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a b s t r a c t

Soil stores more carbon (C) than plants and atmosphere combined and it is vulnerable to increased
microbial respiration under projected global changes including land-use change and future climate
scenarios (mainly elevated temperature). Land-use change is known to have a direct impact on soil
organic C and soil respiration (Rs) but the mechanisms that drive these changes remain debatable.
Similarly, recent studies and simulation models predict that Rs will respond positively to projected
climate warming. However, there are significant uncertainties in the magnitude and mechanisms of this
feedback response of Rs to global change. To identify the mechanisms of Rs response to land-use change
and climate warming, we first investigated Rs from different land use types. Soil respiration was esti-
mated seasonally from four different Scottish land uses: moorland, birch woodland, grassland and pine
forest (n ¼ 24). Our results demonstrated that despite a dramatic loss of total C and nitrogen (N) in the
soils under birch trees, the Rs in the birch woodland was similar to that of the moorland and pine forest,
with Rs in the grassland being significantly higher. The microbial community structure, estimated by
Multiplex Terminal-Restriction Fragment Length Polymorphism (MT-RFLP) and 454 pyrosequencing, was
significantly different under each land use type. A strong correlation of Rs with soil properties (pH,
inorganic N, C:N ratio and moisture) and with microbial community structure was identified.

To test the impact of elevated temperature on Rs and to identify potential microbial mechanisms, we
performed laboratory incubation studies. Soils from different land uses were incubated at 7 �C (mean
annual temperature (MAT) in Scotland) and 10 �C (MAT þ 3 �C) with and without the presence of a labile
(13C-glucose) and recalcitrant (13C-lignin) form of C to identify the active groups of microbes and to
determine the role of substrate availability on feedback response. The warming treatment induced an
increase in Rs rates in all soils. The magnitude of the Rs response to warming was modulated by the land
use types, and the Rs was more prominent in soils with high C contents. The addition of glucose sub-
stantially increased both total and rate of Rs compared to no substrate- and lignin-amended soils,
providing evidence of labile C depletion as a mechanism for the thermal response of Rs. The warming
treatment did not impact the composition of the active or total microbial community as revealed by
phospholipid fatty acid-stable isotope probing (PLFA-SIP), MT-RFLP and 454 pyrosequencing. Our results
showed that the microbial metabolic activity was higher under warming treatment suggesting that a
positive feedback of Rs to increased temperature is mediated by changes in substrate availability and
microbial metabolic rates.

© 2015 Elsevier Ltd. All rights reserved.
ey, Hawkesbury Institute for
þ61 (0)2 4570 1329.
1. Introduction

Soil stores 2500 Pg of carbon (C) which is significantly more
than the C locked in the plant and atmospheric pools (Singh et al.,
2010). Soil microbial respiration (Rs) emits ~60 Pg annually from
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the soil organic carbon (SOC) pool, which is compensated by plant
photosynthetic activities (Bradford, 2013). This balance is vulner-
able to global change, including land-use change and climate
warming, resulting in higher rates of Rs thereby increasing the
atmospheric concentration of CO2. Currently, there is a strong
global trend towards the afforestation of marginal land, driven by a
high demand for timber and the potential for forests to sequester
atmospheric CO2. Land-use change can potentially have a signifi-
cant impact on Rs through its influence onmicroclimate, soil abiotic
and biotic properties. For example, previous studies found low
microbial biomass and Rs following conversion of pasture into
forest (Ross et al., 2002; Scott et al., 2006). However, the direction,
magnitude and mechanisms of Rs response to land-use change
remain controversial (Barger et al., 2011; Zhang et al., 2013). Land-
use change can have a significant direct impact on soil microbial
communities, which are the main components of Rs, via a transfer
and shift in quality and quantity of photosynthates and litter.
Indirectly, land-use change can impact microbial communities via a
shift in soil abiotic properties such as moisture, porosity and
nutrient availability (Macdonald et al., 2009). However, we have
little mechanistic knowledge of the response of the various com-
ponents of microbial community (biomass, structure and diversity)
to land-use change, and the consequences for Rs. Identifying the
key microbial mechanisms is important for understanding the
specific effect of land-use change on Rs.

Current soil carbon and Earth-systemmodels estimate a positive
and exponential feedback loop of Rs in response to global warming
(Friedlingstein et al., 2006). This assumption is supported by short-
term experiments which have demonstrated an exponential rela-
tionship between Rs and increasing temperature (Davidson and
Janssens, 2006). However, there are significant uncertainties
regarding the feedback response and it is proposed that, like plant
and animal metabolisms, microbial respiration can acclimatise to a
global increase in temperature despite a current debate in the
literature (Hartley et al., 2007; Brabford et al., 2008; Bradford, 2013;
Karhu et al., 2014; Wei et al., 2014). For example, Bradford et al.
(2008, 2010) reported acclimation of soil respiration even in the
presence of sufficient substrate availability, suggesting that the
microbial community was able to adjust its metabolic activities to
increasing temperature. However, other studies reported no accli-
mation of Rs (Hartley et al., 2007, 2008; Vicca et al., 2009) and
argued that the increasing Rs response to temperature was linked
to substrate depletion. Recent studies also described a potential
role of shifts in the soil microbial biomass or community structure
in Rs thermal response (Thiessen et al., 2013; Wei et al., 2014). Such
contrasting observations preclude the development of a general
explanatory mechanism for Rs response to climate warming. Un-
derstanding both magnitude and mechanisms is important to
reduce the uncertainties in the predicted 40% increase in Rs feed-
back response associated with climate warming (Stocker et al.,
2013).

A recent study conducted across the globe concluded that soils
with high C contents and from cooler parts of the world are more
vulnerable to C loss under global warming (Karhu et al., 2014). The
authors also reported that rather than acclimation, most soils
showed an enhanced response to climate warming. This was more
pronounced in temperate and boreal ecosystems which store more
than 50% of terrestrial C. However, there are still significant
knowledge gaps on the mechanisms of Rs response to predicted
global warming. Several mechanisms that can determine the
temperature sensitivity of Rs have been proposed, including: (1)
loss of labile C (substrate depletion theory), (2) change in microbial
physiology, (3) change in microbial community composition, or (4)
decrease in carbon-use efficiency in the microbial community. In
modelling studies, it was suggested that Rs acclimation can be
explained by a single factor of substrate depletion (Kirschbaum,
2004; Knorr et al., 2005). One aspect that received less attention
is substrate origin. Because soil C is a direct product of the
decomposition of plant debris, it is expected that different land
uses will result in soil C compounds which differ in their structure
and composition (C quality). Invariably, microbial community
structure, which is a key regulator of Rs, is altered under land-use
change (Costa et al., 2006; Macdonald et al., 2009). Because two
key components of the Rs response to temperature are proposed to
be substrate quality and microbial community composition/
biomass (Hartley et al., 2007; Bradford et al., 2008; Singh et al.,
2010), it can be predicted that Rs from different land uses will
respond differently to climate warming.

Our aim was to investigate the mechanism(s) that can best
explain the Rs response to land-use change and climate warming
under carbon-rich ecosystems. To test this, we first investigated the
impact of land-use change on Rs and hypothesised that changes in
the microbial community structure will explain the Rs response to
afforestation. We then carried out incubation studies in order to
identify the mechanism(s) which could explain the temperature
sensitivity of Rs in the presence and absence of additional labile
(glucose) or recalcitrant (lignin) substrates. We hypothesised that
both substrate availability and microbial community (biomass,
structure and/or physiology) response will be linked to the tem-
perature sensitivity of the soil C. We examined the temperature
sensitivity of Rs from different land uses to address key questions:
whether Rs acclimatises and which mechanism(s) (substrate
availability and/or microbial acclimation) best explains Rs response
to climate warming.

2. Material and methods

2.1. Field sites and soil sampling

The soils and sites used in this experiment were part of a bigger
seasonal project and a detailed description can be found elsewhere
(Nazaries et al., 2013). In brief, three sites were selected (Craggan,
Glensaugh and Tulchan, Scotland). The land-use changes investi-
gated were (i) moorland colonisation/afforestation by (old) birch
woodland (Craggan and Tulchan) and (ii) afforestation of grassland
with pine trees (Glensaugh). Soil samples (12 replicates per land
use) were carefully excavated using 10-cmwide stainless steel rings
over a 0e10 cm profile. The soil cores were kept intact inside the
sampling rings, wrapped in cling film and brought back to the
laboratory, where they were placed in a controlled-environment
room (70% humidity, no light) and incubated for 24 h (without
the cling film) at a temperature close to the site's air temperature at
the time of sampling: 5 �C in winter, 10 �C in spring, 15 �C in
summer and 20 �C in autumn (see Nazaries et al. (2013) for more
details). Headspace CO2 concentration (considered soil respiration
e Rs) and microbial communities were measured seasonally. The
chemical soil properties were measured in autumn 2008 and
summer 2009 (pH, total C and N, NH4

þ and NO3
� content and soil

moisture) while the physical soil properties were only measured in
summer 2009. For the temperature sensitivity incubation of the
present study, only the soils sampled in summer 2009 were used.

2.2. Soil respiration (Rs) measurements

Headspace gas samples were taken using closed-bottom PVC
chambers (~9 L) fitted with a gas sampling tube and a 3-way tap.
Out of the 12 replicates from each land use, three soil cores per
chamber were used, with four chambers for each land use (n ¼ 4).
Two supplementary chambers containing no soil cores were also
used in order to detect the level of “background flux”, in other
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words the flux value for which no real flux was measured. Imme-
diately after locking the lid of the chambers (T0), 50 mL of air was
sampled from the chamber's headspace using a plastic syringe
fitted with Luer lock and 3-way tap, and quickly injected into a pre-
evacuated container. Headspace sampling was repeated after 30, 60
and 90min (T30, T60 and T90, respectively). Gas samples of CO2 were
quantified by gas chromatography (GC model: Hewlett Packard
5890, Series II, Avondale, PA, USA) (Mapanda et al., 2010). Carbon
dioxide gas fluxes were estimated as the change in concentration
inside the headspace over the incubation time using the linear
(Matthias et al., 1980) and quadratic (Wagner et al., 1997) models.
The linear model tends to underestimate the real fluxes, but the
quadratic model is less sensitive, so a “best-fit” approach was fav-
oured to choose the model that best fitted the nature of the data
points of a particular time series (De Klein and Harvey, 2012). Once
the flux measurements were made, the soils were sieved through a
2-mm mesh and stored at 4 �C. Physical and chemical analyses
were performed on all soils using standardmethods (Nazaries et al.,
2013).

2.3. Determination of the microbial community structure by
multiplex T-RFLP (MT-RFLP) and 454 pyrosequencing

To characterise the microbial community a polyphasic approach
was implemented in order to examine the response of microbial
communities at different resolutions. We used MT-RFLP analysis to
characterise bacterial, fungal and archaeal community structure, as
described by Singh et al. (2006). Samples were split into two sets:
the first set constituted of the original soils from the (summer) field
collection (n ¼ 8 for moorland and n ¼ 8 for birch woodland from
two sites (Craggan and Tulchan); n ¼ 4 for grassland and n ¼ 4 for
pine forest from the Glensaugh site). The second set represented
the soil samples following the temperature incubation experiment,
that is, the soils incubated with water, 13C-lignin and 13C-glucose at
MATandMATþ 3 �C (see below). For each set, the soil was analysed
for the community structure of Bacteria and Archaea (16S rRNA
gene) and Fungi (ITS) (Singh et al., 2006).

We then used 454 pyrosequencing to determine bacterial di-
versity, community composition and phylogenetic distribution
using methods described in Singh et al. (2014). Briefly, the pyro-
sequencing of 16S rRNA genes was performed on a Roche Junior
Titanium Series (Roche, USA). Using the modified primers PRK341F
(50-CCTAYGGGRBGCASCAG-30) and PRK806R (50-GGAC-
TACNNGGGTATCTAAT-30) (Caporaso et al., 2010; Xu et al., 2012), a
466-bp fragment of 16S rRNA gene was amplified. We used the
Quantitative Insights Into Microbial Ecology (QIIME version 1.6.0)
software package (Caporaso et al., 2010) to analyse data including
assessment of the main bacterial phyla abundance. Barcode, linker
primer and reverse primer sequences were removed from the raw
sequence reads using the ‘split_libraries.py’ script while setting a
minimum sequence length of 200 and a minimum quality score of
20. We then used the ‘Acacia’ tool with default options to remove
pyrosequencing noise (Bragg et al., 2012). Potential chimeras were
removed using the UCHIME chimera detection utility of the
USEARCH (version 6.0.307) tool (Edgar et al., 2011). Similar se-
quences were binned into OTUs using the ‘UCLUST’ method (min-
imum pairwise identity of 97%). For the first set of samples (before
incubation), three replicates were analysed by pyrosequencing
using published methods (Singh et al., 2014) in order to determine
the microbial diversity and composition of the soil samples. In or-
der to test whether the incubation at MATþ 3 �C had an impact on
themicrobial community at the phylogenetic level, we repeated the
454 pyrosequencing analysis along withMT-RFLP. However, for 454
pyrosequencing of the second set of samples (after incubation), the
PCR products of replicates were pooled. Also, only the soils
incubated with water and 13C-glucose were analysed based on
respiration and MT-RFLP data (see Results section).

2.4. Response of soil respiration to climate warming as modulated
by the availability and type of substrate

Our approach to test the response of Rs to warming treatment
was similar to that of Tucker et al. (2013). Laboratory incubation
studies were carried out in three sequential phases: a stabilisation
phase (Day 1e14), an acclimation phase (Day 15e25) and a
response phase (Day 26e27). In the stabilisation phase, the soils
were sieved using a 2-mm sieve and a subsample of each was
weighed into a plastic bag before being placed inside an incubator
at 7 �C, which represented the mean annual temperature (MAT) in
Scotland for the period August 2008 to July 2009 (www.metoffice.
gov.uk), for a two-week conditioning period prior to the start of the
experiment. This was done to minimise the impact of sieving on
both labile C availability and microbial communities (Karhu et al.,
2014). Aerobic conditions were maintained by placing a paper
towel in the neck of the bag (out of contact with the soil), and this
was then sealed with an elastic band. The bags were kept in a
plastic box with a dish of soda lime to absorb the carbon dioxide
produced, and a dish of water to prevent desiccation. For the
acclimation phase, the soils were weighed into two sets of 96-well
plates (~0.4 g per well). One set was incubated at 7 �C (MAT in
Scotland, as indicated above) and the other set at 10 �C, which
represented the MAT þ 3 �C or the temperature increase predicted
by the Intergovernmental Panel on Climate Change (IPCC) (Stocker
et al., 2013), to allow acclimation and utilisation of labile C from the
samples. The soil moisture was adjusted to 60% of the soil water
holding capacity as described by Campbell et al. (2003). Our data
suggested that Rs was stabilised during the first two phases. The
response phase was carried out for 48 h during which Rs was
measured at regular intervals (4 h, 24 h and 48 h). Because most of
the responses could be captured after 24 h of incubation (see
Supplementary Fig.1A), we focused our analysis on the 24-h data in
order to make it comparable to previous studies (Bradford et al.,
2008; Tucker et al., 2013).

To investigate the impact of substrate availability and quality, we
measured Rs and mass-specific respiration (Rmass; see Bradford
et al. (2008)) response in the presence of two C sources along
with basal Rs using the MicroResp™ technique (Campbell et al.,
2003). Two C substrates (D-glucose and lignin, from Sigma-
eAldrich) were applied (25 mL of 30 mg per gram of fresh soil) to
four technical replicates so as to account for experimental variation.
Another set of replicates received 25 mL of distilled water (dH20)
and represented the basal respiration (no C source). Each set of
plates was then incubated at 7 �C (MAT) or at 10 �C (MATþ 3 �C). Rs
was measured 4, 24 and 48 h after the start of the experiment. This
short-term incubation after acclimatisationwas carried out to align
our work with current simulation modelling which include respi-
ration measurements after the first 24 h, both for plant and mi-
crobial response to climate warming (Atkin and Tjoelker, 2003;
Kirschbaum, 2006; Bradford et al., 2008; Tucker et al., 2013).

2.5. Identifying the active microbial communities involved in
carbon decomposition under climate warming

Microbial communities that were actively involved in the Rs
response were identified by stable-isotope probing coupled with
phospholipid fatty acid extraction (PLFA-SIP) analysis using an
approach of Thornton et al. (2011). We used this approach because
PLFAs are good biomarkers for estimating microbial biomass. When
coupled with stable-isotope probing (SIP) using labelled substrates,
PLFAs can provide useful information on the microbes that actively

http://www.metoffice.gov.uk
http://www.metoffice.gov.uk


L. Nazaries et al. / Soil Biology & Biochemistry 89 (2015) 123e134126
use these substrates (Boschker et al., 1998; Singh et al., 2009).
Separately, 5 g of soil were weighed into a 125-mLWheaton bottle
(SigmaeAldrich). Parafilm was placed over the neck of the bottle,
held in place with an elastic band and pierced to maintain aerobic
conditions. This was carried out in duplicate for each field replicate,
and for each incubation temperature e a total of 4 bottles per field
replicate. Samples without substrate amendment were incubated
as controls. One set of 18 bottles representing each site was incu-
bated for 10 days at 7 �C and the other set of 18 bottles at 10 �C, as
above. Then, the substrates were added at the rate of 240 mg of 13C-
glucose or 13C-lignin per 5 g of fresh soil (Waldrop and Harden,
2008). 14.4 mg of 13C-glucose was dissolved in 30 mL of dH2O,
and 500 mL of this solution was added to two sets of 8 soils for each
site. The same concentration of 13C-ligninwas added to each set of 8
soils per site. The control samples each received 500 mL of dH20. All
bottles were sealed with a grey butyl rubber septum held in place
by a crimped aluminium cap (SigmaeAldrich) and the samples
were returned to their respective temperature for 5 days for mea-
surements of Rs and active microbial communities. The soils were
then stored at�20 �C before freeze-drying under vacuum at�50 �C
and subsequent milling before PLFA-SIP analysis.

2.6. Statistical analysis

Many variables were log10-transformed for statistical analysis in
order to obtain a normal distribution. These were the MicroResp™
data (cumulated percentages of CO2 production and CO2 produc-
tion rates), the mass-specific respiration (Rmass), the PLFA and
pyrosequencing (phylum and class levels) datasets and the net CO2
flux data as well as some environmental variables (total carbon and
nitrogen, and ammonium content and bulk density). Repeated
measurements linear mixed model (repeated LMM) was applied to
the MicroResp™ dataset in order to estimate the effect of land-use
change and temperature on soil respiration over the incubation
period (nested design) and with each carbon substrate. The incu-
bation time and the soil replicates were used as random effects
with a model of first order antedependance.

Information theory and multi-model inference based on the
Akaike's Information Criterion (AIC) (Burnham and Anderson,
2002; Symonds and Moussalli, 2011) was applied to Rs in order
to investigate which soil abiotic and biotic properties could explain
the variation observed in Rs. This approach relies on ordinary least-
squares (OLS) linear regression analysis and is considered better
thanmultiple linear regression as it does not rely on null hypothesis
testing (Burnham et al., 2011; Mundry, 2011). Instead of performing
a stepwise selection of the predictor variables of interest (like with
a classical multiple linear regression), this approach uses an ‘all
subset’ analysis during which all possible models are ranked based
on their AIC value, with the lowest AIC corresponding to the ‘best
approximating model’ (Burnham and Anderson, 2004; Burnham
et al., 2011; Martins et al., 2015).

The PLFA data (% of total abundance on a molar basis) were
analysed by principal component analysis (PCA) including only the
fatty acids which abundance overall samples was more than 1% of
the total PLFA abundance. Out of the 48 PLFAs initially detected, 23
were retained representing approximately 94% of the total abun-
dance. A scree plot analysis was run on the principal component
(PC) scores produced and the first six PCs (out of 23) were deemed
to significantly contribute to the total effect, accounting for 90% of
the total variance. The PC scores were further subjected to canon-
ical variates analysis (CVA) in order to discriminate between the
treatments. MT-RFLP and 454 pyrosequencing data were analysed
by PCA and principal coordinate analysis (PCoA), respectively.

A rarefaction analysis of the pyrosequencing data indicated that
further analysiswould be based on 9000 sequences per sample. The
beta diversity datawere subjected to PCoA using aweighed UniFrac
distance matrix (Lozupone and Knight, 2005; Lozupone et al.,
2011). Furthermore, treatment effect was tested by ANOVA on the
phyla and classes that showed a relative abundance of more than
0.5% the total abundance.

The significance of the effect of land use, carbon source and
temperature on the different variables (soil properties and Rs,
induced respiration and PLFA data, as well as ordination scores
from CVA, PCoA and PCA) was estimated by a nested linear mixed
model (LMM) approach (i.e. residual maximum likelihoode REML).
Mean separation was investigated using the Bonferroni correction
as post-hoc test. Throughout the manuscript, each land use of each
of the three sites has four replicates. Thus, for Grassland and Pine
(Glensaugh site), n ¼ 4 whereas for Moorland and Old Birch
(Craggan and Tulchan sites), n ¼ 8. However, for the pyrose-
quencing analysis from the field collection, triplicates were used
(see above) and as a consequence n ¼ 3 for Grassland and Pine and
n ¼ 6 for Moorland and Old Birch. All statistical analyses were
performed using GenStat® 16th edition (VSNI, UK). Model selection
and multi-model inference were assessed with SAM (Spatial
Analysis in Macroecology, version 4) (Rangel et al., 2010).
3. Results

3.1. Land-use change impact on soil respiration and microbial
community structure

The four land use types displayed differences in their abiotic
properties (Table 1), except for water-filled pore space (WFPS,
P ¼ 0.129). Afforestation did not consistently impact all soil char-
acteristics. The change from grassland to pine forest did not alter
the soil moisture or structure (bulk density, porosity and particle
size), whereas afforestation significantly decreased soil pH
(P < 0.001) and increased nitrate (NO3

�) content (P < 0.001). On the
other hand, moorland afforestation by birch woodland significantly
affected the soil chemistry due to a dramatic loss of total C
(P < 0.001) and NO3

� content (P < 0.001) as well as a decrease in soil
moisture and a change in soil structure (Table 1). At the seasonal
level, the NH4

þ and NO3
� contents varied significantly (P¼ 0.016 and

P < 0.001, respectively; see Table 1) but no seasonal or habitat-
related trend could be observed. An effect of afforestation was
detected with Rs being significantly lower in the soils under pine
forest compared to grassland (Fig. 1, P < 0.001). There was a non-
significant trend towards increased Rs in the old birch woodland
soils compared to the soils from the moorland sites. Rs varied
seasonally (P < 0.001), being lowest in winter (Fig. 1).

MT-RFLP data showed minor but statistically significant sea-
sonal variations in microbial community structure. For example,
the fungal community was slightly different in autumn and winter
in the soils under pine forest. Similarly, the archaeal community
structure was different in the pine forest during summer. However,
there was no significant seasonal shift in the bacterial community
(data not shown). Principal component analysis of fungal, bacterial
and archaeal communities showed that the soil microbial structure
differed between the different land uses. MT-RFLP revealed that the
fungal community was affected by afforestation in the moorland
(Fig. 2A; P < 0.001). The fungal community under birch forest was
significantly different from all other land-uses. A similar effect was
detected at the bacterial and archaeal community level with the
afforestation of grassland (Fig. 2B and C; P ¼ 0.001 and P < 0.001,
respectively). The difference in the bacterial community was
stronger when 454 sequencing data were used, which was ex-
pected given the higher resolution of next-generation sequencing.
The weighed UniFrac distance method demonstrated a strong
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Fig. 1. The effect of season on soil respiration (Rs). Data show the net CO2 fluxes (error
bars represent standard deviations) at the different seasons (n ¼ 4) for all the different
land uses investigated. For flux estimation, a “best-fit” approach was favoured in order
to choose the most suitable model (linear vs. non-linear regression). It was based on
the behaviour of the second derivative of the quadratic regression: if its value was
negative while the apparent linear flux was positive, then the quadratic model was
chosen. Inversely, when the second derivative displayed a positive value while the
apparent linear flux was positive, the linear flux was favoured. On average, 71% of the
fluxes were estimated using the linear model.

L. Nazaries et al. / Soil Biology & Biochemistry 89 (2015) 123e134 127
impact of afforestation on microbial communities for both
moorland and grassland (Fig. 2D, P < 0.001).

Further analysis of the pyrosequencing data (normalised to
9000 sequences/sample) revealed site differences in terms of
relative abundance at the phylum/class levels. The Moorland/Old
Birch sites (Craggan and Tulchan) were characterised by a higher
abundance of the phyla Acidobacteria (classes Acidobacteria and
Solibacteres) and Planctomycetes (Phycisphaerae class) (Fig. 3 and
Supplementary Tables 2 and 3). On the other hand, the Grassland/
Pine site (Glensaugh) revealed a significantly higher abundance of
microbes of the phyla Proteobacteria (P < 0.001), Gemmatimo-
nadetes (P < 0.001), Chloroflexi (P < 0.001) and Firmicutes
(P < 0.001) (Fig. 3 and Supplementary Table 2). Although Actino-
bacteria were the most abundant phylum in our soils, there was
not any land use and afforestation effect (P ¼ 0.153;
Supplementary Table 2). Similarly there were differences in rela-
tive abundance at the class, order and genus levels (Fig. 3 and
Supplementary Table 2). Additionally, the afforestation of moor-
land had an impact on specific microbial classes. In particular, the
class Acidobacteria-2 was significantly more abundant in the birch
woodland and pine forest (P < 0.001, Supplementary Table 2),
whereas moorland afforestation decreased the proportion of mi-
crobes of the phylum Verrucomicrobia (P < 0.001, Fig. 3), espe-
cially the Pedosphaerae class (P ¼ 0.008, Supplementary Table 2),
as well as the class Acidimicrobiia (Actinobacteria) (P ¼ 0.021,
Supplementary Table 2). Similarly, afforestation of grassland
induced a statistically significant loss of Deltaproteobacteria
(Proteobacteria) and Spartobacteria (Verrucomicrobia) (P < 0.001,
Supplementary Table 2). There was no effect of land use on the
various diversity indices tested (PD whole tree, Chao1, richness,
Shannon) based on 9000 sequences per sample (data not shown).

The seasonal abiotic and biotic soil properties were subjected
to multiple regression analysis against Rs in order to identify
which factors could influence Rs. Following the approach of in-
formation theory and multi-model inference based on AIC, there
were 9models with a lowDAICc (value less than 2; cumulated AICc
wi ~39%) which were potentially as good as the ‘best model’ (i.e.
the model with the lowest AICc). When the bacterial PC1 was
discarded from the ‘best’ model, the precision of the model



Fig. 2. The effect of land use and land-use change on the microbial community structure. For each microbial group (Fungi (A), Bacteria (B) and Archaea (C)), data represent the
principal component (PC) scores of each soil sample (n ¼ 8 for Moorland and Old Birch; n ¼ 4 for Grassland and Pine) obtained from the MT-RFLP. The significance tests are
presented in Supplementary Table 1. In quadrat (D), data represent the scores from the principal coordinate analysis (PCoA) of the b diversity. For each land use of each site, n ¼ 3
except for the Old Birch in Tulchan (one replicate was omitted from the analysis due to extremely low number of reads from pyrosequencing).

Fig. 3. Most abundant phyla of microorganisms detected in the soils under different land uses. Data represent the mean percentage presence of a particular phylum (n ¼ 6 for
Moorland and Old Birch; n ¼ 3 for Grassland and Pine). Only phyla that constituted >0.5% of the total phylum abundance were included in the analysis, representing ~98% of phylum
presence in all samples. More details on the statistical differences of the effect of land-use change on the different phyla and classes detected are provided in Supplementary
Tables 2 and 3.
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Table 2
Predictor variable ‘importance’ in explaining Rs variation across the different land uses and seasons (n ¼ 91). A variable importance value represent the sum of the Akaike
weights (AICc wi) of all the models that included the predictor of interest. Also presented are the parameter estimates averaged across the 1023 OLS regression models (this is
called model averaging). The average explanatory power values were: R2 ¼ 0.459, R2

adj ¼ 0.406, AICc ¼ 4.269 and DAICc ¼ 5.015. Variables are coloured according to the type of
class they represent: orange for abiotic properties, kaki for the bacterial community structure (T-RFLP data), grey for Fungi and blue for Archaea.
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dropped from 43% to below 39% and the resulting model was
almost seven times less likely to explain changes in Rs (ER ¼ 6.6 e

see Supplementary Table 4).
Table 2 summarises the ‘importance’ of each of the ten selected

predictor variables relative to all 1023 OLS regression models. The
six most ‘important’ predictors were those included in the ‘best’
model (Supplementary Table 4), with soil pH being the most
important of the variables (AICc wi ¼ 1 and highest standardised
regression coefficient of 0.93) to predict Rs variation andwas closely
followed by NH4

þ content, C:N ratio and Bacteria PC1 (Table 2). Fungi
PC2 scores seemed to be the least important predictor variable (AICc
wi ¼ 0.272). Furthermore, we identified that Rs was negatively
influenced by the soil moisture and NO3

� content, but positively
linkedwith soil pH, NH4

þ content and C:N ratio. Bacterial, fungal and
archaeal community structurewere also strongly correlatedwith Rs
(Table 2). Total C content could not be included in the multi-model
inference approach due to a high level of collinearity with other
variables. Further analysis indicated that a simple linear regression
between Rs and total C content was only significant when land use
was included in the model (P < 0.001, R2adj ¼ 0.74) while total C was
not correlated with the changes in Rs (P ¼ 0.232) (data not shown).

3.2. Response of soil respiration to climate warming as modulated
by availability and type of substrate

Rs at different temperatures (MAT: 7 �C and MATþ 3 �C: 10 �C)
was tested for basal respiration as well as in the presence of two
Table 3
The effect of land-use change and temperature on Rs (CO2 production rate) with and with
forMoorland and Old Birch; n¼ 4 for Grassland and Pine) of the CO2 production rate (mg CO
letters (a through d) show the treatments with significant difference (P values in bold) ac
(a < 0.05). The effect of land use alone is not shown here but was always highly signific

Basal respiration Gluc

7 �C 10 �C 7 �C

Moorland 1.72b 1.94b 3.83c

Old birch 0.62a 0.70a 1.97a

Grassland 0.23a 0.25a 0.49a

Pine 0.24a 0.24a 0.40a

P values (Land use/Temperature) 0.796 0.04
different carbon sources: D-glucose and lignin. Rs was significantly
increased over the duration of the incubation (48 h) with basal
respiration being the lowest and glucose addition displaying the
highest values (P ¼ 0.003) (Supplementary Fig. 1 and
Supplementary Table 5). There was a significant increase in total
microbial biomass in soils amended with glucose and lignin
(Supplementary Fig. 3). Furthermore, the cumulated CO2 produc-
tion during the incubation at MAT was unchanged for basal and
lignin-induced respiration whereas they significantly increased in
the presence of glucose at MATþ 3 �C (P < 0.001, Supplementary
Table 5). A land-use effect was observed with soils under moor-
land showing the highest Rs rates irrespective of the C source
(Table 3). Over the duration of the incubation, there was a consis-
tent effect of temperature on Rs which was stronger and statisti-
cally significant in soils amended with glucose (P ¼ 0.048, Table 3
and Supplementary Fig. 1). However, the temperature effect on Rs
was stronger after 24 h of incubation for both basal respiration
(P ¼ 0.007) and glucose-amended respiration (P < 0.001) which
displayed statistically significant increased Rs under elevated
temperature but in the moorland soils only (Supplementary Fig. 2
B1 and B2, respectively). The response to warming treatment in
soil with lignin amendment was also consistently positive but
statistically insignificant (Supplementary Fig. 2 B3). Overall, the Rs
was stabilised after 24 h of incubation, except in soils amended
with glucose (Supplementary Fig. 1). We then calculated the mass-
specific respiration (or Rmass) for each sample (Fig. 4). Our data
showed a moderate but consistent increase in Rmass in most of the
out labile or recalcitrant forms of carbon. Data represent the predicted means (n ¼ 8
2eC g�1 h�1) and P values obtained from repeatedmeasurements LMM analysis. The
cording to pairwise comparison following the Bonferroni procedure as post-hoc test
ant (P < 0.001) irrespective of the carbon source.

ose-induced respiration Lignin-induced respiration

10 �C 7 �C 10 �C

5.89d 3.24b 3.51b
bc 3.06bc 1.15a 1.49a

0.98ab 0.35a 0.41a

0.72a 0.40a 0.44a

8 0.809



Fig. 4. Effect of land use and temperature on mass-specific soil respiration (Rmass) after 24 h of incubation. Rmass was calculated by dividing the respiration rates (see
Supplementary Fig. 2) by the total PLFA abundance (see Supplementary Fig. 3). For each carbon source/substrate (i.e. water (1), glucose (2) and lignin (3)), data represent the
predicted means (n ¼ 8 for Moorland and Old Birch; n ¼ 4 for Grassland and Pine) and P values obtained from LMM analysis. Graphs labelled (A) are based on the cumulated
percentage of CO2 produced, while graphs labelled (B) are based on the calculated CO2 rates. Error bars represent standard deviations. The asterisks show the treatments for which a
significant difference was detected by the post-hoc test (Bonferroni procedure e a < 0.05).

Fig. 5. Microbial composition in soils after incubation without substrate and with the
substrates 13C-glucose and 13C-lignin under MAT (7 �C) and MATþ 3 �C (10 �C). Data
represent the means of the canonical variates (CV) scores of each soil sample (n ¼ 8 for
Moorland and Old Birch; n ¼ 4 for Grassland and Pine) based on the analysis of the PC
scores (data not shown)obtained fromthe%of total PLFAonamole basis. Only PLFAs that
constituted >1% of the total PLFA abundance were included in the principal component
analysis (PCA), representing >94% of PLFA presence in all samples. The number of
dimensions retained (first six PC axes) for the canonical variates analysis (CVA) was
determined by analysis of a scree plot and represented ~90% of the total variation. The
circles do not represent any statistical difference between treatments. They were added
for clarity only. The significance tests are presented in Supplementary Table 6.
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samples. Again, the strongest and statistically significant increase in
Rmass was observed for soils amended with glucose (Fig. 4).

Using PLFA-SIP, we investigated the microbial activity when a
labile (13C-glucose) or recalcitrant (13C-lignin) substrate was added
(water was also used as control) and when incubated at MAT and
MAT þ 3 �C. Analysis of the PLFA data using PCA-CVA showed that
land-use change (afforestation) altered microbial communities
although it was statistically significant only at the moorland sites in
both absence and presence of C substrate amendment (P < 0.001;
Fig. 5 and Supplementary Table 6). However, the increase in tem-
perature (MAT þ 3 �C) did not change the microbial composition in
any of the land uses (Fig. 5 and Supplementary Table 6).

Further analysis of the PLFA data showed that the shifts in
community composition due to land-use change were congruent
with changes in the abundance of some of the PLFAs
(Supplementary Fig. 3). Birch afforestation of moorland decreased
the amount of total PLFA (P < 0.001), in particular the PLFAs char-
acteristic to Fungi, Gram positive and Gram negative bacteria
(P < 0.001, Supplementary Table 7). Moreover, the Fungi:Bacteria
PLFA ratio was highly informative as it indicated that upon moor-
land afforestation by birch a loss of Fungi PLFA occurred
(Supplementary Fig. 3). No significant effect of temperature was
noted on the abundance or pattern of PLFA profile. This was further
confirmed by the analysis of active microbial communities (13C-
enriched PLFA) obtained from two incubation temperatures.
Together with the lack of temperature effect on the amount of 13C
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enrichment in total and individual PLFAs, our data showed that the
warming treatment did not alter the structure of the active mi-
crobial community nor did it result in a higher C incorporation in
microbial biomass (carbon-use efficiency) even in the presence of
an excessive supply of C substrates. This observation was further
confirmed by comparing microbial community structure using MT-
RFLP and 454 pyrosequencing. Analysis of MT-RFLP data showed
that fungal, bacterial and archaeal communities were strongly
influenced by land-use types (Fig. 6; P < 0.001). Supply of excessive
glucose and lignin also impacted the fungal and, to a lesser
Fig. 6. The effect of land use on the microbial community structure after incubation
without substrate and with 13C-glucose and 13C-lignin under MAT (7 �C) and
MATþ 3 �C (10 �C). For each microbial group (Fungi (A), Bacteria (B) and Archaea (C)),
data represent the means of the canonical variates (CV) scores of each soil sample
(n ¼ 8 for Moorland and Old Birch; n ¼ 4 for Grassland and Pine) based on the analysis
of the PC scores (data not shown) obtained from the MT-RFLP. The number of di-
mensions retained (first eight PC axes for Fungi and Bacteria, and first five PC axes for
Archaea) for the canonical variates analysis (CVA) was determined by analysis of a
scree plot and represented ~80% (Fungi), 90% (Bacteria) and 95% (Archaea) of the total
variation. The circles do not represent any statistical difference between treatments.
They were added for clarity only. The significance tests are presented in
Supplementary Table 8.
extent, archaeal communities but temperature warming did not
have any impact on any of the microbial community structures
(Supplementary Table 8). Data from 454 pyrosequencing confirmed
the results obtained from both PLFA-SIP and MT-RFLP, where the
relative abundance of any bacterial phylum did not shift signifi-
cantly due to temperature warming treatments (Supplementary
Figs. 4 and 5).

4. Discussion

4.1. Land use impact on soil respiration and microbial community
structure

It is well established that the response of Rs due to land-use
change is linked to shifts in soil abiotic and biotic properties
(Singh et al., 2010). In this study, we first investigated two types of
land-use changes: the afforestation of moorland by birch trees and
the afforestation of grassland by pine trees. Our data provided a
contradictory effect of afforestation on Rs. While afforestation of
moorland increased Rs, afforestation of grassland significantly
reduced Rs. A number of previous studies reported reductions in Rs
upon afforestation of pasture and cropland (Scott et al., 2006; Scott-
Denton et al., 2006; Hiltbrunner et al., 2012, 2013; Wang et al.,
2013; Zhang et al., 2013) that was attributed to low C inputs from
tree to belowground communities. This observation is consistent
with a previous report of considerably lower primary production
and soil respiration in forest compared with grassland at the field
scale (Schulze et al., 2010). However, we found the total opposite
response of Rs to moorland afforestation, which also resulted in a
substantial loss of SOC under birch woodlands. The fact that
increased Rs under a birch forest linked to a significant loss in SOC
suggests that the introduction of birch trees led to increased mi-
crobial activity which in turn increased Rs. Loss of SOC under
afforestation was reported previously with a link to low C inputs in
soils from trees (Risch et al., 2008). Our data suggest that the
characteristics of trees (i.e. birch vs. pine) can also impact SOC and
Rs through their influence on microbial communities and their
activities. Our observation was supported by a previous study by
Nielsen et al. (2010) which reported a consistent negative impact of
birch afforestation/colonisation on SOC at 12 sites across Scotland.

Analysis of the soil characteristics investigated in this study
showed that sites with contrasting land use had vastly different
abiotic (e.g. pH, total C and N, C:N ratio, moisture) and biotic (mi-
crobial community composition) properties. A number of previous
studies have reported that land-use change led to significant shift
in microbial community composition which could be linked to
changes in soil abiotic properties such as pH, total C and C quality
(Grayston et al., 1998; Kuske et al., 2002; Costa et al., 2006;
Macdonald et al., 2009). For example, using PLFA and MT-RFLP
analyses, Macdonald et al. (2009) reported that the afforestation
of pasture with pine trees strongly impacted microbial commu-
nities. Nazaries et al. (2013), using the same sites as in this study,
reported a significant impact of afforestation on methane oxidation
and methane-oxidising microbial communities. Surprisingly, we
found contrasting observation here too. While the fungal commu-
nity was more responsive to the afforestation of moorland by birch
woodland, the bacterial and archaeal communities responded
strongly to the afforestation of grassland by pine tree. This, again,
highlights the fact that characteristics of tree species can influence
microbial community compositions which is consistent with pre-
vious findings on the impact of moorland afforestation on soil
microbial communities (Nielsen et al., 2010). One key finding in our
study is that both fungal biomass and community structure were
negatively impacted by birch afforestation which may explain the
higher Rs and significant loss of SOC observed under birch
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woodlands. Previous reports documented the positive relationship
between fungal biomass and SOC (Six et al., 2006).

Our 454 pyrosequencing data supported the MT-RFLP results.
The three sites investigated had very different types of microor-
ganisms present with the phylum Acidobacteria dominating the
Craggan and Tulchan sites (Moorland/Old Birch) whereas the
Glensaugh site (Grassland/Pine) was characterised by a higher
dominance of the phyla Firmicutes and Proteobacteria (in particular
the classes Alphaproteobacteria and Gammaproteobacteria).
However, all four land-use types contained a high proportion of
Actinobacteria. Afforestation of grassland and moorland increased
the relative abundance of Acidobacteria and Verrumicrobiota,
respectively. Additionally, afforestation of moorland resulted in a
decline in the relative abundance of Actinobacteria while Proteo-
bacteria abundance declined in the pine forest. Our results are
consistent with previous reports which found shifts in microbial
composition due to afforestation (Macdonald et al., 2009; Nazaries
et al., 2013).

To identify which abiotic and biotic factors explained the
changes in Rs due to land use, we used information theory and
multi-model inference. It revealed that the changes in Rs observed
across our four land uses could be best explained by changes in soil
properties such as pH, C:N ratio, moisture and inorganic N content
(ammonium and nitrate), which is consistent with previous find-
ings (Scott et al., 2006; Macdonald et al., 2009). Another key driver
of Rs was the microbial community structure, in particular the
bacterial and, to some extent, the archaeal composition. Removing
one or more of the soil properties or the bacterial community from
the model greatly reduced its performance. This latter finding
demonstrates the importance to include microbial data in models
that aim to predict ecosystem functioning and biogeochemical cy-
cles, which usually relymainly on climo-edaphic properties.Within
this context, our findings are consistent with those of Powell et al.
(2015), who showed the role played by microbial diversity in
enhancing the quality of predictive models linking environmental
parameters to ecosystem properties.

4.2. Response of soil respiration to climate warming as modulated
by land-use type and availability and type of substrates

We tested three proposed mechanisms for the temperature
sensitivity of Rs (Singh et al., 2010): (1) loss of labile C (substrate
depletion theory); (2) change in microbial physiology; or (3)
change in microbial community composition. Previous studies
suggested that Rs acclimation can be either explained by a single
factor of substrate depletion (Kirschbaum, 2004; Knorr et al., 2005)
or by both substrate depletion and microbial acclimation (Allison
et al., 2010). We found a consistent increase in Rs and Rmass un-
der elevated temperature, which was further enhanced in the
presence of labile C (glucose), irrespective of land use types or the
locations from where samples were collected. However, the
magnitude of Rs was higher in soils rich in SOC (moorland and
birch). Our findings are consistent with a number of recent studies
on this topic, irrespective of the duration of incubation, i.e. short-
term vs. long-term incubation (Bradford et al., 2008, 2010;
Thiessen et al., 2013; Tucker et al., 2013; Karhu et al., 2014). The
rate of respiration subsided after 24 h in all samples except for soils
supplied with glucose. This indicates that the response of Rs to
warming treatment was modulated by the availability of labile
carbon and provides support for the substrate depletion theory
(Hartley et al., 2007). We used this short-term incubation study to
identify Rs response to warming treatment because it is similar to
approaches used extensively in plant, animal and microbe accli-
mation studies (Atkin and Tjoelker, 2003; Bradford et al., 2008;
Tjoelker et al., 2008; Tucker et al., 2013). Additionally, our
approach allowed us to investigate the response of Rs rate in
absence (basal Rs) and presence of an excessive concentration of
labile (glucose) and recalcitrant (lignin) substrates. The response of
Rs from all soils was similar (enhanced) although the magnitude
was expectedly different with the rate of Rs in the following order:
glucose > lignin > no substrate amended samples. This consistency
in the response was surprising given that the native substrate
quality (organic matter originated from different land uses), soil
types and microbial composition were vastly different in our soils.
This finding contradicts previous reports where the temperature
sensitivity of Rs can be influenced by tree plantation on a cropland
(Lu et al., 2012) but support a recent study of Karhu et al. (2014)
which reported an enhanced Rs response in carbon-rich
ecosystems.

In our study, microbial biomass, community structure
(measured by PLFA and MT-RFLP), diversity and community
composition (determined by 454 pyroseqencing) and active mi-
crobial population (obtained from PLFA-SIP) did not respond to the
warming treatment. Several studies previously reported that
warming reduced microbial biomass (Bradford et al., 2008;
Weedon et al., 2013). This decline in microbial biomass was
linked to either depletion in labile C (Knorr et al., 2005; Bradford
et al., 2008) or decrease in carbon-use efficiency (Allison et al.,
2010; Tucker et al., 2013). However, other studies (Karhu et al.,
2014; Wei et al., 2014) did not find any significant decline in mi-
crobial biomass nor did its linkage to response of Rs to warming
treatments; and our findings are consistent with these reports.
Furthermore, we tested if the response of Rs to warming treatment
could be explained by microbial community structure. Rs response
to climate warming can be explained by two mechanisms linked to
microbial community: (1) warming alters the activity of native
microbial communities without altering the microbial community
structure; (2) warming alters microbial community composition. In
both scenarios, Rs response will be altered but in the first scenario,
the behaviour and control of Rs rate remains unchanged and thus
could allow parameterisation of microbial data in simulation
models with comparative ease (Schimel and Gulledge, 1998; Singh
et al., 2010). We found no effect of warming treatment on total or
active microbial community structure measured by three inde-
pendent approaches: PLFA-SIP, MT-RFLP and 454 pyrosequencing.
This suggests that Rs response to climate warming in our samples
can be explained by the first scenario, i.e. enhanced microbial
metabolic activities without altering the microbial composition
(Singh et al., 2010), which supports previous modelling findings
(Allison et al., 2010). This finding provides a strong framework for
future works which should explicitly include soils types and the
cross amendment of the litter to different soils.

5. Conclusion

Overall, we provide evidence of microbial mechanisms for the
Rs response to land use and climate warming. Changes in soil
respiration following afforestation were dependant on the original
soil properties but was also strongly linked to the microbial com-
munity structure (mainly bacteria) found in the different types of
land use. Increased Rs and Rmass under warming treatment,
together with strong positive feedbacks in the presence of glucose,
suggest that the Rs response to warming treatment was modulated
by the substrate availability and quality (labile vs. recalcitrant). A
stronger positive response of Rs in SOC-rich samples (moorland/
birch woodland sites) suggests that soils with high C content could
lose C at higher rates under global warming. No change in total or
active (13C-enriched) biomass coupled with no change in microbial
community structure under warming treatment in the presence or
absence of labile and recalcitrant substrate suggest that, in the
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short-term, increased metabolic activity is an important mecha-
nism that can explain the response of Rs to climate warming.
Overall, a combination of substrate depletion and increased meta-
bolic rate mechanisms explained Rs response to warming in our
study, and should be taken into account when predicting feedback
Rs under predicted global warming.
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