer pair, and for the prokaryotes, the V4/V5 region of

the rRNA gene was amplified using the 515f/806r primer pair.

Both the forward and reverse primers also had the appropri-

ate Illumina adapters, primer pad, and 2-bp linker sequences

with the reverse primer containing a 12-bp error-correcting

barcode unique to each sample. All DNA samples were ampli-

fied in triplicate in PCR reactions containing 13 ll water, 10 ll
5 Prime Hot Master Mix, 0.5 ll each of the forward and

reverse primers (10 lM final concentration), and 1.0 ll geno-
mic DNA. Reactions were held at 94 °C for 3 min, with ampli-

fication proceeding for 35 cycles at 94 °C for 45 s, 50 °C for

60 s, and 72 °C for 90 s; a final extension of 10 min at 72 °C.
The products of the triplicate PCR reactions were pooled,

visualized on an agarose gel, and amplicon concentrations

were quantified using the PicoGreen dsDNA assay. Ampli-

cons from all samples were combined in equimolar ratios, and

fungi and bacterial/archaeal amplicons were sequenced using

two separate runs on an Illumina MiSeq instrument at the

University of Colorado at Boulder.

Reads were demultiplexed, quality-filtered, and processed

using the QIIME v. 1.6.0-dev pipeline (Caporaso et al., 2012).

Sequences were clustered into operational taxonomic

units (OTUs) using an open reference-based (i.e. reference-

based + de novo) approach with the UCLUST algorithm

(Edgar, 2010) and a 97% similarity threshold. For fungi and

prokaryotes, the UNITE and Greengenes (McDonald et al.,

2012) databases, respectively, were used as reference databas-

es. Samples were rarified to 110 and 4000 sequences for fungi

and bacterial/archaea, respectively, prior to downstream

analyses. Taxonomy was assigned via the RDP classifier

(Wang et al., 2007) with the aforementioned databases using a

confidence threshold of 0.5.

Catabolic profiling

To compare the relative catabolic abilities of the microbial

communities in each of the 66 soils, we used a catabolic profil-

ing assay following (Fierer et al., 2011). Briefly, eight different

organic carbon substrates (cellulose, chitin, sucrose, glucose,

glycine, citric acid, oxalic acid, and yeast extract) were added

individually to 4 g (dry wt. equivalent) of each soil. Net CO2

accumulation was measured on an infrared gas analyzer after

an incubation period at 20 °C of 5 or 24 h, depending on the

substrate recalcitrance. The substrates were chosen to repre-

sent a range of substrates commonly available to soil microor-

ganisms, and included recalcitrant (e.g., chitin, cellulose) and

more labile substrates (e.g., amino acids, sugars). Substrates

were added at concentrations ranging from 15 to 100 mM in

8 ml of solution with concentrations used in Fierer et al.

(2011). Assays were conducted in duplicate, yielding 1188

assays in total (66 soils 9 8 substrates plus the ‘water con-

trol’ 9 2 analytical repeats per substrate per soil). Substrate

catabolic rates were calculated as the mean difference from

the ‘water controls’ (those samples that only received water)

and were expressed as the mass-specific mineralization (CO2

production) rates for a given substrate per unit microbial

biomass (estimated using PLFA).

Statistical analysis

All multivariate data [microbial community compositions and

catabolic response profiles (CRPs)] were analyzed using the

PRIMER software package (PRIMER-E, Plymouth, UK). Dis-

similarity between microbial community composition and

CRPs were calculated using Bray-Curtis and Euclidian dis-

tance metrics respectively. Community data were 4th root

transformed prior to calculation of community dissimilarities,

to minimize the overriding effects of the few most abundant

species in each site. Overall effects of site, vegetation type and

time on microbial dissimilarity were analyzed using PERMANO-

VA (based on 999 permutations), and dissimilarities were visu-

alized using principal coordinate analyses (PCoA). Where

differences between treatments were significant (P < 0.05),

taxa responsible for driving changes in community composi-

tion were identified using similarity percentage analysis

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12565

DEFORESTATION EFFECTS ON SOIL BIODIVERSITY 3



(SIMPER). Correlations between pairwise dissimilarity among

samples (e.g., microbial community composition and CRP dis-

similarity) were determined using Mantel tests.

Univariate analyses (biomass, richness, and respiration)

were conducted using R version 2.14.2. Multiple Linear Mixed

Effects Models were used to explore overall effects of site, veg-

etation type and time on microbial biomass, diversity, rich-

ness, and respiration. They were subsequently used to

investigate the dissimilarity in community attributes (compo-

sition, biomass, richness) between forest and grassland soil at

each site, as a function of mean abiotic conditions (‘mean

annual temperature’, ‘gravimetric soil moisture’, ‘pH’) organic

matter concentrations (‘% Carbon’, ‘% Nitrogen’, ‘C : N

ratio’), soil texture (‘% sand’, ‘% silt’, ‘% clay’), biome type,

and the ‘time since vegetation change’. Biotic factors (e.g., for-

est plant traits or invertebrate communities) were not included

because of the practical limitations in capturing a meaning

representation of the variation in continent-scale ecosystem

types. Our study design therefore included only abiotic fac-

tors, allowing prediction of microbial community responses in

entirely novel ecosystems, where biotic information is not

fully documented or cannot be readily ascertained. For bio-

mass and richness, dissimilarity was calculated by subtracting

grassland values from forest values and for community com-

position, the calculated Bray-Curtis dissimilarity values were

used. There was strong autocorrelation in% C and% N

between sites so% C was chosen as the best representative var-

iable for organic matter concentration. The variable

‘sand : (silt + clay)’ was used to represent soil texture because

it includes all three particle size-classes, thus incorporates

information relating to the total properties of the soil matrix.

Conservative (upper bound) P-values for the fixed effects

were calculated using ANOVA via the LMERConvenienceFunc-

tions package for R.

Results

General effects of forest removal on microbial
communities

Despite the substantial temporal variation incorpo-

rated into our study design, microbial biomass or rich-

ness did not significantly vary within sites with

sampling date (Table S2). Instead, vegetation type (for-

est vs. grassland) had strong and largely consistent

directional effects on the biomass and richness of both

bacteria and fungi (Table S2). Biomass was generally

lower in grassland soil, whereas richness generally

increased following forest removal (Fig. 1). The mag-

nitude of the cover effects, however, varied signifi-

cantly between sites (Site*Cover: P < 0.001), with

negligible effects in several regions. There were also

consistent effects of deforestation on the taxonomic

composition (estimated using LUMINA sequencing) of

fungal and bacterial communities at the continental

scale, even at coarser levels of taxonomic resolution

(the phylum-level; Table S2). For bacteria, this

community response was driven predominantly by

the Acidobacteria (explaining 31.1% of the community

difference; SIMPER), and the fungal response was

explained by the Basidiomycota (explaining 41.84%),

with both of these phyla significantly (P < 0.05) less

abundant in grassland soils (Fig. 2). To further explore

this fungal community response, known fungal genera

were identified to specific functional groups [ectomy-

corrhizal (EM), arbuscular mycorrhizal (AM), and sap-

rotrophic fungi (S)]. Again, there was a significant

effect of vegetation type on fungal functional group

composition (F1, 64 = 28.061, P < 0.001), with a reduc-

tion in EM fungi following forest removal explaining

49.04% of the dissimilarity between grassland and for-

est communities. However, despite these general

trends, the effect of vegetation type on bacterial and

fungal community composition varied significantly

among sites (Cover*Site: P < 0.001; Table S2), with

dramatic effects in some sites and negligible effects in

others (Figure S2).

Legacy effects of forest cover

To explore the site characteristics governing the magni-

tude of deforestation effects, we regressed microbial

community dissimilarity (between forest and grass-

land) at each site against ‘time since vegetation change’,

mean climate conditions (MAT and MAP), organic mat-

ter concentrations (% C and% N), and edaphic charac-

teristics (texture and pH). Soil texture was the only

variable to correlate significantly (P < 0.05) with the

dissimilarity in bacterial biomass, richness, and com-

munity composition across sites (Table S3), consistently

explaining the vast majority of the variation, with sand-

ier (coarse-textured) soils having a greater dissimilarity

following forest removal (Fig. 3). Similarly, soil texture

significantly correlated with the susceptibility of fungal

biomass, diversity, and community structure to land-

use change, with the fungal communities in coarser-tex-

tured soils exhibiting greater responses to deforestation

than those found in fine-textured soils. To explore the

potential generality of texture as a regulator of defores-

tation responses, we used our models to predict mean

values from previous single-site studies, each of which

were conducted outside of the USA (Holden & Tresed-

er, 2013; Rodrigues et al., 2013). All comparable data

published on changes in bacterial biomass, fungal bio-

mass, and bacterial richness fell within the error

estimates of our data (Fig. 3).

These mean values represent site characteristics that

determine the susceptibility of microbial communities

to deforestation. Soil texture did not differ substantially

between forest and grassland at any site, but we

explored how sand/(silt + clay) correlated with

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12565
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‘differences’ in other environmental characteristics

(between forest and grassland) that did vary between

forest and grassland sites, to see if it explained where

deforestation caused the greatest changes to the soil

environment. Difference in pH,% C,% N and gravimet-

ric soil moisture all correlated significantly with sand/

(silt + clay) (% C: r = 0.7, P = 0.016;% N: r = 0.163,

P = 0.044; pH: r = �0.69, P = 0.018; moisture: r = 0.8,

P = 0.003), with greater effects of vegetation type on all

of these soil characteristics with sandier vs. finer-

textured soils.

The only metric for which texture was not the strong-

est explanatory variable was fungal community

composition (Table S3). Here, MAT was strongly and

negatively correlated with community dissimilarity

(Fig. 5). To explore which fungal groups were
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responsible for driving this effect, we regressed the dis-

similarity (forest – grassland) in the relative abundance

of different fungal groups against MAT. No fungal gen-

era correlated significantly with MAT, but the differ-

ence in EM fungi relative abundances decreased

significantly (F1,26 = 41.32, P < 0.001) with increasing

MAT. The greatest reductions in the relative abundance

of EM fungi following forest removal occurred in sites

with the coldest temperatures.

Functional responses

In contrast with microbial community structure, the

functional attributes of the communities (estimated

using catabolic response profiles) did not vary signifi-

cantly between vegetation types. Instead, substantial

temporal variation (sampling date: P < 0.05) exceeded

the variability between vegetation types (Table S4).

The different responses of CRP and community
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composition then seem to conflict with recent, site-spe-

cific data showing correlations between microbial taxo-

nomic composition and catabolic functioning at finer

spatial scales (Fierer et al., 2011). To examine whether

this trend holds at the continent-scale, we examined the

correlations between phylogeny and functioning

among all samples. The catabolic response profiles cor-

related (MANTEL test; P < 0.05) with the taxonomic

dissimilarity of both fungi and bacteria. To attribute

these functional changes with specific taxonomic

changes, we regressed the relative abundances of each

fungal and bacterial phylum against mass-specific min-

eralization rates of individual carbon substrates, follow-

ing Goldfarb et al. (2011). The microbial phyla that

consistently changed in response to forest removal

were associated with distinct functions; Acidobacteria

were associated with significantly greater oxalic acid

(F9,54 = 3.476, P = 0.004) and citric acid (F9,54 = 3.476,

P = 0.017) mineralization, and increased abundance of

Basidiomycetes were correlated with greater minerali-

zation rates of glycine (F9,54 = 2.59, P = 0.005) and cel-

lulose (F9,54 = 2.59; P = 0.007). Overall, although these

data show that temporal variation might obscure func-

tional differences between adjacent grassland and for-

ested sites, we provide evidence that catabolic

functioning correlates both with community composi-

tion and the relative abundance of specific microbial

phyla at the broadest spatial scale.

Discussion

We provide a detailed characterization of how both

fungal and bacterial communities change following the

conversion of forest to grassland, and reveal commu-

nity-scale trends that hold across tropical, temperate,

and boreal biomes. In keeping with previous single-site

studies (Da C Jesus et al., 2009; Holden & Treseder,

2013; Rodrigues et al., 2013), forest removal was gener-

ally associated with reductions in bacterial biomass and

increased diversity. In contrast with theoretical expecta-

tions (De Vries et al., 2012a), fungi followed exactly the

same trends, with equivalent proportional changes

between vegetation types. Despite the substantial diver-

sity of microbial communities within our samples (with

well over 1000 microbial OTUs), there was a clear taxo-

nomic signal associated with forest removal at the

continent-scale, with consistently lower relative abun-

dances of Acidobacteria (bacteria) and Basidiomycetes

(fungi) in grassland soil. These responses are likely dri-

ven by the increased recalcitrance of late-succession for-

est plant material and the acidic nature of forest soils.

Specifically, Acidobacteria typically thrive under acidic

conditions (Fierer et al., 2012) and basidiomycete fungi

are the dominant decomposers of lignocellulose-rich

plant material in forests (H€attenschwiler et al., 2005;

Crowther et al., 2013). Many of the ectomycorrhizal

fungi that colonise the roots of temperate and boreal

forest trees also belong to the Basidiomycota, and their

absence in grassland soil contributes further the com-

munity dissimilarity between vegetation types. These

taxonomic differences also exist between vegetation

types in the two naturally occurring grassland sites

(KNZ and NWT), suggesting that it is likely to be the

nature of plant inputs (tree vs. herbaceous) to soils that

drive the differences in microbial communities

between, rather than the disturbance associated with

forest removal. The emergence of this general pattern

(that characterize their respective vegetation types) con-

trasts with previous broad-scale studies, showing no

clear differentiation between microbial communities in

forest and ‘non-forest’ soils at the continent-scale (Lau-

ber et al., 2009; Fierer et al., 2012). This highlights the

value of pairing forest and grassland sites within bio-

mes to disentangle the effects of vegetation type and

abiotic factors at broad spatial scales.

Despite the general differences in belowground com-

munities following deforestation, the magnitude of

these differences varied drastically between sites. In

contrast with expectations (Holden & Treseder, 2013),

‘time since removal’ did not affect the magnitude of the

community dissimilarity, partially supporting the the-

ory that legacy effects of forest soil can persist for many

decades following forest removal in some regions

(Gimmi et al., 2012), even if rapid community changes

can occur in others. Of the abiotic site characteristics

that we measured, only soil texture explained a signifi-

cant proportion of this variation, with greater commu-

nity dissimilarity (between vegetation types) in soils

characterized by coarse-textured (sandy) soils, and neg-

ligible effects in fine-textured (clay) soils (Fig. 3).

Belowground responses observed in previous single-

site studies were consistent with this trend. For exam-

ple, in Fazenda Nova Vida (eastern Brazil), mean bacte-

rial richness increased by approximately 47 taxa

(OTUs) following forest removal (Rodrigues et al.,

2013). This represents a minor response compared to

the effects observed at many of our sites, but the magni-

tude of response was predicted by our data, given that

the region is characterized by fine-textured soils

(Fig. 3). Although the inclusion of forest plant traits,

and other biotic factors are likely to explain some of the

residual variation (De Vries et al., 2012b), the strength

and consistency of this pattern (for microbial biomass,

diversity, and community composition) observed for

both bacteria and fungi across multiple biomes sug-

gests the effect of soil texture is highly robust, and can

serve as a strong predictor of the responsiveness of

microbial communities to land-use change.

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12565
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The positive effect of silt and clay particles on the

resistance of microbial communities to vegetation

change presumably results from their high reactive sur-

face area and hence capacity to buffer against changes

in soil moisture, pH and nutrient concentrations

(Magdoff & Weil, 2004; Grandy et al., 2009). These

effects were apparent in our study, as texture correlated

with differences in %C, %N, pH, and soil moisture

between forest and grassland soils, with greater differ-

ences in sandier sites. Loss of organic matter (indicated

by the reductions in %C and %N) is thought to be a

dominant driver of changes in microbial community

attributes following forest removal (Da C Jesus et al.,

2009). Our results partially support this conclusion, but

suggest that it is ultimately texture that determines the

magnitude of these organic matter losses. Fine-textured

soils are less well aerated, and nutrients and moisture

are protected from decomposition and leaching by

being bound in aggregates or through adsorption to the

high surface area of clay particles (Magdoff & Weil,

2004; Grandy et al., 2009). The reduced capacity of sand

particles (with their small and nonreactive surface areas

per volume) to buffer soil characteristics against the

effects of forest removal could serve as a guideline for

future forest management practices. That is, we might

predict that effects of vegetation change on soil biodi-

versity will be greatest for sandier soils, permitting us

to map out microbial vulnerability to vegetation change

(e.g., Fig. 4). Notably, the regulatory effect of soil tex-

ture was also apparent for sites that included a natu-

rally formed grassland (Fig. 3). We might therefore

conclude that texture not only regulates the retention of

organic resources in soil, but also the extent to which

microbial communities are structured by plant inputs.

Recent syntheses argue that plant litter characteristics

play a minimal role in structuring microbial

community composition in mineral soil (Schimel &

Schaeffer, 2012). Our data support this prediction for

Fig. 3 Correlations between dissimilarity (between forest and grassland) in the richness (a and b), biomass (c and d) and community

composition (based on calculated Bray-Curtis dissimilarity; e and f) of bacteria and fungi, against soil texture at each site. Regression

lines were calculated using linear mixed effects models with ‘site’ as a random effect and sand/(silt + clay) as the fixed effect. Marginal

R2 values reflect the variance explained by fixed effects only. Models were validated post-hoc, using mean effects recorded in previ-

ously published studies (red triangles). Bacterial richness data was collected from Rodrigues et al. (2013) and biomass values from Hol-

den & Treseder (2013). The latter were converted from ng g�1 soil to nmol g�1 soil using the regression equation calculated in Leckie

et al. (2004). ‘Sand : (silt + clay)’ was selected to represent soil texture as it incorporates the total properties of the soil matrix.

‘Sand : silt’ explained more variability, yet it was not used as its biological relevance remains unclear.

High

Low

Fig. 4 Heat map representing the susceptibility of total (fungal, bacterial, and archaeal) soil microbial biomass to changes in vegetation

cover for the continental United States. White areas represent missing soil texture data. Predicted values were calculated using the fitted

mean regression model (R2 = 0.70) given by: Mean change in Biomass = 29.9 � 18.3 9 I(Fungi) � 37.2 9 sand :

(silt + clay) + 27.0 9 sand : (silt + clay) 9 I(Fungi). Where I(Fungi) is a dichotomous indicator variable that equals 1 when the outcome

being predicted is ‘change in fungal biomass,’ and equals 0 when the outcome being predicted is ‘change in bacterial biomass.’ Soil texture

data were obtained fromMiller and White (1998). We reiterate that the metric ‘sand : silt’ explains more variability in microbial biomass

than ‘sand : (silt + clay)’, and, although its biological relevance is unclear, this metric could potentially represent a better metric from a

predictive, management perspective.
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finer-textured soils where nutrients are physically pro-

tected, but suggest that the role of plant inputs is con-

text dependent, with a greater influence on

communities in sandier soils.

The only microbial community metric for which soil

texture was not the best predictor of vulnerability to

deforestation was fungal community structure, which

strongly correlated with mean annual temperature. The

striking negative effect of temperature on the fungal

community differences observed between forest and

grassland soils is surprising given that the beta diversity

of plants, animals, and bacteria is greater at warmer tem-

peratures (Qian & Ricklefs, 2007; Bryant et al., 2008;

Korhonen et al., 2010). In contrast, we found that fungal

community dissimilarity between vegetation types

increased with latitude (Fig. 5). This trend may result

from the dominance of ectomycorrhizal (EM) fungi (the

only mycorrhizal symbionts of boreal forest trees) in

north temperate and boreal forests (Clemmensen et al.,

2013). As obligate symbionts of forest trees, EM fungi are

highly susceptible to forest removal and they accounted

for 49% of the dissimilarity between vegetation types

across our sites. However, their relative abundance

decreased at lower latitudes, and there was a negligible

effect of vegetation type on the relative abundance of

EM fungi in the warmest sites. The genera primarily

responsible for the community dissimilarity between

forest and grassland soils at the three coldest sites exem-

plify this trend. The Russula and Cortinarius are pre-

dominantly EM fungi, containing species that dominate

mature forest soils (Dunham et al., 2007; Twieg et al.,

2007). Both genera were both absent in all tropical and

southern temperate soils. The obligate association

between EM fungi and host trees at high latitudes may

explain the strong effect of temperature on fungal com-

munity dissimilarity. Our data then lend support to the

growing expectation that biotic interactions are equally,

if not more, important than abiotic factors in shaping the

structure of soil communities on a continent-scale

(Cornwell et al., 2009; De Vries et al., 2012b).

Although microbial community attributes generally

remained constant throughout the 3-year sampling per-

iod, their catabolic functioning varied substantially

with time. These different temporal dynamics suggest

that many species in soil are likely dormant for differ-

ent parts of the year, while the active proportion varies

seasonally (Baldrian et al., 2012; Lauber et al., 2013).

Perhaps surprisingly, given this temporal variation, we

found a consistent correlation between microbial taxo-

nomic dissimilarity (fugal and bacterial) and CRP dis-

similarity, providing the first evidence for a link

between the structure of both bacterial and fungal com-

munities and functional potential at a continent-scale.

We stress that is not possible to infer causation from

this correlation, but the relationship lends support to a

broad suite of local-scale studies that report functional

consequences of changes in microbial community com-

position (H€attenschwiler et al., 2005; Fierer et al., 2011;

Dickie et al., 2012; Crowther et al., 2013) and suggests

that shifts in soil community composition associated
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Fig. 5 Effect of mean annual temperature (MAT) on bacterial (a) and fungal (b) community dissimilarity between forest and grassland

vegetation types at each site. Regression lines and R2 values were calculated as in Fig. 3.
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with deforestation might be partially responsible for the

associated changes in soil C dynamics. Furthermore,

correlations between the relative abundance of specific

microbial groups and mineralization rates of specific

compounds, provides an additional link between

microbial response and effect traits. For example, basid-

iomycetes and Acidobacteria are able to thrive in envi-

ronments characterized by recalcitrant nutrients and

high acidity, and this is reflected in the positive correla-

tion between their relative abundances and the mineral-

ization rates of specific carbon-containing compounds

that characterize forest soils. We do not advocate for the

scaling up of mineralization rates recorded in such con-

trolled laboratory assays, but these taxon-specific asso-

ciations with substrate mineralization rates help to

provide a mechanistic understanding of the conse-

quences of forest removal for soil organic matter loss.

Conclusions

Understanding the mechanisms that control the extent

to which microbial communities change following to

vegetation change is essential to comprehend the conse-

quences of deforestation for belowground biodiversity

and carbon cycling (Sala, 2000; Van der Werf et al.,

2009). Despite the complex nature of soil microbial

communities, we found general patterns characterizing

microbial community responses to deforestation at the

continental scale. The magnitude of these responses

were, however, highly variable and strongly influenced

by soil texture, which regulates the extent of soil

organic matter losses following deforestation. Specifi-

cally, forest removal dramatically alters the structure of

belowground communities in sandier soils, whereas

finer-textured soils buffer microbial communities

against the effects of land-use change. Other site char-

acteristics were less important in structuring microbial

responses, except with respect to fungal community

composition, where increasing mean annual tempera-

ture decreased the magnitude of the response to forest

removal. The belowground community responses were

associated with distinct changes in microbial catabolic

profiles, highlighting direct functional consequences of

the belowground community change. The predictable

nature of the microbial community responses to vegeta-

tion type opens the door for a new generation of terres-

trial models that help anticipate the consequences of

land-use change for the biodiversity and carbon storage

of forest ecosystems worldwide.
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