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Growth explains microbial carbon use efficiency across soils
differing in land use and geology

Qing Zheng, Yuntao Hu, Shasha Zhang, Lisa Noll, Theresa Bockle, Andreas Richter,
Wolfgang Wanek”

Department of Microbiology and Ecosystem Science, Research Network “Chemistry Meets
Microbiology”, University of Vienna, Althanstrae 14, 1090 Vienna, Austria

Abstract

The ratio of carbon (C) that is invested into microbial growth to organic C taken up is known as
microbial carbon use efficiency (CUE), which is influenced by environmental factors such as soil
temperature and soil moisture. How microbes will physiologically react to short-term
environmental changes is not well understood, primarily due to methodological restrictions. Here
we report on two independent laboratory experiments to explore short-term temperature and soil
moisture effects on soil microbial physiology (i.e. respiration, growth, CUE, and microbial
biomass turnover): (i) a temperature experiment with 1-day pre-incubation at 5, 15 and 25 °C at
60% water holding capacity (WHC), and (ii) a soil moisture/oxygen (O,) experiment with 7-day
pre-incubation at 20 °C at 30%, 60% WHC (both at 21% O,) and 90% WHC at 1% O,.
Experiments were conducted with soils from arable, pasture and forest sites derived from both
silicate and limestone bedrocks. We found that microbial CUE responded heterogeneously though
overall positively to short-term temperature changes, and decreased significantly under high
moisture level (90% WHC)/suboxic conditions due to strong decreases in microbial growth.
Microbial biomass turnover time decreased dramatically with increasing temperature, and
increased significantly at high moisture level (90% WHC)/suboxic conditions. Our findings reveal
that the responses of microbial CUE and microbial biomass turnover to short-term temperature
and moisture/O, changes depended mainly on microbial growth responses and less on respiration
responses to the environmental cues, which were consistent across soils differing in land use and

geology.
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Introduction

As the major organic carbon (C) reservoir in terrestrial ecosystems, soils comprise
approximately 1500-2400 Pg C (IPCC, 2013). This large reservoir of organic C is mainly
decomposed and transformed by soil microorganisms (Schimel and Schaeffer, 2012; Xu et
al., 2013). Heterotrophic microbes consume organic C and eventually mineralize a part of it
to CO,, thereby contributing significantly to global CO, fluxes. A part of the C taken up is,
however, transformed into microbial biomass and eventually necromass which becomes
stabilized in soils (Liang et al., 2017; Six et al., 2006; Tucker et al., 2013). This partitioning
of C between growth and respiration can be described by microbial carbon use efficiency
(CUE), a critical synthetic representation of microbial community C metabolism in models.
Low CUE implies a decreased potential for long-term C sequestration in soils (Sinsabaugh
et al., 2013). Besides CUE, microbial growth and biomass turnover also determine C
sequestration in soils, with faster growth and microbial necromass production (i.e. lower
turnover times) promoting soil C accumulation (Hagerty et al., 2014). Microbial biomass C
(MBC) only accounts for about 1.2% of total soil organic C (Xu et al., 2013), but is the most
active portion in driving SOM decomposition and storage (Kaschuk et al., 2010).
Additionally, MBC is an important indicator of soil quality since it is highly sensitive to
environmental variation (Kaschuk et al., 2010). Thus, a sound understanding of the controls
of microbial CUE, growth, and biomass turnover will greatly improve our knowledge of soil
microbial C cycling.

Environmental factors such as soil temperature and moisture have been widely recognized as
primary controls on microbial physiology (e.g. respiration and growth). In recent years,
extensive studies have focused on investigating the responses of microbial metabolism to
environmental changes (Dijkstra et al., 2011; Suseela et al., 2012; Frey et al., 2013; Hagerty
et al., 2014). For example, previous studies generally reported decreasing microbial CUE in
soils with increasing temperatures (Devévre and Horwath, 2000; Schindlbacher et al., 2015).
Moreover, higher temperatures could lead to acclimation of microbial activity, depletion of
readily accessible substrates and nutrient limitation (Kirschbaum, 2004), which can
adversely affect microbial growth and CUE. Temperature could also influence microbial
biomass turnover, for instance, microbial turnover might accelerate with soil warming
(Hagerty et al., 2014). Changing soil moisture could shift microbial CUE (Manzoni et al.,
2012) and affect microbial biomass turnover, e.g. declining soil moisture could trigger
microbial water-stress responses (e.g. dormancy or the synthesis of stress metabolites) and
consequently affect microbial respiration and growth. Bacterial growth was shown to
increase with soil moisture, reaching a broad plateau between 30 and 70% WHC in soils
while respiration peaked only at 60% WHC (lovieno and Baath, 2008) decreasing towards
water saturation (Singh et al., 2017; Wang et al., 2010). High soil moisture could also
decrease O, diffusivity and availability, which might consequently inhibit microbial activity
and respiration (Picek et al., 2000), as well as shift the balance of aerobic towards anaerobic
respiration and fermentation in soils (Rubol et al., 2013).

As naturally occurring environmental fluctuations directly result in rapid changes of soil
temperature and soil moisture, a thorough exploration of microbial physiological responses
to short-term fluctuating environmental conditions is essential for better understanding soil
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microbial C metabolism. However, this understanding is impeded by methodological
restrictions (Sinsabaugh et al., 2013) since in most studies soil microbial CUE was estimated
with 13C-labeled labile substrates such as glucose (Brant et al., 2006; Dijkstra et al., 2015)
that tends to overestimate CUE (Sinsabaugh et al., 2013). Additionally, it is difficult to
disentangle microbial physiological responses to environmental changes from those of
microbial community adaptations (e.g. shifts in microbial community composition) over
longer incubation periods (Barcenas-Moreno et al., 2009; Bradford et al., 2008; Pettersson
and Baath, 2003). Here, we aimed to explore the effects of short-term (i.e., < 7 days)
temperature and soil moisture changes on microbial physiology, particularly on growth,
respiration, CUE and microbial biomass turnover time. We applied short incubation periods
to avoid the confounding effects of changes in microbial community composition or
acclimation of microbial physiology, which may occur after weeks of incubation (Bradford,
2013). We employed an 180 technique that quantifies the incorporation of 180 into newly
formed microbial dsDNA to estimate microbial CUE as well as microbial biomass turnover
time. We hypothesized (1) that short-term increases in soil temperature would decrease
microbial CUE since the response of microbial respiration might outpace the response of
microbial growth (Allison et al., 2010; Buesing and Gessner, 2006). We also hypothesized
(2) that microbial CUE will increase at high soil moisture and suboxic conditions as we
assumed that microbial respiration will be inhibited more strongly than growth when O,
diffusivity becomes limiting (Bastviken et al., 2001; lovieno and Baath, 2008; Picek et al.,
2000). We tested for the generality of these patterns by comparing soils from two bedrocks
(limestone, silicate) under three management regimes (arable field, pasture and forest).

2 Materials and methods

2.1 Site characteristics and soil sampling

In June 20186, soils were sampled in the central Enns valley, Styria, Austria at two locations
differing in geology: the LFZ Raumberg-Gumpenstein (47° 29" N, 14° 6" E, 690 m above
sea level) with silicate bedrock (Gneiss) and the Moarhof in Trautenfels-Pirgg (47° 30" N,
14° 4’ E, 708 m above sea level) with calcareous bedrock (limestone, dolomite). These two
locations exhibit similar climate as they lie on opposing sides of the Enns valley, with 7.2 °C
mean annual temperature and 980 mm mean annual precipitation. From both geologies, soils
from three land uses were collected, including arable land (A), pasture (P) and forest (F).
Soils were classified according to the World Reference Base (WRB) as Luvisols (limestone,
L) and Cambisols (silicate, S). Details on site locations, land use, and vegetation can be
found in Supplementary Table S1. From each site, quadruplicates of fresh mineral soils were
sampled to a soil depth of 15 cm using a root corer (Eijkelkamp, Netherlands), after removal
of litter and organic layers. Soil replicates were stored and treated separately for further
analysis.

2.2 Sample preparation

After transferring the samples back to the laboratory, all soils were sieved (< 2 mm).
Subsequently, 250 g of sieved soils were adjusted to 60% WHC and stored at 15 °C in
individual polyethylene Zip-Lock bags before the start of the incubation experiments. The
bags were aerated every two days and water replenished when necessary. To investigate

Soil Biol Biochem. Author manuscript; available in PMC 2019 October 02.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Zheng et al.

Page 4

short-term temperature impacts on soil microbial C cycling processes, duplicates of each soil
sample (0.4 g) were weighed into 2 mL screw cap vials to measure 10-incorporation and
respiration, and meanwhile duplicates of 2 g of each soil sample were weighed into 20 mL
scintillation vials to determine soil extractable organic C and MBC. All weighed soils were
pre-incubated in parallel for 1 day at three different temperatures: 5 °C, 15 °C and 25 °C, at
60% WHC. Four weeks later, to study short-term effects of soil moisture/O, content on soil
microbial C processes, duplicates of each soil sample were prepared as described above and
pre-incubated at 20 °C for 7 days at three different levels of moisture (WHC %) at two O,
contents: low (30% WHC, 21% O,), intermediate (60% WHC, 21% O,) and high moisture
level (90% WHC, 1% O, achieved by incubation in a suboxic chamber) before start of
measurements.

2.3 Soil properties

Soil water contents (SWC) were determined by weighing soils before and after drying in a
ventilated drying oven at 80 °C for three days. Soil water holding capacity (WHC) was
measured by repeatedly saturating soils (10 g fresh weight) with deionized water and
draining in between for 2.5 h in a funnel with an ash-free cellulose filter paper. Soil pH was
determined in Milli-Q water (Millipore, Germany) at a fresh soil to solution ratio of 1:2.5
(w: v) with an ISFET electrode (Sentron, Netherlands). Aliquots of oven-dried soils were
ball milled (MM200, Retsch, Germany) for total organic C and N analyses by an Elemental
Analyzer (Carlo Erba 1110, CE Instruments) coupled to a DeltaP!us Isotope Ratio Mass
Spectrometer (Finnigan MAT, Germany) via a Conflo Il1 interface (Thermo Fisher, Austria).
Soil carbonates were removed by treatment with 2 M HCI and drying before elemental
analysis. Ammonium (NH,4*) and nitrate (NO3~) concentrations were determined
photometrically in 1 M KCI extracts (Hood-Nowotny et al., 2010). Parallel to the start of the
incubation experiments, dissolved organic C (DOC) and total dissolved N (TDN) were
extracted from non-fumigated fresh soils in 1 M KCI (1:7.5 (w: v)) for 1 h and filtered
through ash-free cellulose filters and then measured by a TOC/TN analyzer (TOC-VCPH/
TNM-1, Shimadzu, Austria). In parallel, soils were fumigated for 48 h with chloroform to
estimate microbial biomass C (MBC) and microbial biomass N (MBN) by the chloroform
fumigation extraction (CFE) method (Vance et al., 1987), and afterwards were extracted in 1
M KCI as described for non-fumigated samples above. MBC and MBN were both calculated
as the difference in DOC and TDN between fumigated and non-fumigated soils, corrected
with an extraction efficiency factor of 0.45. Soil total P (TP) and total inorganic P (TIP)
were measured in 0.5 M H,SO,4 extracts of ignited (450 °C, 4 h) and control soils (Kuo,
1996) by malachite green measurements of reactive phosphate (Robertson et al., 1999). Soil
total organic P (TOP) was calculated as the difference between TP and TIP. Dissolved
inorganic P (DIP) was determined using the malachite green method in 0.5 M NaHCO3 (pH
8.5; 1:7.5 (w: v)) extracts. Acid persulfate digestion (Robertson et al., 1999) was applied to
measure total dissolved P (TDP) and allowed calculating dissolved organic P (DOP).
Microbial biomass P (MBP) was calculated as the difference of fumigated and non-
fumigated soil TDP, corrected with an extraction efficiency factor of 0.4. Soil texture,
effective cation-exchange capacity (CEC.f), and base saturation were determined by the
Soil Analysis Laboratory of the Federal Office for Food Safety (AGES, Vienna, Austria)
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according to standard protocols (ONORM). Phospholipid fatty acids (PLFAs) were analyzed
to determine soil microbial community composition (Hu et al., 2018).

2.4 Determination of soil microbial C metabolism and soil enzymes

After pre-incubation, MBC, basal respiration and 180 incorporation into dsDNA were
measured (Spohn et al., 2016) to determine microbial growth, respiration, growth
normalized to MBC (qGrowth), the metabolic quotient (qCO,, microbial respiration
normalized to MBC), as well as C uptake normalized to MBC (qCyptake), Microbial CUE
and microbial biomass turnover time. Double-stranded DNA (dsDNA) is only newly formed
during replication. 180 incorporation into dsDNA from H,180 therefore only happens
during cell division and the method hence provides estimates of gross growth rates. The
method tends to slightly underestimate gross growth rates due to concurrent mortality of
growing microbes which decreases the 180 enrichment in dsDNA over 24 h.

The pre-weighed and pre-incubated soil aliquots (0.4 g in 2 mL screw cap vials) were each
transferred to 50 mL glass serum bottles (Supelco, Sigma-Aldrich Chemie GmbH,
Germany). In half of the soil replicates, the 180 content of soil water was adjusted to 20.0 at
% 180 by addition of H,180 (97.0 at%, Campro Scientific, Germany; diluted to lower 180
enrichments where needed), limiting increases in soil moisture (WHC < 5%). Milli-Q water
was added to the other half of the soil replicates in order to serve as natural 180 abundance
(NA) controls. Directly after adding the water, all serum bottles were sealed with a crimp
cap and butyl rubber stoppers (Supelco, Sigma-Aldrich Chemie GmbH, USA) and 5 mL
headspace gas were sampled immediately by a gas-tight syringe (time 0 h, tg) into 3 mL
glass exetainer vials previously flushed with He and evacuated. Blank serum bottles
containing no soil were treated accordingly and processed through all steps to serve as
negative controls for DNA analysis. Subsequently, 5 mL of air with known CO»
concentration from a tank with compressed air was injected back into each incubation vial in
order to keep a balanced atmospheric pressure inside. Afterwards, all 180 labeled and NA
samples were incubated for 24 h at the respective conditions as during the pre-incubation
period. Gas samples were then collected from each incubation vial at the end of the
incubation period (time 24 h, t,4) and CO, concentrations were determined in all gas
samples with a Trace Gas Chromatograph (TRACE Ultra Gas Chromatograph, Thermo
Scientific, Germany) equipped with a methanizer-FID. After stopping the incubation
experiments, the soil aliquots (in the 2 mL plastic vials) were retrieved and closed with
screw caps, immediately frozen in liquid nitrogen, and stored at —80 °C until DNA
extraction. Total soil DNA was extracted with a DNA extraction kit (FastDNA™ SPIN Kit
for Soil, MP Biomedicals, Germany) following the modified manufacturer's
recommendations (Spohn et al., 2016). DNA concentrations were then quantified by the
Picogreen fluorescence assay (Quant-iT™ PicoGreen® dsDNA Reagent, Thermo Fisher,
Germany) using a Microplate spectrophotometer (Infinite® M200, Tecan, Austria).
Afterwards, aliquots (50 pL) of the DNA extracts were pipetted into silver capsules (70 uL
nominal volume; IVA Analysentechnik, Germany), and dried in a ventilated drying oven at
60 °C for two days. Finally, the silver capsules were folded and analyzed for oxygen isotope
composition (180: 160) by a Thermochemical Elemental Analyzer (glassy carbon reactor

Soil Biol Biochem. Author manuscript; available in PMC 2019 October 02.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Zheng et al.

Page 6

temperature at 1350 °C) coupled to an Isotope Ratio Mass Spectrometer (TC/EA-IRMS,
Delta V Advantage, Thermo Fisher, Germany).

The potential extracellular oxidative (phenoloxidase (POX)) and hydrolytic enzyme (B-
glucosidase (BG)) activities that are involved in soil microbial C metabolism were measured
photometrically using a modified microplate assay (Kaiser et al., 2010) at the respective
temperatures. The POX activities were measured by a modified method (Floch et al., 2007),
using 0.4mM ABTS (2,2”-azinobis-(-3 ethylbenzothiazoline-6-sulfonic acid)) as the
substrate for photometric analysis at an absorbance wavelength of 420 nm. A modified
method (Robertson et al., 1999) using 5 mM p-nitrophenyl (pNP)-linked p-glucopyranoside
as substrate was used to measure BG activities at an absorbance wavelength of 410 nm. POX
and BG activities were then calculated as the increase in color during the incubation period.

2.5 Calculations and statistical analyses

The enrichment of 180 in the final soil solution (at%jgpe) Was calculated by the following
equation:

" _at%added*A+0.2*W
aRbel = WtA

where at% 440.0and A are the at% and amount of the labeled water (mL) added to the soils,
respectively. Wis the soil water content (SWC, mL), and 0.2 is the natural 180 abundance
(NA).

Total dsDNA produced (ug) during the 24 h incubation period was calculated according to
differences in 180 measurements between labeled and unlabeled NA samples.

at%excess 100 100

DNA produced ~ Ototal * 100 at% *3121
label

where Oy,/is the total O content (ug) of the dried DNA extract, at%gycess IS the at% excess
180 of the labeled sample compared to the mean at% 180 of NA samples. The average
weight% of O in DNA is 31.21 according to the average formula (C3gH44024N15P,4). Here it
was assumed that all newly incorporated O in DNA derived from soil water. Moreover, the
mortality of newly produced 180-labeled microbial cells is negligible in the experiments due
to the short incubation time and slow turnover rates.

A conversion factor (#pp,4) was calculated to represent the ratio of soil MBC (ug g~ DW) to
soil DNA content (ug g~1 DW), which was measured and calculated for each individual soil
sample, and is representative for the entire soil microbial community. The specific fpna
values were then applied to each replicate individually that, multiplied by the DNA
production rate, allows calculating microbial growth rates based on dry soil mass (Cyrowet
ngCglh).
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f DNA™* DNAproduced * 1000

Cgrowth = DW xt

where DWis the dry mass of soil in gram and #is the incubation time in hours. Additionally,
microbial basal respiration rate (Crespjration N9 C g~1 h™1) was calculated by the following
equation:

_ DCOZ pxn

Crespiration “DWxi "R+T " Vhs * 1000

where £(h) is the incubation time, p is the atmosphere pressure (kPa), 77is the molecular
mass of the element C (12.01 g mol™1), Ris the ideal gas constant (8.314 J mol~! K1), and
T'is the absolute temperature of the gas (295.15 K). Vjis the volume (L) of the head space
vials. Dco2 (ppm) is the increase in CO, concentration during the 24 h incubation period
that can be calculated as:

(Vhs —0.005) = CtO + 0.005 * Ck

Degp = % ~Cia
hs

where Cg and Cpy are the CO, concentration (ppm) measured at the start (tp) and end (t24)
of the incubation period, respectively. C,and 0.005 are the CO, concentration (ppm) and air
volume (L) that was injected back into the incubation vial at the start time (tg), respectively.

Microbial CUE and microbial Cypake (ng C g1 h™1) then could be calculated by the
following equations (Sinsabaugh et al., 2013):

CUE = Cgmwth _ Cgrowth

Cgrowth+crespiration Cuptake

When dividing Cyronem Crespiration and Cyprake DY the respective MBC content (ug g1 DW),
microbial biomass based growth rates (gGrowt#r, ng C (ug MBC)~1 h™1), metabolic quotients
(gCO4 ng C (ug MBC)~1 h™1) and microbial biomass based C uptake rates (9Cyptakes N9 C
(g MBC)™1 h™1) can be estimated as follows:

Cgrowth

qGrowth = MEC

C Lo
respiration

9C0, = —pc

C
c _ uptake
g uptake — MBC
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Finally, microbial biomass turnover time (d) was calculated as follows:

DNA
amount

tturnover = DNA * 1124
produced

where DNA  mount (1) is the DNA content in each soil quantified by Picogreen assay, and ¢
is incubation time in hours.

The temperature sensitivity of gqCO,, gGrowth, microbial CUE, Cyptake and soil enzyme
activities was determined based on a log-linear regression and calculated by the following
modified equation (Janssens and Pilegard, 2003):

Ln(QlO)

Ln(R) = —5

«T+b

where R is the measured process rate (qCO», qGrowth, microbial CUE, Cypake) OF potential
enzyme activity (POX, BG), Q;pis the temperature sensitivity of the measured process or
enzyme, 7is incubation temperature (°C) and b s a fitted coefficient. Qqq is the factor by
which the measured process rate increases when the temperature increases by 10°C.

We also - for the first time - used a polynomial multiple regression model to estimate
maintenance respiration rates of soil microbial communities, which partitioned total
heterotrophic respiration in maintenance respiration and respiration linked to combined
growth, uptake, and transport. The regression model is based on the strong covariation of
qCO,and gGrowth within and across sites (bedrock x management) and was used to
extrapolate gCO,at gGrowth = 0 which represents maintenance respiration. The model is
based on the following equation:

qC02=a+b*qGr0wth+c*T+d*T2+e

in which gCO>is the modeled microbial respiration rate normalized to MBC content (mean
and standard error) measured at 5, 15 and 25 °C in the temperature experiment. gGrowth is
the measured microbial growth rate normalized to MBC content, and 7 is the incubation
temperature. Afterwards, a polynomial regression was fitted and the fitted coefficients a, b,
¢, d, ewere obtained, where ais the intercept of the equation and eis the effect of bedrock
and management. When gGrowth is zero, we can calculate microbial maintenance
respiration (qCO2 majntenance) Tor a specific temperature as:

_ 2
qCO2 maintenance = ¢ T €* T+d«T"+e

Here in this study, we calculated gCO2 raintenance 8t 5, 15 and 25 °C.
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Error propagation was performed throughout all models by using online tools (http://
julianibus.de/physik/propagation-of-uncertainty), to estimate the variance around the mean
of gCO2 maintenance fOr €ach soil type at the three set temperatures.

All statistical analyses were performed in R software version 3.4.2 (R Core Team, 2017).
The data were transformed when necessary to improve normality and homogeneity. Two-
way ANOVA and Tukey-HSD tests were applied to test for the effects of bedrock and land
management on soil physicochemical and biological properties as well as on the microbial C
processes, temperature sensitivities of processes and potential enzyme activities. Student's t-
tests were applied to compare the temperature sensitivity of microbial growth and of
microbial respiration. Regression analysis between soil physicochemical and biological
parameters, process rates and potential enzyme activities as well as their temperature
sensitivities were applied and expressed as Pearson coefficient (R). Three-way ANOVA and
Tukey-HSD tests were applied to test for effects of temperature treatment, land use and
bedrock in the temperature incubation experiment, and for effects of soil moisture/O,
treatment, land use and bedrock in the soil moisture incubation experiment. Variance
partitioning was performed based on three-way ANOVA results and was calculated as the
fraction of the total sum of squares (SS) explained by each specific factor and factor
combination. P < 0.05 was set as the threshold value for significance.

3 Results

3.1 The effects of soil physicochemical and biological properties on microbial C

metabolism

Soils pre-incubated at 15 °C were measured at 60% WHC. Silicate soils exhibited lower pH
values compared to calcareous soils, and arable soils showed the highest pH (Table 1).
Silicate soils showed relatively lower SOC but land use showed no effect on SOC. Higher
DOC contents were found in silicate soils and in forest soils. MBC was also lower in silicate
soils compared to calcareous soils, and highest MBC was found in pasture soils. The
potential activities of p-glucosidase and phenoloxidase normalized to MBC (qBG and
gPOX) were higher in silicate soils. Microbial CUE ranged between 0.26 and 0.66, and the
highest CUE was found in silicate and in pasture soils. Microbial CUE decreased with
increasing soil pH, base saturation, CEC¢, and silt content, and was positively affected by
sand, DOC content, Cgrowth and gGrowth (Table S3). In contrast, microbial CUE was not
correlated with respiration rates, PLFA-based microbial community metrics, MBC,
extractable nutrient contents and soil C: N: P stoichiometry. qCO, declined with MBC and
Gram-positive bacteria, and was lowest in pasture soils. Microbial growth normalized to
MBC (qGrowth) increased with SOC, soil C: P, DOC, and fungal: bacterial PLFA ratios, and
decreased with soil pH, base saturation, and was significantly affected by bedrock and its
interaction with management. Microbial biomass turnover times were lower in silicate soils,
decreased with sand and DOC content and increased with soil pH, base saturation, CECet,
silt and nitrate content. However, microbial communities with low turnover times i.e. fast
turnover and gGrowth had higher CUE, pointing to fast-growing and active microbial
communities having higher CUE than slow-growing communities. Detailed information and
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statistical analyses of soil physicochemical and biological properties can be found in Tables
S1-S3.

3.2 Short-term temperature effects on microbial C metabolism

For the temperature incubation experiment, the metabolic quotients (qCO,) increased
exponentially with increasing temperature in all soils and differed significantly between soils
at different temperatures (Fig. 1A). The temperature sensitivity (Qqpr) of qCO, varied from
1.41 to 2.74 and was significantly different between land uses (Table 2), with arable soils
exhibiting the lowest temperature sensitivities (Q1or) followed by pasture and forest soils
(Table S2). Qqor decreased with soil pH, base saturation, silt and TOP content (Table S3).
Microbial growth rates per unit MBC (qGrowth) also increased with temperature across all
tested soils (Fig. 1B). The temperature sensitivity of qGrowth (Q1qg) varied from 2.05 to
3.15 (Table 2), and was overall significantly higher than Qqpr (p < 0.01, Student's t-test) but
was not affected by bedrock and management and not related to soil physicochemistry and
microbial community composition. Temperature had a significant positive effect on
microbial CUE, but the response of CUE to temperature changes was heterogeneous
depending on land use (Fig. 1C). Arable soils consistently showed an increase in CUE with
temperature (Q19 cue = 1.69-1.83), pasture soils behaved neutral (Q1g cug = 1.09-1.24)
while forest soils showed divergent trends (Q1g cyg of 0.85 and 1.19). The temperature
sensitivity of CUE (Q19 cug) was strongly negatively related to Qqor (Table S3) but not
related to soil physicochemical and microbial community parameters. qCyptake Showed a
strong increase with temperature (Fig. 1D), with Q10 gcuptake Values ranging between 1.70
and 2.83, with lowest values in arable soils (Table S2). We also found a strong positive
correlation between CUE and qGrowth (Fig. 2A), but found no correlation between CUE
and qCO, (Fig. 2B). To test for the effect of autocorrelation underlying the above
relationship we generated 100 random numbers for gGrowth (range from 0.2 to 4) and qCO»
(range from 0.2 to 4), and calculated CUE as qGrowth/(qGrowth + qCO5). In this case, CUE
was negatively correlated to qCO, and positively correlated to gGrowth. Here, in our study,
CUE was not correlated to qCO» but positively correlated to qGrowth, highlighting that the
relationship was not caused by autocorrelation. Based on three-way ANOVA analysis,
approximately 54% of the variation in qCO, 57% of the variation in qGrowth and 63% of
the variation in qCyptake, but only 8% of the variation in CUE could be directly accounted
for by temperature (Fig. 3A). Additionally, microbial biomass turnover time decreased from
an average of 325 days to 41 days when temperature increased from 5 to 25 °C (Fig. S1A).
The B-glucosidase activities normalized to MBC (qBG) increased from 5 to 25 °C (Fig.
S1B) with average Q10 g Values of 1.81-2.16 (Table 2). Phenoloxidase activities
normalized to MBC (gqPOX) did not respond to temperature, with Q19 qpox Values ranging
between 0.96 and 1.15 (0.34 in arable soils on limestone). Moreover, Q1 gpox Was strongly
influenced by land use and bedrock. The modeled maintenance respiration rates

(9CO2 maintenance) Were found to be significantly higher at 25 °C compared to 5 °C, and were
significantly higher in arable soils compared to forest and pasture soils (Fig. S2).

3.3 Short-term moisture/O, effects on microbial C metabolism

In terms of the soil moisture/O, incubation experiment, approximately 52% of the variation
in qGrowth and in microbial biomass turnover time, 39% of the variation in CUE and 35%
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variation in qCyptake could be directly explained by soil moisture/O; (Fig. 3B) based on a
three-way ANOVA analysis. The metabolic quotient (qCO5) varied between soils and soil
moisture treatments, but was not directly affected by treatment at 30, 60 and 90% WHC
(Fig. 4A). Microbial growth rates per unit MBC (qGrowth) did not change between soils
pre-incubated at low and intermediate moisture level (30 and 60% WHC), but strongly
decreased at high soil moisture level (90% WHC) under suboxic (1% O5) conditions
compared to ambient O, conditions (21% O,) (Fig. 4B). Microbial CUE and qCyptake
followed the pattern of qGrowth in that a significant decrease was observed at suboxic
conditions at high soil moisture level (Fig. 4C and D). Microbial biomass turnover times
across all tested soils increased from an average of 15 days at low and intermediate moisture
level to 66 days at high moisture level (Fig. S4A).

4 Discussion

Our study revealed that the response of microbial CUE to short-term environmental changes
more strongly depended on changes in microbial growth than on changes in microbial
respiration.

4.1 Effects of short-term temperature changes on soil microbial C metabolism

Here by comparing microbial CUE of soils from three land uses and two bedrocks, we found
a general increase, though a heterogeneous pattern, in microbial CUE in response to elevated
temperature (Fig. 1C), which was in contrast to our expectation that soil microbial CUE
would decrease with increasing temperature. Temperature was reported to exert negative or
negligible effects on microbial growth and CUE (Dijkstra et al., 2011; Tucker et al., 2013;
Hagerty et al., 2014), but these studies did not directly measure actual microbial growth, and
it was already previously shown that methods based on 13C-substrate addition can only
estimate microbial substrate use efficiency (SUE) rather than microbial CUE (Sinsabaugh et
al., 2013), which might be one of the reasons that we obtained contrasting results compared
to these previous studies. 13C-glucose taken up by microbes is not necessarily allocated to
growth or respiration, but can be intermittently stored without being metabolized (Hill et al.,
2008). We also found that microbial CUE increased in both arable soils, while pasture soils
behaved neutral and microbial CUE behaved divergent in forest soils when temperature
increased. Therefore, the response of microbial CUE to temperature (Q1g cug) varied
depending on land management, but was not affected by bedrock and its interaction with
land use (Table 2). The overall effect of temperature on microbial CUE both via direct and
indirect pathways therefore was relatively weak.

After 1 day pre-incubation, we found that the metabolic quotient (qCO>) of all tested soils
both increased exponentially with temperature, in accordance with another study showing
the same trend in qCO,, in the temperature range from 5 up to 35 °C (Xu et al., 2006).
Increased qCO», at higher temperatures could partly be attributed to the increased
maintenance respiration rate per biomass, since elevated temperatures could induce higher
maintenance energy costs in microbes (Alvarez et al., 1995), as shown for the first time in
soils in this study (Fig. S2) using our polynomial multiple regression model. Previous
studies have evaluated microbial maintenance energy by adding specific substrates (e.g.
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glucose) and quantifying the amount of C needed to prevent microbial C loss during
incubation (Anderson and Domsch, 1985a, 1985b). By using the substrate addition
approach, the maintenance energy demand of dormant soil microbial communities ranged
between 0.03 and 0.3 mg glucose C (g MBC)™1 h~1 (Anderson and Domsch, 1985b; Cheng,
2009), but between 2.8 and 14.4 mg glucose C (g MBC)™1 h™ in pure cultures (Ténnler et
al., 2008; Vos et al., 2016). Here by using the 80 method, without adding organic substrates
to soils, the mean maintenance qCO, was 1.2 mg C (g MBC)~1 h=1, which is higher than
found for dormant soil microbial communities but much lower than for the pure microbial
cultures that were assessed by the substrate addition approach. The metabolic quotient
(gCOy) is considered as a proxy of soil microbial community CUE in response to short-term
environmental change (Anderson and Domsch, 1993). Specifically, high gCO, values have
been used as a proxy for low microbial CUE, since more energy is demanded for microbial
biomass maintenance (Cheng et al., 2013), which would result in less substrate C available
for growth at a higher qCO» and result in a trade-off between microbial growth and CUE
(Lipson, 2015; Lipson et al., 2009; Pfeiffer et al., 2001). However, the obvious problem with
this approach is that it can only be applied, if constant microbial C uptake is assumed, which
is unlikely at higher temperatures. We here clearly show that microbial CUE was more
strongly positively related to gGrowth (Fig. 2A) across all temperatures, which means that
we did not find a trade-off i.e. a negative relationship between growth and yield (CUE) in
this study. This shows that slow-growing microbial communities had low CUE due to high
maintenance energy demand while fast-growing communities had conversely high CUE
(Lipson, 2015). Energy spilling or overflow metabolism is typically high when organic C is
in excess or nutrients are strongly limiting (Russell and Cook, 1995), which did not happen
here, but — if present - might cause a trade-off between microbial growth, respiration and
CUE (Lipson, 2015). Therefore, here anabolism and catabolism were not decoupled, and
microbial growth increased while contributions of maintenance respiration to C uptake
decreased, causing increases in microbial CUE. We also showed that microbial CUE was not
related to qCO, (Fig. 2B), therefore qCO, does not represent a valid surrogate of the
partitioning between microbial anabolic and catabolic processes and for microbial CUE.

Microbial growth rates were reported to increase exponentially or following a quadratic term
with temperature in the studies available (Diaz-Ravifia et al., 1994; Pietikdinen et al., 2005;
Sinsabaugh et al., 2016). We also found that microbial growth rates per unit biomass
(gGrowth) increased with incubation temperature within the range from 5 to 25 °C (Fig.
1B), which agrees with increasing soil fungal and/or bacterial growth rates from 0 to around
25 °C (Diaz-Ravifia et al., 1994; Pietikéinen et al., 2005; Barcenas-Moreno et al., 2009;
Rinnan et al., 2009). Elevated temperature could influence microbial growth by affecting
substrate availability (Shiah et al., 2000). For example, labile substrates were shown to
deplete under long-term warming conditions, whereas it did not happen in our short-term
incubation experiment, and we did not find DOC concentrations to decrease during the pre-
incubation period (Fig. S5). As qGrowth increased with temperature, the average turnover
time of microbial biomass (which is inversely proportional to qGrowth) across all tested
soils decreased from a mean of 325 days to 41 days (Fig. S1A), and turnover times were in a
similar range as reported in pasture (197-322 days) and in forest soils (33-140 days)
measured at 15 °C (Spohn et al., 2016). These declines in microbial biomass turnover time

Soil Biol Biochem. Author manuscript; available in PMC 2019 October 02.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Zheng et al.

4.2 Effects

Page 13

with temperature were due to faster microbial growth rates under steady-state conditions
where microbial biomass did not change.

To what extent microbial respiration and growth influenced microbial CUE in the short-term
depended on their respective responses to elevated temperature, as expressed by their Q1g
values. The temperature sensitivity of soil microbial respiration (Q1gR) is regarded as an
important biogeochemical model parameter that reflects the feedback between soil C cycling
and global warming (Luo, 2007). The average values of Qqgr for the temperature range of
5-25 °C measured here ranged from 1.41 to 2.74 (Table 2), which were in a similar range as
reported for global patterns of Q1gr between 1.3 and 3.3 (Raich and Schlesinger, 1992). In
this study, we observed significantly lower Qqgg in arable soils than in pasture and forest
soils (Table S2). This might be attributed to lower substrate availabilities that are typically
found in arable soils, which can depress the temperature sensitivity of microbial respiration
due to lower Q1 of diffusion-limited than of enzyme-limited processes (Blagodatskaya et
al., 2016; Steinweg et al., 2012). In contrast, here we found higher average Q1 values of
potential B-glucosidase activities normalized to MBC (Q19 qgc) than of Q1gr in both arable
soils (Table 2). The data therefore indicate that respiration (and growth) of soil microbial
communities was rather substrate- or diffusion-limited than enzyme-limited. The
temperature sensitivity of microbial growth or growth per unit biomass (Q1gg) has rarely
been tested in soils, the studies typically showing greater Q¢ values at lower temperatures
(0-10, 5-15 °C) than at higher temperatures (10-20, 15-25 °C) (Rinnan et al., 2009; Rousk
and Baath, 2011). Here, the average values of Q1o ranged between 2.05 and 3.15 (Table 2),
which agrees with published Q1o values obtained at similar temperatures in previous
studies, ranging between 1.9 and 2.6 (Rinnan et al., 2009), 2.2-3.0 (Diaz-Ravifia et al.,
1994) and 2.1-2.3 (Birgander et al., 2013). More importantly, we found that Qo values
were generally higher than Qqgr values across all tested soils (p < 0.01), except for the
limestone forest soil that exhibiting similar Q19g and Qqgr values (Table 2). Therefore, the
pattern of Q1oc > Q1gr in Most soils explains the widespread increase in microbial CUE
with increasing temperature in the soils studied here. Therefore, in this study, microbial
growth was more sensitive to short-term temperature changes than respiration and thus
growth played a more important role in determining microbial CUE responses to short-term
temperature changes.

of short-term soil moisture/O, changes on soil microbial C metabolism

In contrast to the less than 1-day pre-incubation period in the warming experiment, in the
moisture/O, experiment soils were pre-conditioned for seven days, which might involve
changes in microbial community structure accompanying changes in their physiology.
However, we here were only interested in the effects such changes have on microbial
community metabolism, independent of changes in their structure and composition. Soil
moisture and O, are supposed to affect microbial CUE as the change in water and O,
availability may alter the balance between microbial growth and maintenance (Manzoni et
al., 2012). However, the impact of soil moisture/O, on microbial CUE has never been
empirically tested in soils, and thus we have a limited understanding of how short-term
changes in soil moisture/O, affect microbial physiology. Here we found a decrease in
microbial CUE at high moisture level (90% WHC)/suboxic conditions that was accompanied
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by almost constant qCO» but strong declines in gGrowth (Fig. 4A and B & C), which
contradicted our expectation. The observed significant effects on microbial CUE across all
soil types indicate that short-term increases in soil moisture combined with decreases in O,
availability have a profound impact on microbial CUE, especially when soil water contents
were close to saturation. Given that we did not find a consistent positive effect of increasing
soil moisture from low to intermediate soil moisture level at 21% O, but a dramatic decline
in microbial CUE towards high moisture level under suboxic conditions, this strongly points
towards declining soil O, having the greater effect than increasing soil moisture in this
experiment. Only in lake sediments decreased microbial growth efficiency (= microbial
CUE) was found under anoxic compared to oxic conditions, i.e. 0.19 and 0.48 respectively,
triggered by stronger declines in bacterial growth (5.0-fold) than in bacterial respiration (1.3-
fold; Bastviken et al., 2003).

Soil water availability is suggested to influence microbial respiration by limiting substrate
diffusivity at low moisture content and the diffusion of O at high moisture content
(Davidson et al., 2006; Rubol et al., 2013). However, in this study, we observed no
significant influence of soil moisture on microbial respiration, even under suboxic
conditions (Fig. 4A). We expected microbial respiration under water-saturated/suboxic
conditions to be limited mainly by low O, availability, as we expected that high water
content would not limit substrate diffusivity but rather enhance it. At low O, however, we
found that gCO,, of soils from all sites did not exhibit significant differences relative to the
results obtained at 21% O concentration at low and intermediate moisture level. Under O,
limitation soil microbes shift from aerobic respiration (O as the terminal electron acceptor)
to anaerobic respiration (alternative electron acceptors, such as nitrate, Mn**, Fe3* SO42~ or
CO») and finally to fermentation, with strong declines in the energy yield (32 mol to about 2
mol of ATP per mole of glucose) of microbial catabolism (Boyd, 1995; Lipson et al., 2009;
Pfeiffer et al., 2001). Less energy gain at the same catabolic rate for anaerobic respiration
might cause an adjustment (upregulation) in biochemical rates, keeping CO, production
constant, but at the expense of microbial growth and eventually CUE, which both declined
here within the 7-day pre-incubation period. The shift from aerobic to anaerobic respiration
was further accompanied by the disappearance of nitrate due to dissimilatory nitrate
reduction processes coupled to SOC decomposition (Fig. S6C) while methanogenic
decomposition pathways did not substantially contribute (data not shown).

The strong decrease in qGrowth under suboxic conditions relative to the oxic treatments
(Fig. 4B) was not due to a decrease in substrate availability, since the amount of available
DOC did not decline during the 7-day pre-incubation period (Fig. S6A) and high water
content should also lead to increased substrate diffusivity and access. The data therefore
highlight that C mineralization is uncoupled from energy yield while declines in free energy
yield in anaerobic metabolism affects energy (and C) allocation in microbial metabolism,
causing the strong declines in microbial growth as found here as well as in lake sediments
(Bastviken et al., 2003). With the strong decrease in gGrowth, we also found that microbial
biomass turnover times increased from an average value of 15 days at 21% O to 66 days at
1% O, (Fig. S4A), implying a general slow-down of microbial C metabolism and of SOC
turnover. Given the negligible moisture/O, effect on microbial respiration but the significant
negative impact on microbial growth, this translated to marked declines in microbial C
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uptake and microbial CUE under suboxic conditions. Under anoxia exudation of
fermentation end products such as short chain fatty acids would need to be accounted for in
the calculation of C uptake (growth, respiration plus exudation) (Manzoni et al., 2012)
alongside decreases in energy yield of anoxic metabolism (Lipson et al., 2009; Pfeiffer et al.,
2001). This would further decrease CUE relative to the current estimates; however, we did
not find evidence for high rates of fermentation in the suboxic treatments (low CH,4 and
organic acid release, data not shown). Therefore, similar to the short-term temperature
effects on microbial CUE, the influence of short-term soil moisture/O5 fluctuations on
microbial CUE mainly depended on the responses of microbial growth rather than of
microbial respiration. However, we need to highlight that in this experiment we could not
separate moisture and oxygen effects but studied their interactive effect on microbial

physiology.

4.3 Other controls on microbial C metabolism

While there is a dearth of information on controls of soil heterotrophic respiration and qCO»,
including temperature, moisture/O» effects, microbial community structure and soil
physicochemistry (Graham et al., 2016; Xu et al., 2017; Zhou et al., 2016), much less is
known on controls of microbial growth (Rousk and Baath, 2011) and microbial CUE in soils
(Manzoni et al., 2012). Beyond soil temperature and moisture/O, controls on soil microbial
metabolism as demonstrated in this study, microbial growth and microbial CUE are also
predicted to be influenced by factors such as substrate concentration and quality, soil pH,
nutrient limitation, or microbial community composition (Manzoni et al., 2012). Bedrock
explained 33% of the variation in microbial CUE (Table S2), and calcareous soils exhibited
lower microbial CUE than silicate soils (Fig. 1C), causing a negative relationship between
soil pH and microbial CUE. Soil pH was also a major regulator of bacterial and fungal
growth in soils, where fungal growth decreased and bacterial growth strongly increased
above pH 5 (Rousk et al., 2011). This might be due to pH effects on substrate and nutrient
availability (Aciego Pietri and Brookes, 2008; Filep et al., 2003) or on microbial community
composition (Lauber et al., 2009). Here, we observed a strong positive correlation between
DOC and CUE (Table S3), caused by strong increases in qGrowth when DOC increased
while respiration was non-responsive. Land management explained another 18% of the
variation in CUE, likely caused by enhanced nutrient inputs in the intensively managed land.
However, extractable as well as total nutrient contents did not explain a significant fraction
of the variability in microbial growth and CUE. Substrate availability and elemental
stoichiometry may affect microbial CUE by impacting microbial growth and respiration, as
soil microbial biomass stoichiometry may force microbial communities to adapt their
foraging strategies to accessible substrates (Sinsabaugh et al., 2013). Again we did not find
strong controls of soil C: N: P stoichiometry on microbial CUE and only C: P was positively
related to microbial growth. Additionally, it has been suggested that fungi have a higher
CUE than bacteria (Keiblinger et al., 2010), which suggests soil microbial community
composition may impact microbial community CUE. Neither fungal or bacterial PLFA
biomarkers, nor microbial biomass were related to microbial CUE but the fungal: bacterial
PLFA ratio was positively related to microbial growth, partially corroborating the findings
cited above. Finally, soil texture influenced microbial CUE but not growth and respiration.
For example, silt content was strongly negatively and sand strongly positively correlated to
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microbial CUE (Table S3), which might be due to stronger sorption of organic matter on
finer soil particle size fractions, further enhanced by high base saturation in calcareous soils
(Rowley et al., 2018).

5 Conclusions

We here, for the first time, show that the response of microbial CUE (and microbial biomass
turnover time) to short-term environmental changes and to soil physicochemical properties,
are mainly determined by microbial growth, and less by respiration. Therefore, our data
indicate that anabolic processes (microbial growth) play a more important role than catabolic
processes (respiration) in promoting soil C storage, as recently suggested (Liang et al.,
2017). Promoting soil C sequestration depends on an increase in microbial CUE
(Sinsabaugh et al., 2017) and/or a decrease in microbial biomass turnover time (Hagerty et
al., 2014). Here we found a strong positive relationship between microbial growth and
microbial CUE and a negative relation to microbial turnover time. Therefore, factors
enhancing microbial growth are likely to decrease microbial turnover time, fostering
microbial necromass production and soil C sequestration, and at the same time come along
with increases in microbial CUE which may also stimulate soil C sequestration. However,
such microbial physiological changes in the short-term can be modified in the long-term and
at the ecosystem level, due to changes in labile plant C inputs relative to decomposition, due
to changes in labile C availability or due to adjustment in microbial community structure and
physiology to the external driver.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

This work was supported by the Austrian Science Fund (FWF; project P-28037-B22).

References

Aciego Pietri JC, Brookes PC. Nitrogen mineralisation along a pH gradient of a silty loam UK soil.
Soil Biology and Biochemistry. 2008; 40:797-802.

Allison SD, Wallenstein MD, Bradford MA. Soil-carbon response to warming dependent on microbial
physiology. Nature Geoscience. 2010; 3:336-340.

Alvarez R, Santanatoglia OJ, Garcia R. Effect of temperature on soil microbial biomass and its
metabolic quotient in situ under different tillage systems. Biology and Fertility of Soils. 1995;
19:227-230.

Anderson TH, Domsch KH. The metabolic quotient for CO, (qCO») as a specific activity parameter to
assess the effects of environmental conditions, such as pH, on the microbial biomass of forest soils.
Soil Biology and Biochemistry. 1993; 25:393-395.

Anderson TH, Domsch KH. Determination of ecophysiological maintenance carbon requirements of
soil microorganisms in a dormant state. Biology and Fertility of Soils. 1985a; 1:81-89.

Anderson TH, Domsch KH. Maintenance carbon requirements of actively-metabolizing microbial
populations under in situ conditions. Soil Biology and Biochemistry. 1985b; 17:197-203.

Barcenas-Moreno G, Brandén MG, Rousk J, B&ath E. Adaptation of soil microbial communities to

temperature: comparison of fungi and bacteria in a laboratory experiment. Global Change Biology.
2009; 15:2950-2957.

Soil Biol Biochem. Author manuscript; available in PMC 2019 October 02.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Zheng et al.

Page 17

Bastviken D, Ejlertsson J, Tranvik L. Similar bacterial growth on dissolved organic matter in anoxic
and oxic lake water. Aquatic Microbial Ecology. 2001; 24:41-49.

Bastviken D, Olsson M, Tranvik L. Simultaneous measurements of organic carbon mineralization and
bacterial production in oxic and anoxic lake sediments. Microbial Ecology. 2003; 46:73-82.
[PubMed: 12739075]

Birgander J, Reischke S, Jones DL, Rousk J. Temperature adaptation of bacterial growth and 14c.
glucose mineralisation in a laboratory study. Soil Biology and Biochemistry. 2013; 65:294-303.

Blagodatskaya E, Blagodatsky S, Khomyakov N, Myachina O, Kuzyakov Y. Temperature sensitivity
and enzymatic mechanisms of soil organic matter decomposition along an altitudinal gradient on
Mount Kilimanjaro. Scientific Reports. 2016; 6

Boyd, CE. Soil organic matter, anaerobic respiration, and oxidation-reductionBottom Soils, Sediment,
and Pond Aquaculture. Springer; Boston, MA: 1995. 194-218.

Bradford MA. Thermal adaptation of decomposer communities in warming soils. Frontiers in
Microbiology. 2013; 4:333. [PubMed: 24339821]

Bradford MA, Davies CA, Frey SD, Maddox TR, Melillo JM, Mohan JE, Reynolds JF, Treseder KK,
Wallenstein MD. Thermal adaptation of soil microbial respiration to elevated temperature.
Ecology Letters. 2008; 11:1316-1327. [PubMed: 19046360]

Brant JB, Sulzman EW, Myrold DD. Microbial community utilization of added carbon substrates in
response to long-term carbon input manipulation. Soil Biology and Biochemistry. 2006; 38:2219-
2232.

Buesing N, Gessner MO. Benthic bacterial and fungal productivity and carbon turnover in a freshwater
marsh benthic bacterial and fungal productivity and carbon turnover in a freshwater marsh.
Applied and Environmental Microbiology. 2006; 72:596—605. [PubMed: 16391096]

Cheng F, Peng X, Zhao P, Yuan J, Zhong C, Cheng Y, Cui C, Zhang S. Soil microbial biomass, basal
respiration and enzyme activity of main forest types in the Qinling Mountains. PloS One. 2013;
8(6):e67353. [PubMed: 23840671]

Cheng W. Rhizosphere priming effect: its functional relationships with microbial turnover,
evapotranspiration, and C-N budgets. Soil Biology and Biochemistry. 2009; 41:1795-1801.

Davidson EA, Janssens A, Luo Y. On the variability of respiration in terrestrial ecosystems: moving
beyond Q10. Global Change Biology. 2006; 12:154-164.

Devévre OC, Horwath WR. Decomposition of rice straw and microbial carbon use efficiency under
different soil temperatures and moistures. Soil Biology and Biochemistry. 2000; 32:1773-1785.

Diaz-Ravifia M, Frostegard A, Baath E. Thymidine, leucine and acetate in-corporation into soil
bacterial assemblages at different temperatures. FEMS Microbiology Ecology. 1994; 14:221-231.

Dijkstra P, Salpas E, Fairbanks D, Miller EB, Hagerty SB, van Groenigen KJ, Hungate BA, Marks JC,
Koch GW, Schwartz E. High carbon use efficiency in soil microbial communities is related to
balanced growth, not storage compound synthesis. Soil Biology and Biochemistry. 2015; 89:35-
43.

Dijkstra P, Thomas SC, Heinrich PL, Koch GW, Schwartz E, Hungate BA. Effect of temperature on
metabolic activity of intact microbial communities: evidence for altered metabolic pathway
activity but not for increased maintenance respiration and reduced carbon use efficiency. Soil
Biology and Biochemistry. 2011; 43:2023-2031.

Filep T, Kincses I, Nagy P. Dissolved organic carbon (DOC) and dissolved organic nitrogen (DON)
content of an arenosol as affected by liming in a pot experiment. Archives of Agronomy and Soil
Science. 2003; 49:111-117.

Floch C, Alarcon-Gutiérrez E, Criquet S. ABTS assay of phenol oxidase activity in soil. Journal of
Microbiological Methods. 2007; 71:319-324. [PubMed: 18006094]

Frey SD, Lee J, Melillo JM, Six J. The temperature response of soil microbial efficiency and its
feedback to climate. Nature Climate Change. 2013; 3:395-398.

Graham EB, Knelman JE, Schindlbacher A, et al. Microbes as engines of ecosystem function: when
does community structure enhance predictions of ecosystem processes? Frontiers in Microbiology.
2016; 7:214. [PubMed: 26941732]

Soil Biol Biochem. Author manuscript; available in PMC 2019 October 02.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Zheng et al.

Page 18

Hagerty SB, Van Groenigen KJ, Allison SD, Hungate BA, Schwartz E, Koch GW, Kolka RK, Dijkstra
P. Accelerated microbial turnover but constant growth efficiency with warming in soil. Nature
Climate Change. 2014; 4:903-906.

Hill PW, Farrar JF, Jones DL. Decoupling of microbial glucose uptake and mineralization in soil. Soil
Biology and Biochemistry. 2008; 40:616-624.

Hood-Nowotny R, Umana NH-N, Inselbacher E, Oswald-Lachouani P, Wanek W. Alternative methods
for measuring inorganic, organic, and total dissolved nitrogen in soil. Soil Science Society of
America Journal. 2010; 74:1018.

Hu 'Y, Zheng Q, Zhang S, Noll L, Wanek W. Significant release and microbial utilization of amino
sugars and D-amino acid enantiomers from microbial cell wall decomposition in soils. Soil
Biology and Biochemistry. 2018; 123:115-125.

lovieno P, Baéth E. Effect of drying and rewetting on bacterial growth rates in soil. FEMS
Microbiology Ecology. 2008; 65:400-407. [PubMed: 18547324]

IPCC. Climate Change 2013 - the Physical Science Basis. Intergovernmental Panel on Climate
Change; 2013.

Janssens |, Pilegard K. Large seasonal changes in Q1q of soil respiration in a beech. Global
Biogeochemical Cycles. 2003; 9:911-918.

Kaiser C, Koranda M, Kitzler B, Fuchslueger L, Schnecker J, Schweiger P, Rasche F, Zechmeister-
Boltenstern S, Sessitsch A, Richter A. Belowground carbon allocation by trees drives seasonal
patterns of extracellular enzyme activities by altering microbial community composition in a beech
forest soil. New Phytologist. 2010; 187:843-858. [PubMed: 20553392]

Kaschuk G, Alberton O, Hungria M. Three decades of soil microbial biomass studies in Brazilian
ecosystems: lessons learned about soil quality and indications for improving sustainability. Soil
Biology and Biochemistry. 2010; 42(1):1-13.

Keiblinger KM, Hall EK, Wanek W, Szukics U, Hdmmerle I, Ellersdorfer G, Bock S, Strauss J,
Sterflinger K, Richter A, Zechmeister-Boltenstern S. The effect of resource quantity and resource
stoichiometry on microbial carbon-use-efficiency. FEMS Microbiology Ecology. 2010; 73(3):430-
440. [PubMed: 20550579]

Kirschbaum MUF. Soil respiration under prolonged soil warming: are rate reductions caused by
acclimation or substrate loss? Global Change Biology. 2004; 10:1870-1877.

Kuo. Chemical Methods Soil Science Society of America Book SeriesSoil Science Society of
America. 1996.

Lauber CL, Hamady M, Knight R, Fierer N. Pyrosequencing-based assessment of soil pH as a
predictor of soil bacterial community structure at the continental scale. Applied and Environmental
Microbiology. 2009; 75:5111-5120. [PubMed: 19502440]

Liang C, Schimel JP, Jastrow JD. The importance of anabolism in microbial control over soil carbon
storage. Nature Microbiology. 2017; 2(8):17105.

Lipson DA. The complex relationship between microbial growth rate and yield and its implications for
ecosystem processes. Frontiers in Microbiology. 2015; 6:615. [PubMed: 26136742]

Lipson DA, Monson RK, Schmidt SK, Weintraub MN. The trade-off between growth rate and yield in
microbial communities and the consequences for under-snow soil respiration in a high elevation
coniferous forest. Biogeochemistry. 2009; 95:23-35.

Luo Y. Terrestrial carbon—cycle feedback to climate warming. Annual Review of Ecology, Evolution
and Systematics. 2007; 38:683-712.

Manzoni S, Taylor P, Richter A, Porporato A, Agren GI. Environmental and stoichiometric controls on
microbial carbon-use efficiency in soils. New Phytologist. 2012; 196:79-91. [PubMed: 22924405]

Pettersson M, Baéth E. Temperature-dependent changes in the soil bacterial community in limed and
unlimed soil. FEMS Microbiology Ecology. 2003; 45:13-21. [PubMed: 19719602]

Pfeiffer T, Schuster S, Bonhoeffer S. Cooperation and competition in the evolution of ATP-producing
pathways. Science. 2001; 292:504-507. [PubMed: 11283355]

Picek T, Simek M, Santruckova H, Simek M, Santru H. Microbial responses to fluctuation of soil
aeration status and redox conditions. Biology and Fertility of Soils. 2000; 31:315-322.

Soil Biol Biochem. Author manuscript; available in PMC 2019 October 02.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Zheng et al.

Page 19

Pietikdinen J, Pettersson M, Baath E. Comparison of temperature effects on soil respiration and
bacterial and fungal growth rates. FEMS Microbiology Ecology. 2005; 52:49-58. [PubMed:
16329892]

Raich JW, Schlesinger WH. The global carbon dioxide flux in soil respiration and its relationship to
vegetation and climate. Tellus B: Chemical and Physical Meteorology. 1992; 44(2):81-99.

Rinnan R, Rousk J, Yergeau E, Kowalchuk GA, Baath E. Temperature adaptation of soil bacterial
communities along an Antarctic climate gradient: predicting responses to climate warming. Global
Change Biology. 2009; 15:2615-2625.

Robertson, GP, Bledsoe, C, Sollons, P. Standard Soil Methods for Long-term Ecological Research.
Oxford University Press on Demand; 1999.

Rousk J, Baath E. Growth of saprotrophic fungi and bacteria in soil. FEMS Microbiology Ecology.
2011, 78:17-30. [PubMed: 21470255]

Rousk J, Brookes PC, Baath E. Fungal and bacterial growth responses to N fertilization and pH in the
150-year “Park Grass” UK grassland experiment. FEMS Microbiology Ecology. 2011; 76:89-99.
[PubMed: 21223326]

Rowley MC, Grand S, Verrecchia EP. Calcium-mediated stabilisation of soil organic carbon.
Biogeochemistry. 2018; 137(1-2):27-49.

Rubol S, Manzoni S, Bellin A, Porporato A. Modeling soil moisture and oxygen effects on soil
biogeochemical cycles including dissimilatory nitrate reduction to ammonium (DNRA). Advances
in Water Resources. 2013; 62:106-124.

Russell JB, Cook GM. Energetics of bacterial growth: balance of anabolic and catabolic reactions.
Microbiological Reviews. 1995; 59:48-62. [PubMed: 7708012]

Schimel JP, Schaeffer SM. Microbial control over carbon cycling in soil. Frontiers in Microbiology.
2012; 3:348. [PubMed: 23055998]

Schindlbacher A, Schnecker J, Takriti M, Borken W, Wanek W. Microbial physiology and soil CO»
efflux after 9 years of soil warming in a temperate forest - no indications for thermal adaptations.
Global Change Biology. 2015; 21:4265-4277. [PubMed: 26046333]

Shiah FK, Gong GC, Chen TY, Chen CC. Temperature dependence of bacterial specific growth rates
on the continental shelf of the East China Sea and its potential application in estimating bacterial
production. Aquatic Microbial Ecology. 2000; 22:155-162.

Singh M, Sarkar B, Biswas B, Bolan NS, Churchman GJ. Relationship between soil clay mineralogy
and carbon protection capacity as influenced by temperature and moisture. Soil Biology and
Biochemistry. 2017; 109:95-106.

Sinsabaugh RL, Manzoni S, Moorhead DL, Richter A. Carbon use efficiency of microbial
communities: stoichiometry, methodology and modelling. Ecology Letters. 2013; 16:930-939.
[PubMed: 23627730]

Sinsabaugh RL, Moorhead DL, Xu X, Litvak ME. Plant, microbial and ecosystem carbon use
efficiencies interact to stabilize microbial growth as a fraction of gross primary production. New
Phytologist. 2017; 214:1518-1526. [PubMed: 28233327]

Sinsabaugh RL, Turner BL, Talbot JM, Waring BG, Powers JS, Kuske CR, Moorhead DL, Follstad
Shah JJ. Stoichiometry of microbial carbon use efficiency in soils. Ecological Monographs. 2016;
86:172-189.

Six J, Frey SD, Thiet RK, Batten KM. Bacterial and fungal contributions to carbon sequestration in
agroecosystems. Soil Science Society of America Journal. 2006; 70:555.

Spohn M, Klaus K, Wanek W, Richter A. Microbial carbon use efficiency and biomass turnover times
depending on soil depth - implications for carbon cycling. Soil Biology and Biochemistry. 2016;
96:74-81.

Steinweg JM, Dukes JS, Wallenstein MD. Modeling the effects of temperature and moisture on soil
enzyme activity: linking laboratory assays to continuous field data. Soil Biology and Biochemistry.
2012; 55:85-92.

Suseela V, Conant RT, Wallenstein MD, Dukes JS. Effects of soil moisture on the temperature
sensitivity of heterotrophic respiration vary seasonally in an old-field climate change experiment.
Global Change Biology. 2012; 18:336-348.

Soil Biol Biochem. Author manuscript; available in PMC 2019 October 02.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Zheng et al.

Page 20

Tannler S, Decasper S, Sauer U. Maintenance metabolism and carbon fluxes in Bacillus species.
Microbial Cell Factories. 2008; 7(1):19. [PubMed: 18564406]

Tucker CL, Bell J, Pendall E, Ogle K. Does declining carbon-use efficiency explain thermal
acclimation of soil respiration with warming? Global Change Biology. 2013; 19:252-263.
[PubMed: 23504736]

Vance ED, Brookes PC, Jenkinson DS. An extraction method for measuring soil microbial biomass C.
Soil Biology and Biochemistry. 1987; 19:703-707.

\Vos T, Hakkaart XDV, Hulster EAF, Maris AJA, Pronk JT, Daran-Lapujade P. Maintenance-energy
requirements and robustness of Saccharomyces cerevisiae at aerobic near-zero specific growth
rates. Microbial Cell Factories. 2016; 15(1):111. [PubMed: 27317316]

Wang X, Li X, Hu Y, Lv J, Sun J, Li Z, Wu Z. Effect of temperature and moisture on soil organic
carbon mineralization of predominantly permafrost peatland in the Great Hing’an Mountains,
Northeastern China. Journal of Environmental Sciences. 2010; 22:1057-1066.

Xu X, Inubushi K, Sakamoto K. Effect of vegetation and temperature on microbial biomass carbon and
metabolic quotients of temperate volcanic forest soils. Geoderma. 2006; 136(1-2):310-319.

Xu X, Schimel JP, Janssens IA, Song X, Song C, Yu G, Sinsabaugh RL, Tang D, Zhang X, Thornton P.
Global Pattern and Controls of Soil Microbial Metabolic Quotient. 2017; 87:429-441.

Xu X, Thornton PE, Post WM. A global analysis of soil microbial biomass carbon, nitrogen and
phosphorus in terrestrial ecosystems. Global Ecology and Biogeography. 2013; 22:737-749.

Zhou L, Zhou X, Shao J, Nie Y, He Y, Jiang L, Wu Z, Hosseini Bai S. Interactive effects of global
change factors on soil respiration and its components: a meta-analysis. Global Change Biology.
2016; 22:3157-3169. [PubMed: 26896336]

Soil Biol Biochem. Author manuscript; available in PMC 2019 October 02.



s1dLIosNUBIA JOLINY SI8pUNH DN 8doinT

s)dLIOSNUBIA JOUINY S18puUN4 DN edoin3

Zheng et al.

A
3.0

B . Temperature

qCOz[ngC(ug MBC)'h™]

SP SF LA LP
Soil types

0.8

SP SF LA LP
Soil types

Fig. 1.

qGrowth [ngC (ug MBC) ' h™']

qCuptake [ng C (ug MBC)'h™']

Page 21

SA SP SF LA LP LF
Soil types

SA SP SF LA LP LF
Soil types

Temperature effects on microbial respiration per unit MBC (metabolic quotient, gCO5; A),
microbial growth rate per unit MBC (qGrowth; B), microbial CUE (C) and microbial
organic C uptake per unit MBC (qCyptake; D) in six soils from three land uses (A: arable; P:
pasture and F: forest) on two bedrocks (S: silicate; L: limestone) measured in the
temperature incubation experiment. Error bars represent standard errors. The three different
colors represent process rates obtained at 60% WHC at three temperatures: red, 5 °C; green,
15 °C; and blue, 25 °C. Main effects of single factors and their interactive effects are
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displayed for T: temperature; B: bedrock; M: management. Significance levels: *** P <
0.001; **, P < 0.01; *, P < 0.05; ns, not significant. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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Total variation of microbial C metabolism i.e. microbial respiration per unit MBC
(metabolic quotient, gCO,), microbial growth rate per unit MBC (qGrowth), microbial CUE
and microbial organic C uptake per unit MBC (qCyptake) €xplained in three-way ANOVAs
by different environmental factors and their interactive effects in the temperature incubation
experiment (A) and in the moisture/O5 incubation experiment (B). T: temperature; B:
bedrock; M: management; W: moisture. Significance levels: ***, P < 0.001; **, P < 0.01; *,
P < 0.05; ns, not significant.
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Sc?il moisture/O5 effects on microbial respiration per unit MBC (metabolic quotient, qCO»;
A), microbial growth rate per unit MBC (qGrowth; B), microbial CUE (C) and microbial C
uptake per unit MBC (qCyptake; D) in six soils from three land uses (A: arable; P: pasture
and F: forest) on two bedrocks (S: silicate; L: limestone) measured in the moisture/O,
incubation experiment. Error bars represent standard errors. The three different colors
represent process rates obtained at 20 °C, at three pre-incubation moisture levels: red, low
moisture level (30% WHC, 21% O,); green, intermediate moisture level (60% WHC, 21%
05); and blue, high moisture level (90% WHC, 1% O,). Main effects of single factors and
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their interactive effects are displayed for W: moisture; B: bedrock; M: management.
Significance levels: ***, P < 0.001; **, P < 0.01; *, P < 0.05; ns, not significant. (For
interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)
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Selected initial soil physicochemical and biological properties (0-15 cm soil depth, means

9 + 1SE, n = 4) measured at 15 °C, 60% WHC.

m

[

3 Soil SA SP SF LA LP LF P value

=}

D

o Bedrock Silicate Silicate Silicate Limestone  Limestone Limestone M B Mx B
<

O Management Arable Pasture Forest Arable Pasture Forest

i

% pH (water) 590+0.37 538+0.18 4.05+0.10 815+0.22 6.43+0.19 6.13+£0.08 *** **x *
% SOC (mg g™ 218+11 267+09 49976 47.0+09 479+76 368+24 ns wx ok
S

‘j’; DOC (ug g™ 646+36 856+43 1609+131 525+18 53.8+12.6 53.4+6.9  Axx REx kkk
=1 MBC (ug g™1) 292 +19 647 £ 42 581 + 80 1441+54  1809+336 890+ 16 A kR %
>

) DNA (ug g%) 172+18 149+34 228+21 404+20 518+84 403+28 ns *** ns
=

< fona 173+13 602+251 264+48 35.7+06 394+125 224+13 ns rxx K
[<Y)

> qgp-glucosidase (nmol (ug 0.94+0.06 0.62+0.04 033+0.03 0.29+0.02 0.34+0.07 0.38+£0.05 **  F&x k&
o= -1p-1

7 MBC) th™?)

@)

= gPhenoloxidase (nmol (ug 837+128 7.12+039 16.72+421 425+047 642+133 992+x059 ** * ns
1= -1h-1

o MBC)th™?)

M: management; B: bedrock; M x B: interaction of management and bedrock. Significance levels: ***, P < 0.001; **, P < 0.01; *, P < 0.05; ns, not

significant.
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enzyme activities (means = 1SE, n = 4).

Table 2
Temperature sensitivities (Qqg values, 5-25 °C) of microbial C processes and extracellular

Soil SA SP SF LA LP LF P value

Bedrock Silicate Silicate Silicate Limestone  Limestone Limestone M B MxB
Management  Arable Pasture Forest Arable Pasture Forest

Q1or 157+0.14 239+017 274+035 141+015 223+033 227+030 ** ns ns
Q106 2.88+0.28 314+057 3.15+029 3.05+027 262+0.19 205+051 ns ns ns
Q10cuE 1.69+0.20 1.09+0.08 119+0.14 183+011 1.24+019 0.85+0.18 *** ns ns
Q10 gCuptake 1.73+0.13 283+030 269+025 170+024 221+023 234+0.19 ** ns ns
Q148G 181+0.16 190+0.04 213+0.12 204+002 210+008 216+0.21 ns ns ns
Q10 gPox 1.10+0.13 1.04+0.04 115+0.21 0.34+008 0.97+0.04 0.96+0.08 =* ol

Page 28

M: management; B: bedrock; M x B: interaction of management and bedrock. Significance levels: ***, P < 0.001; **, P < 0.01; *, P < 0.05; ns, not

significant.
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