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a b s t r a c t

Increasing organic matter (OM) in soil promotes the delivery of vital ecosystem services, such as
improving water retention, decreasing erosion, increasing plant productivity, and mitigating climate
change through terrestrial carbon (C) sequestration. The formation of organo-mineral associations
through microbial turnover of labile (i.e. easily decomposed) C is a potential pathway of soil C stabili-
zation. However, association of added C with mineral surfaces may be impacted by soil clay content and/
or by nutrient availability (due to higher microbial C use efficiency). We added 14C labeled glucose as a
model labile substrate together with either ion exchange resin beads (to induce nutrient limitation),
water (no additional nutrients), or four increasing concentrations of nitrogen, phosphorus, and sulfur in
constant stoichiometric ratios to nine agricultural soils under the same climate and management but
along a texture gradient from 3 to 40% clay. The soils with 14C-glucose and a nutrient treatment were
incubated for 4 weeks during which the 14C was traced into CO2, microbial biomass, dissolved organic C
(DOC), and soil organic C (SOC). Induced nutrient limitation (available C:N ratio around 300:1) reduced
mineralization of glucose-derived C, particularly in soils with <15% clay. However, in soils with �15% clay,
higher microbial biomass allowed for glucose-derived C mineralization despite nutrient limitation.
Alleviating the nutrient limitation (available C:N < 50:1) allowed for greater transformation of added C
into microbial biomass-C and SOC, particularly in soils with �21% clay, although further additions (down
to C:N of 11:1) did not result in greater SOC or microbial biomass formation. Except under conditions of
nutrient limitation (where C:N > 50:1), soil texture and starting microbial biomass size, not nutrient
availability, were the drivers of SOC and microbial biomass formation during the incubation.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The use of fertilizers containing (N), phosphorus (P), and sulfur
(S) to increase food production has made humans a dominant
driver of global nutrient cycling, which will likely continue as we
seek to sustainably intensify agricultural productivity (Vitousek
et al., 1997; Foley et al., 2011). As the cycling of nutrients in soils
is inextricably linked to the turnover of soil organic carbon (C),
adding nutrient fertilizers to soil may alter soil C cycling (G€arden€as
et al., 2011). Soil organic matter (SOM) is a large global pool of C
gical Survey, 345 Middlefield

. Creamer).
(>1500 Pg C to depths of 1 m or more) that if mineralized can act as
a C source, or if accumulated can act as a C sink, potentially off-
setting anthropogenic greenhouse gas emissions (Lal, 2004). As a
result, a thorough understanding of the impact of nutrient avail-
ability on soil C turnover is required to predict its potential
response to increases in inorganic fertilization.

Carbon is stabilized in soil by a variety of mechanisms. Histori-
cally the chemical composition of SOM was thought to dictate its
turnover, with greater stabilization of more complex biopolymers
due to slower rates of decomposition (Derenne and Largeau, 2001).
However, recent work emphasizes that microbial access to SOM,
rather than chemical composition, controls its turnover (Dungait
et al., 2012). Microbial access to SOM is restricted by C association
withmineral surfaces and by spatial isolationwithin soil aggregates
(Jastrow et al., 2007). The importance of mineral surfaces for SOM
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stabilization has been recognized for decades, with increases in
reactive mineral phases corresponding to increases in the potential
for carbon accumulation (Hassink, 1997; Baldock and Skjemstad,
2000; Six et al., 2002).

Although OM sorption and co-precipitation play an important
role in C protection on mineral surfaces (Kramer et al., 2010; Kleber
et al., 2015), microorganisms, as the “eye of the needle” through
which SOM is processed (Jenkinson, 1978), are increasingly recog-
nized as dominant drivers of SOM formation and longer-term sta-
bilization. Improved analytical techniques have established that
mineral-bound OM is predominately derived from microbial
products (Miltner et al., 2011), with a layering of OM on clay par-
ticles where proteins and polysaccharides from microbial residues
aid in additional mineral-OM stabilization (Kleber et al., 2007).
Therefore, organo-mineral associations can be formed during OM
decomposition as microbial residues associate with mineral sur-
faces (Cotrufo et al., 2013). The quantity of microbial-derived
organic matter (MOM) formed through this pathway is depen-
dent on the amount of MOM produced during decomposition as
well as the capacity of mineral surfaces to protect MOM from
further decomposition (Six et al., 2006).

The quantity of MOM formed during decomposition depends on
whether decomposing OM is initially released as CO2 or used to
build microbial biomass, also known as microbial carbon use effi-
ciency (CUE) or microbial growth efficiency (MGE). There is
increasing recognition that changes in CUE due to C substrate
quality, elevated temperatures, or changes in microbial community
composition can alter C stocks in response to climate change
(Allison et al., 2010; Frey et al., 2013;Wieder et al., 2014). Therefore,
modification of these CUE drivers may result in enhanced soil C
accumulation, even with lower C inputs (Kallenbach et al., 2015).
Interesting, the chemical complexity of C inputs appears to dictate
the pathway of soil C formation through this CUE control, with
labile C inputs (i.e. easily degradable C, metabolic plant compo-
nents) forming greater quantities of mineral-bound C (i.e. pro-
tected) than chemically complex inputs (i.e. structural plant
components), potentially due to higher CUE (i.e. greater allocation
of substrate-C to microbial biomass-C than to CO2; Bradford et al.,
2013; Cotrufo et al., 2015; Haddix et al., 2016).

In addition to substrate quality, nutrient addition can impact
OM formation, with higher CUE as nutrient availability increases
(Schimel andWeintraub, 2003; Hessen et al., 2004). The increase in
CUE with nutrient availability is based upon the concept of nutrient
stoichiometry, where microbial biomass has a constrained C:N:P:S
ratio (Cleveland and Liptzin, 2007; Kirkby et al., 2011), and so
theoretically more microbial biomass is formed (and less C
respired) as the available C: nutrient ratios approach the ratios
required for optimum growth (around 20e25:1 for C:N in terres-
trial microorganisms; Manzoni et al., 2012; Sinsabaugh et al., 2013).
Operating under this mechanism, (due to high microbial contri-
butions to mineral-associated OM) increases in nutrient availability
should increase stabilization of C in the finer textured fractions of
soil (Neff et al., 2002; Cenini et al., 2015). However, the influence of
C complexity and nutrient availability on CUE could be confounded
by other potential drivers, such as changes in microbial community
structure and function. For example, N deposition can decrease the
abundance of C-use efficient oligotrophic bacteria and fungi (Leff
et al., 2015) or cause microorganisms to adjust their nutrient use
efficiency (Mooshammer et al., 2014), thereby impacting microbial
biomass formation. The timescale over which CUE is measured is
also of critical importance: over longer timescales (e.g. weeks) this
ecosystem-level CUE includes the turnover of microbes and mi-
crobial residues (Geyer et al., 2016), which may respond more
strongly to climate and nutrient availability (Hagerty et al., 2014;
Kaiser et al., 2014) than shorter-term changes that exclude
microbial turnover. Importantly, whether microbial residues
formed from added C remain in soil depends on whether that
biomass is protected from further decomposition, likely due to
association with mineral surfaces (Throckmorton et al., 2014).

In this context, the purpose of our experiment was to determine
whether nutrient availability or edaphic properties (specifically
clay content and microbial biomass size) influenced the fate of an
added labile C substrate along a natural field-based gradient in soil
texture (3 to 40% clay). In our experiment, we define labile C as
dissolved substrates that can be rapidly assimilated by a large
portion of the microbial community, and we use glucose as a model
compound. We define stabilized soil C as that which is not miner-
alized to CO2 and therefore remains in the soil, with the recognition
that this definition is dependent upon the timescale of measure-
ment (which for this experiment is four weeks). The concept was to
(1) add a readily utilized, soluble, and 14C labeled substrate with
limited abiotic sorption potential (glucose) as a tracer at concen-
trations high enough to increase microbial biomass, (2) determine
whether nutrient additions changed the allocation of substrate C to
biomass versus CO2 over four weeks, and then (3) assess whether
clay content impacted the quantity of glucose-derived C remaining
in the soil as microbial biomass and soil C. We hypothesized that
soils with higher clay contents would have a greater capacity to
protect formed glucose-derived SOC and microbial biomass from
further decomposition, thereby decreasing mineralization of
glucose-derived C as CO2 (independent of nutrient addition). We
also hypothesized that higher nutrient availability would lead to
greater formation of microbial biomass, and that the quantity of
MOM remaining in the soils after four weeks would increase with
clay content.

2. Materials and methods

2.1. Soil sampling and site description

Soil samples were taken within a 1-m radius of previously
identified points (Murphy et al., 2009) from a field with a naturally
occurring clay gradient near Dangin in Western Australia (32�50S,
117�180E). The region has a semi-arid climate, with hot, dry sum-
mers and cool, wet winters (when cropping occurs). Based on 15
years of climate data (1997e2014) the area has a mean annual
rainfall of 326.5 mm, andmean annual temperature of 25.4 �C. Soils
from nine sites across a texture gradient ranging from 3 to 40% clay
were sampled when the soil was in a dry state (Austral autumn
2014 prior to seeding) within a 10 ha area of the field. After
removing plant residues and surface debris, five soil cores of the
surface 0e10 cm layer (Ap horizon) were taken at each site using a
10 cm diameter push-in auger and composited. After sampling,
soils were stored at 4 �C, air-dried at 40 �C, sieved to <4 mm, and
then characterized and incubated as described below.

At one of the sampling sites (21% clay), 2.5 t ha�1 of gypsumwas
applied in 2008, but otherwise management was consistent across
the sites. Inorganic N application rates in this region to winter
wheat typically vary from 0 to 100 kg N ha�1, based upon expected
yields (average yields of 1.9 t ha�1 for winter wheat) and antici-
pated growing season rainfall (200e400 mm). Nitrogen fertiliza-
tion contributes about 20% of total N to wheat cropping systems in
Australia, so that these low input farming systems are highly reliant
on biological N fixation and SOM mineralization to meet crop N
demands (Angus, 2001). As a result, microbial turnover of SOM is an
important nutrient supply for plants in this system.

2.2. Soil characterization

Percentage distributions of sand (20e2000 mm), silt (2e20 mm),



Table 2
Extractable organic C (DOC), organic N (DON), ammonium-N, nitrate-N, total
phosphorus, and total sulfur (mg kg�1 dry weight soil) from soils used in incubation.

Clay (%) DOCa f DONb f NH4
þ- Nc f NO3

�-Nd f Pe Se
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and clay (<2 mm) were determined by particle size analysis
(McKenzie et al., 2002). Variability between duplicate samples was
<1%. The soils in this study are referred to by their clay content (%)
provided in Table 1. Soil pH and electrical conductivity (EC) were
measured in a 1:5 (w/v) slurry of soil: water after shaking for 1 h
and settling for 20 min. Total soil C and N content of the soils were
measured by high temperature combustion on a TruMAC CNS
analyzer (Leco Corp; Castle Hill, NSW Australia) after a negative
effervescence test confirmed a lack of carbonates. Analytical pre-
cision for C and N analysis was 0.011 mg N g�1 soil and 0.234 mg C
g�1 soil. Total elemental analysis (Ca, Mg, Na, K, S, P, Al, Cd, Co, Cr,
Cu, Fe, Mn, Mo, Ni, Sb, Se, Zn) was conducted using SW-846 EPA
Method 3051A (1998) and analysed by inductively coupled
plasma optical emission spectrometry (ICP-OES, Thermo Scientific
iCAP 6000 Series). Soil particle size distribution, pH, and total OC, N,
P, and S contents are shown in Table 1 (remaining elemental
analysis data shown in Suppl Table 1). Soils were fractionated into
fine (�50 mm) and coarse (>50 mm) sized fraction following the
methodology of Baldock et al. (2013) and total C and N measured
via high temperature combustion as previously described (data
shown in Suppl Table 2). Mass recovery of soil fractions varied from
99.3 to 101.5%.

Soils were extractedwith cold (4 �C) 0.5MK2SO4 (1:5 soil: liquid
ratio) by shaking for 30 min at 180 rev min�1 followed by centri-
fugation (3400 g, 10 min) and filtration (Whatman #42). Dissolved
organic carbon (DOC) and total dissolved nitrogen (TDN) were
measured on the extracts using a TOC-V þ TNM-1 analyzer (Shi-
madzu, Nakagyoku, Kyoto, Japan). Inorganic N (NO3

� þ NO2
�, NH4

þ)
was quantified colorimetrically (Mulvaney, 1996; Miranda et al.,
2001) using a microplate reader (Synergy MX Biotek; Winooski
VT, USA). Dissolved organic nitrogen (DON) was calculated as the
difference between TDN and inorganic N. Available P and S were
measured by ICP-OES on refrigerated Mehlich 3 extracts of the soil
(Mehlich, 1984; Rayment and Lyons, 2011). Extractable nutrients at
the start of the incubation are shown in Table 2.
3 139 16.8 1.16 1.68 43.9 18.0
4 170 18.7 1.58 0.96 70.0 35.3
6 106 14.4 0.27 4.18 135.2 16.9
8 164 18.4 1.04 3.88 74.9 21.2
11 119 13.0 1.24 3.47 65.6 20.0
15 217 21.5 4.40 2.90 86.8 23.2
21 324 33.1 3.98 3.42 36.1 124.0
30 156 15.2 4.31 2.47 54.2 20.2
40 179 20.9 3.82 5.64 29.9 30.7

a Precision 1.41 mg kg�1,
b Precision 0.81 mg kg�1,
c Precision 0.78 mg kg�1,
d Precision 0.24 mg kg�1,
e In Mehlich 3,
2.3. Incubation and destructive sampling

Glucose (1 mg glucose-C g�1 soil, [U-14C] at 0.15 kBq g�1 soil)
was added along with either Hþ/OH� mixed cation/anion exchange
resin beads (PST-1 resin capsules, UNIBEST Inc., Bozeman, MT USA),
water, or one of four nutrient solutions with constant N:P:S ratios
(for a total of six nutrient treatments, see Table 3) to the nine
texture gradient soils (Table 1). Five grams of each of the nine air-
dried soils were weighed into 50 ml polypropylene centrifuge
tubes. For the limiting nutrients treatment, the PST-1 resin capsules
were opened and the resin beads were added at a rate of 0.30 g of
Table 1
Properties of the nine agricultural soils used in the incubation study.

Soil Particle sizes (%)a pH ECb (mS cm�1) OCc

Clay Silt Sand

1 3 2 96 6.36 68 5.9
2 4 2 95 6.34 66 8.8
3 6 3 91 6.19 88 8.7
4 8 3 89 5.93 61 8.1
5 11 8 81 6.19 74 9.6
6 15 9 76 6.57 113 16.3
7 21 30 49 8.18 318 22.2
8 30 7 63 6.77 100 19.0
9 40 17 43 7.50 177 21.4

a Variability < 1%,
b EC electrical conductivity,
c OC organic carbon, precision 0.234 mg C g�1,
d Precision 0.011 mg N g�1,
e <is below limit of detection.
resin beads per 5 g of soil. This addition rate is consistent with the
manufacturer's recommended ratio of one resin capsule per 50 g of
soil. For all nutrient treatments, a stock glucose solution was pre-
pared, at twice the concentration and 14C activity required for the
experiment, for each of the nine soils along the texture gradient.
This stock glucose solution was diluted with 18 MU water and
various amounts of a stock nutrient solution (containing N as
NH4NO3, P as KH2PO4, and S as K2SO4) to achieve C addition rates of
1 mg glucose-C g�1 soil (14C activity of 0.15 KBq g�1 soil) and N, P,
and S addition rates relative to C as shown in Table 3. Nutrients
were added in stoichiometric ratios as required to form microbial
biomass (Creamer et al., 2014). Only nutrients released from the soil
were available in the water only treatment (i.e. no nutrient addi-
tion), and the ion exchange resin beads were added to induce
nutrient limitation by adsorbing any nutrients released from the
soil (Skogley and Dobermann, 1996). The glucose-C addition rates
are similar to the rates of glucose and amino acid additions from
Jones and Murphy (2007) used to induce microbial growth in
similar Western Australian soils.

The air-dry soils were wet to 50% water holding capacity (WHC)
with the glucose and nutrient solutions (pH ¼ 6.5). The soil WHC
increased with clay content from 0.26 g water g�1 soil in the 3% clay
soil to 0.59 g water g�1 soil in the 40% clay soil (data are not shown).
After allowing five minutes for the solutions to penetrate the soil, a
CO2 trap containing 1ml of 1MNaOH in a 6ml scintillation vial was
placed on the soil and the vials were capped and incubated at 20 �C
in the dark for four weeks. CO2 traps were exchanged after 2, 4, 12,
24, 28, 32, 36, 48, 56, 72, 120, 144, 168, 240, 336, 504, and 672 h.
After CO2 collection, 4 ml of Optiphase HiSafe 3 (Perkin Elmer Inc.,
(g kg�1) Nd (g kg�1) C:N Pe (mg kg�1) S (mg kg�1)

0.05 12.4 <100 <200
0.07 12.0 104 208
0.06 14.8 208 <200
0.05 15.8 152 <200
0.07 14.2 273 <200
0.11 14.3 361 207
0.18 12.4 411 399
0.14 13.3 297 256
0.16 13.5 339 321

f In 0.5 M K2SO4.
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Waltham MA USA) scintillation fluid was added and the vials were
capped, vortexed, andmeasured for 14C activity using aWallac 1404
liquid scintillation counter (LSC). Three CO2 traps were left open to
the atmosphere during sampling and measured at each time point;
the 14C activity from these blanks was negligible. The soils were not
pre-incubated in this study in order to increase the potential that
the glucose and nutrient solutions would reach soil micropores,
potentially allowing for microbial biomass-C stabilization on clay
particles. Although this may impact microbial community struc-
ture, microbial biomass-C is more stable during the dry fallow
period in this region (Gonzalez-Qui~nones et al., 2011), and as this
area receives low rainfall (<20 mm) during hot summers (daily
maximums typically 30e40 �C), the community should be adapted
to dry-wet cycles (e.g. Lundquist et al., 1999). Moreover, soils from
this region have consistent gross and net nitrification rates across a
wide range in water contents (Gleeson et al., 2010) further sug-
gesting the community is adapted to dry-wet cycles.

At the end of the incubation, the 5 g of soil was homogenized
and separated for chloroform fumigation (2 g), extraction with
0.5 M K2SO4 (2 g), or biological oxidation (1 g). Microbial biomass
formed from the added glucose-C was determined with the chlo-
roform fumigation-extraction method of Vance et al. (1987) fol-
lowed by centrifugation (5 min at 20,800 g) and 14C quantification
(LSC after addition of 4 ml HiSafe to 1 ml supernatant, as previously
described). Microbial biomass was not measured on the ion resin
bead treatment. The glucose-derived C remaining in solution at end
of the incubationwas determined by shaking (1 h at 180 revmin�1)
in 0.5M K2SO4 (1:5 soil: liquid) followed by centrifugation (5min at
20,800 g) and 14C quantification (by LSC). Glucose-derived C
remaining in the soil was combusted in a biological oxidizer (OX-
600; RJ Harvey Instruments, NY). The combusted CO2 was trapped
in an Oxosol scintillation fluid (National Diagnostics, Chapel-Hill,
NC, USA), and 14C activity was measured by LSC. Soil C derived
from glucose was then calculated by subtracting the 14C left in
solution and in microbial biomass from 14C in the soil measured by
combustion. On average, 99% of added glucose-C was recovered as
mineralized CO2, microbial biomass, and soil C.
2.4. C and nutrient adsorption

2.4.1. Nutrient sorption isotherms
Nutrient sorption isotherms were conducted to determine the

availability of added nutrients and were based upon a slightly
modified procedure presented in Strahm and Harrison (2007),
where the form, concentration, and pH of the nutrient solutions
added to the soil reflected the conditions of the experiment (NO3

�

and NH4
þ at 0e30 mM, KH2PO4 at 0e4 mM and K2SO4 at 0e3 mM;

pH¼ 6.5). Briefly,1ml of the nutrient solutionwas added to 200mg
of soil in a 1.5 ml microcentrifuge tube (1:5 w/v soil: liquid ratio).
Tubes were shaken on their side at 200 rev min�1 at room
Table 3
Addition rates of nitrogen (mg N-NO3

- and N-NH4
þ), phosphorus (mg P-PO4

3-), and
sulfur (mg S-SO4

2-) per 100 mg glucose-C. The nutrient treatments are given as
limiting (ion exchange resin bead), none (no nutrients), or relative to the C:N ratios
of the added substrates. These addition rates do not include soil-derived C or
nutrients.

Nutrient treatment N P S C:N C:P C:S

Limiting 0.00 0.00 0.00 e e e

None 0.00 0.00 0.00 e e e

C:N 43:1 2.33 0.33 0.27 43 300 375
C:N 21:1 4.67 0.67 0.53 21 150 188
C:N 14:1 7.00 1.00 0.80 14 100 125
C:N 11:1 9.33 1.33 1.07 11 75 94
temperature. After 1 h, tubes were centrifuged at 20,800 g for
5 min. Nitrate and NH4

þ from the NO3NH4 sorption and in the
starting solutions and P from the KH2PO4 sorption and starting
solutions was quantified colorimetrically using a microplate reader
(Murphy and Riley, 1962; Mulvaney, 1996; Miranda et al., 2001).
Although nutrient sorption (in particular for P) can continue for
weeks before reaching an equilibrium, the initial adsorption pro-
cesses to soil are rapid with the majority becoming sorbed within
the first hour (Barrow and Shaw, 1977; Bolan et al., 1985). For the
K2SO4 isotherms a greater volume of soil and extractant (4 g soil:
20 ml solution) were used to provide enough solution for S quan-
tification by ICP-OES, but otherwise the procedure was identical. All
nutrient sorption treatments were performed in duplicate.

2.4.2. Nutrient sorption to resin beads
The adsorption of soil available nutrients at the start of the

experiment was determined by weighing 5 g of soil into 50 ml
centrifuge tubes and adding 0.300 g of resin beads (as per the in-
cubation described above). The soils and resin beads were mixed
thoroughly, wet to 50% WHC, and incubated in the dark for 24 h at
20 �C. Twenty-four hours was chosen for nutrient sorption as rapid
accumulation of ions on the resin bead occurs within the first day
(Yang et al., 1991), and our aim was to quantify the adsorption of
available nutrients at the start (not throughout) the experiment for
comparison to the water only and nutrient addition treatments.
After 24 h, the soils with beads were extracted with cold (4 �C)
18 MUwater (1:5 soil: liquid ratio) by shaking for 30 min at 180 rev
min�1 followed by centrifugation (3400 g, 10 min) and filtration
(Whatman #42). Total inorganic nitrogen (NO3

�-N, NH4
þ-N) was

quantified colorimetrially as previously described, and P and S were
quantified by ICP-OES. Paired soils without beads were treated
similarly.

2.4.3. Glucose sorption
The potential for the sorption of 14C labeled glucose to the soil

and ion exchange resin beads was determined for the concentra-
tions used in the experiment (50e100 mM). One ml of a solution
containing 0.5 KBq ml�1 14C[U] labeled glucose and 50 mM of so-
dium azide as a microbial inhibitor was added to 0.500 g soil in a
2 ml microcentrifuge tube. The solution was shaken (60 min at 200
rev min�1), centrifuged (20,800 g for 5 min), and the supernatant
measured for 14C activity using LSC (Tri-Carb 3110 TR scintillation
counter, Perkin Elmer Inc.) after the addition HiSafe 3 and
compared to the 14C activity of the added solutions. A similar
sorption experiment with the addition of 30 mg of resin beads to
0.500 g soil was also conducted. Both sorption experiments were
conducted in duplicate. Similar to previously published studies (e.g.
Kuzyakov and Jones, 2006), there was no significant sorption of 14C
glucose to any of the soils with or without beads, with between 92
and 108% of the added glucose recovered (average 99% recovery
with beads and 101% recovery without beads; Suppl Table 3).

2.5. Microbial community

Microbial biomass yields and community structure was deter-
mined on the air-dried soils using the phospholipid fatty acid
(PLFA) procedure of White et al. (1979) as modified by Frostegård
et al. (1991). Briefly, 6 g of soil were extracted in a 1:2:0.8 ratio
(v) of chloroform, methanol, and citrate buffer (0.15 M, pH 4.0) by
sonication for 2 h. Phospholipids were eluted from the isolated
organic phase with methanol through Supelclean™ silica columns
(Sulpelco, Bellefonte PA USA). Fatty acid methyl esters (FAMES)
formed from PLFA with mild alkaline methanolysis were re-
suspended in an internal standard (methyl decanote) and quanti-
fied relative to a 26-compontent standard (bacterial acid methyl
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esters [BAME] mix, Sulpelco) on an Agilent 7890B/5977A gas
chromatograph/mass spectrometer equipped with a 30 m HP5-
5MS column (Agilent Technologies Inc; Santa Clara, CA USA). The
GC program used a 1:10 split injection with a 1.2 ml min�1 column
flow and the following oven program: hold 50 �C for 1 min, ramp at
10 �C min�1 to 150 �C, ramp at 5 �C min�1 to 240 �C, hold 240 �C for
5 min (46 min runtime). Individual PLFA are named using standard
nomenclature (Zelles, 1999). All PLFA extractions were performed
in duplicate. Relative abundances (mol %) of individual PLFA were
calculated by converting measured PLFA yields (ng mL�1) into molar
yields (nmol g�1 soil, taking into account FAME molecular weight,
sample re-suspension volume, and the weight of soil extracted),
and normalizing to total PLFA yields.
2.6. Calculations

If sorption to soil occurred, the NO3
�, NH4

þ, PO4
3�, and SO4

2�

sorption isotherms were best described by a Freundlich equation:

q ¼ Kd � C
1
=n (1)

where q is the amount of adsorption (mmol adsorbate kg�1 soil), Kd

is the adsorption coefficient (or Freundlich equilibrium constant), C
is the equilibrium concentration of the adsorbate (in mmol adsor-
bate L�1), and n is the correction factor. As n approaches 1, the
curves become increasingly linear. Nonlinear curve fitting for the
Freundlich isotherms (Eq (1)) was performed in SigmaPlot (v12.3).

As the 14C glucose was added in concentrations to stimulate
microbial growth, the C mineralization curves were predominately
sigmoidal, with a lag and exponential growth portion followed by
traditional mono- or biphasic exponential decay. A number of
mathematical models have been developed to separately model
both the exponential growth (Anderson and Domsch, 1978;
Blagodatsky et al., 2000) and biphasic exponential decay (with
and without lag periods; Scow et al., 1986; Boddy et al., 2007)
portions of CO2 mineralization that can be related to parameters of
microbial growth, biomass production, and biomass turnover.
However, due to our discrete sampling and the large differences in
C mineralization during microbial growth between treatments, we
modeled the entire mineralization curve with a combined logistic
and biphasic first order exponential model (Gillis and Price, 2011),
which calculates the transition (in h, tL) from exponential growth to
exponential decay:

Cm ¼ CL�
1þ e�kL�½t�tL��þ Cf �

�
1� e½�kf�t��þ Cs �

�
1� e½�ks�t�

�

(2)

where Cm is the cumulative % glucose-derived CO2 mineralized at
time t (in h), C refers to pool sizes (% of total glucose-derived C), k
refers to decay rates (in h�1), and the subscripts L, f, and s refer to
logistic, fast, and slow portions of the glucose-derived C minerali-
zation curve, respectively. For the logistic portions of the curve, half
of the curve (where t < tL) corresponds to exponential microbial
growth, while the second half transitions into biphasic exponential
decay. Therefore, where t < tL, kL is equivalent to the microbial
growth rate, CL is proportional to the quantity of microbial biomass
produced during growth (assuming CO2 production was directly
proportional to growth), and tL indicates the duration of microbial
growth (similar to parameters derived from exponential growth
models). As a result, in this manuscript whenwe discuss the logistic
phase of the curve, we will refer to it in terms of the microbial
growth phase, although for the portions where t > tL, the logistic
function includes part of exponential decay that would traditionally
be included in the fast pool in a simple two-pool biphasic miner-
alization model. The fast and slow pools in our model are therefore
similar (but not directly equivalent) to modeled pools sizes in cu-
mulative mineralization without growth, due to inclusion of a
portion of exponential decay within the logistic function.

Nonlinear curve fitting for cumulative glucose-derived C respi-
ration was performed with the Solver Add-in in Microsoft Excel
using the GRG Nonlinear Algorithm and user-defined curves (Eq
(2)). To determine whether a monophasic (where Cf and kf ¼ 0) or
biphasic exponential decay model better described the latter por-
tions of the curve, the difference in the sum of squares of modeled
versus measured values was used to calculate an F-statistic, and
subsequently a P-value, to determine if adding a second pool
improved the curve fit significantly. The biphasic model (where Cf
and kf s 0) was used only if it significantly (P < 0.05) improved
curve fit. The biphasic model was used for all treatments except in
the �11% clay soils with ion exchange resin bead addition. During
curve fitting, the size of Cs was set to 100-(CL þ Cf) and kf was
defined as greater than ks. Linear and non-linear curve fitting of C
held in the isolated soil fractions and glucose-derived C (%)
measured as SOC relative to clay content were conducted in Sig-
maPlot (v12.3).

2.7. Statistics

Univariate analyses of starting total microbial biomass yields
(from PLFA), curve fit parameters from Equation (2) (CL, kL, t0, Cf, kf,
Cs, ks) and glucose-derived C respired as CO2, measured inmicrobial
biomass, remaining in solution, and measured as SOM were con-
ducted with two-way ANOVA in GenStat (16th edition) with the
nine soils (3e40% clay) and six nutrient treatments (limiting, none,
C:N 43:1, C:N 21:1, C:N 14:1, or C:N 11:1) as the between subject
factors. As soils under the nutrient limiting treatment with �11%
clay were better fit by the monophasic mineralization model
(where Cf and kf ¼ 0 in Equation (2)), they were not included in the
statistical analysis of the biphasic curve fit parameters (i.e. the
majority of the data). Datawere log-transformed prior to analysis to
meet assumptions of normality and equal variance where neces-
sary. Differences between nutrient availability with and without
resin beads (no nutrient addition) were analysed with two-way
ANOVA in GenStat, with soil type and bead addition (yes or no)
as between subject factors, after log transformation. Statistical
significance was set at a < 0.05, and main effects are discussed only
if interactions were not significant. Linear regressions of glucose-
derived C respired as CO2 relative to the log of soil clay content
were conducted in GenStat. Principal components analysis (PCA) to
characterize the measured initial soil parameters and microbial
community composition (PLFA relative abundance) were con-
ducted in PRIMER with the PERMANOVA þ add-on (version 7). A
group average cluster analysis in PRIMER was used to determine
significant (P ¼ 0.05) groupings of the soils based upon initial soil
parameters and microbial community composition.

3. Results

3.1. Soil characterization

The majority of measured initial soil properties were influenced
by soil texture, although concentrations of K2SO4 or Mehlich-3
extractable C, N, P, and S (excepting ammonium) showed no
apparent relationship to clay content (Table 2). Increases in clay
content were concurrent with increases in the following soil
properties: pH, EC, % silt, total SOC, and total soil N, P, S (Table 1),
NH4

þ-N (Table 2), Al, Ca, Co, Cu, Fe, K, Mg, Mn, Na, Ni, and Zn (Suppl
Table 1). For nearly all of these properties (except for Fe and Na,



Fig. 1. Relationship between the clay content of the soils and (a) the concentration of C
in the fine (�50 mm) and coarse (>50 mm) SOM fractions, and (b) whole soil C storage
in the fine and coarse SOM fractions. Linear and non-linear curve fits are shown.
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which increased linearly with % clay), the maximum levels were
reached at 21% clay, and then stabilized. As a result, based upon the
measured initial soil properties the soils clustered significantly
(P ¼ 0.05), with the lowest (3 and 4%), intermediate (6, 8, 11, 15%),
highest (30 and 40%), and then the 21% clay content comprising
four distinct groups (Suppl Fig. 1). The only properties to decrease
with clay content were the weight % (by mass) of the coarse SOM
fraction, and fine SOM fraction C and N concentrations (Suppl
Table 2, Fig. 1a). Despite mass losses with clay content, total soil C
storage in the coarse fraction increased due to increases in C con-
centration (Fig. 1a,b). There were also increases in total soil C stored
in the fine SOM fraction as clay content increased, due to the in-
crease in fine SOM fraction mass (despite decreases in C
concentration).

Total microbial biomass, calculated as the sum of all PLFA,
increased with clay content, although the 21% clay soil (also the soil
with the legacy gypsum application) had the highest biomass yields
(Fig. 2a). Microbial community composition (as determined
through changes in the relative abundance [mol %] of PLFA) was
also strongly impacted by soil texture, with a relative decrease in
general PLFA (C16) and Gram-positive bacteria (i15, i16), and a
relative increase in Gram-negative bacteria (18:1u7c, 16:1u7c,
18:1u9c) with increasing clay content (Fig. 2b). Microbial com-
munity composition was the most distinct in the 21% clay soil,
while the 15, 30, and 40% clay soils formed a significant (P ¼ 0.05)
group from the 4e11% and 3% clay soils.

3.2. Nitrate, ammonium, phosphate and sulfate adsorption

3.2.1. Nutrient adsorption to soils
Therewas sorption of NH4

þ-N and PO4
3--P, but not NO3

�-N or SO4
2--

S, to the soils (Suppl Fig. 2aed). For both NH4
þ-N and PO4

3--P, with
increasing clay content the curves became more linear (n in
Equation (1) approached a value of 1; increasing with NH4

þ-N and
decreasing with PO4

3--P) and the adsorption coefficient (Kd)
increased, indicating stronger sorption at higher clay contents
(Suppl Table 4).

3.2.2. Adsorption to ion exchange resin beads
In all the soils, the ion exchange resin beads significantly

decreased the concentrations of water-extractable NO3
�-N and S,

sorbing between 70 and 95% of NO3
�-N and 76e96% of S after 24 h

(Table 4). In contrast, NH4
þ-N and P decreased with bead addition

only at the lowest one (P) or two (NH4
þ-N) clay contents, and P was

higher in the 15e30% clay soils with resin bead addition. Similar to
the patterns observed in the 0.5 M K2SO4 and Mehlich 3 extracts of
the soils (Table 2), water-extractable NH4

þ-N and NO3
�-N increased

with clay content, P was variable, and S was highest at 21% clay.
Despite the significant decrease in available N, P, and S, there were
still significant increases with clay content for all the measured
nutrients in the treatments with resin bead addition.

Due to the differences in (a) adsorption of added NH4
þ-N and

PO4
3--P to the soils (Suppl Fig. 2), (b) differences in native water-

extractable (defined here as available) N, P, and S among the soils
(Table 2), and (c) differences in the adsorption of native available N,
P, and S with the ion exchange resin bead additions (Table 4), the
ratios of N, P, and S relative to added glucose-C were not identical to
the addition rates. Defining the water-extractable nutrients as
“available” upon the start of the incubation, and any N, P, or S
adsorbed to the soils or to the beads as “unavailable”, we calculated
the ratios of added glucose-C relative to available N (as NH4

þ-N and
NO3

�-N), P, and S across the soil types and nutrient treatments
(Table 5). Although there were trends of decreasing C:N and C:S
ratios with clay content, the biggest differences in the C: nutrient
ratios were driven by the nutrient treatments. Similarly, C:P ratios
were also driven predominantly by nutrient treatment, but the
trends with clay content were minor.
3.3. Glucose-derived C transformations

On average, between 94 and 106% of glucose-derived C was
recovered as CO2 or in the soil, microbial biomass, or soil solution.
At the end of the four-week incubation, there was a significant
interaction (P < 0.001) between clay content and nutrient treat-
ment on the glucose-derived C remaining in solution (i.e. extract-
able with 0.5 M K2SO4). Excluding the soils that received the ion
exchange resins, on average only 0.24% of the added glucose-
derived C remained in solution at the end of the experiment, and
this concentration did not vary significantly with nutrients or clay
content (Suppl Fig. 3). However, with resin bead addition (i.e.
limiting nutrient treatment) the glucose-derived C remaining in
solution was significantly higher than the other nutrient treat-
ments, and increased significantly from the 15e40% clay soils
(3.10 ± 0.18% of added 14C) to the 3, 6, 8, and 11% clay soils
(14.01 ± 1.00%) and finally to the 4% clay soil (22.74 ± 2.21%).

There was a significant interaction (P < 0.001) between nutrient
treatment and clay content on glucose-derived C respired during
the incubation. Across all nutrient treatments (except the limiting
nutrient treatment) the log of the soil clay content was a good
predictor (R2 of 0.87e0.97) of cumulative glucose-derived C
mineralization, with progressively lower mineralization as clay
content increased (Fig. 3). However, in the limiting nutrient treat-
ment, C mineralization increased with clay content, particularly
from the �11% to the �15% clay soils. Soils with the limiting



Fig. 2. Change in (a) total microbial biomass yields and (b) microbial community composition, as impacted by clay content. Symbols indicate significant (P ¼ 0.05) clustering. The
variation explained by the principal components is shown in parentheses. PLFA with correlations >0.30 are shown; the length of the line is proportional to the strength of the
correlation.

Table 4
Concentrations of NH4

þ-N, NO3
�-N, phosphorus (P,) and sulfur (S) in water extracts of the soils with and without ion exchange resin beads. Standard errors are shown in

parentheses. All interactions were significant. An asterisk indicates significant effects of the resin bead addition within a soil, while letters indicate significant differences
between soils with or without ion exchange resin beads. An asterisk by the legend for NO3

�-N and S indicates that the resin beads decreased concentrations in all soils.

Clay (%) NO3
�-N mg kg soil�1 NH4

þ-N mg kg soil�1 P mg kg soil�1 S mg kg soil�1

No beads With beads* No beads With beads No beads With beads No beads With beads*

3 3.8 a
(0.52)

0.17 a
(0.01)

0.74 b
(0.12)

0.18 a*
(0.03)

9.0 de
(0.82)

4.9 a*
(0.54)

32.9 b
(3.4)

3.21 ab
(0.42)

4 3.0 a
(0.09)

0.16 a
(0.06)

0.60 ab
(0.12)

0.04 a*
(0.04)

5.6 bc
(0.04)

2.1 a
(2.10)

28.6 ab
(0.5)

7.59 cd
(5.87)

6 7.6 cd
(0.72)

1.58 bc
(0.33)

0.60 ab
(0.24)

0.75 cd
(0.01)

11.5 e
(0.94)

9.3 c
(0.29)

18.6 a
(1.3)

2.70 ab
(0.09)

8 5.4 b
(0.21)

1.54 bc
(0.48)

1.25 cd
(0.34)

1.02 d
(0.30)

4.8 ab
(0.08)

5.7 a
(2.09)

23.2 ab
(1.2)

3.19 a
(0.93)

11 7.8 cd
(0.06)

2.25 c
(0.64)

0.67 ab
(0.04)

0.91 cd
(0.30)

6.9 cd
(0.03)

6.4 ab
(0.13)

32.2 b
(1.6)

2.41 a
(0.27)

15 6.3 bc
(0.01)

1.66 bc
(0.88)

0.86 bc
(0.11)

0.59 bc
(0.24)

9.4 de
(0.01)

14.3 d*
(1.58)

31.3 b
(1.5)

5.49 c
(0.11)

21 15.7 e
(0.33)

1.31 b
(0.07)

0.42 a
(0.17)

0.38 ab
(0.01)

3.8 a
(0.01)

9.1 c*
(0.30)

234.0 d
(0.7)

10.03 de
(0.03)

30 10.1 d
(0.24)

2.27 c
(0.44)

1.37 d
(0.14)

1.88 e
(0.07)

4.4 ab
(0.07)

7.9 bc*
(0.49)

31.1 b
(0.9)

5.01 bc
(0.87)

40 16.9 e
(1.13)

3.99 d
(0.58)

2.80 e
(0.31)

3.54 f
(0.17)

8.3 d
(0.11)

10.9 cd
(2.67)

59.0 c
(3.7)

14.15 e
(1.49)
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nutrient treatment also had significantly less C respired than all
other nutrient treatments. For some soils, the no nutrient treat-
ment (C only) had less C respired than all other additions (at 30, 40%
clay) or relative to the highest addition treatment only (C:N 11:1)
with other treatments intermediate (at 6, 8, 11, 15% clay).

The temporal mineralization of glucose-derived C to CO2 by the
soil microbial community was well-described by the logistic and
Table 5
Ratios of carbon (C) to nitrogen (N), phosphorus (P), and sulfur (S) in the soils in respon
nutrients at the start of the incubation. Nutrient treatments are given as limiting (ion excha
in Table 3).

Clay (%) Limiting None C:N 43:1

N P S N P S N P

3 2873 204 314 222 112 31 36 83
4 5014 476 132 279 177 35 37 114
6 429 107 370 121 87 54 34 80
8 392 176 315 150 208 43 34 131
11 313 156 410 117 143 31 34 106
15 439 69 180 139 106 32 40 86
21 588 109 99 62 262 4 43 193
30 243 127 202 88 227 32 44 160
40 131 91 70 50 118 17 28 109
exponential decay equation for all soils (Equation (2); Suppl Fig. 4).
For all soils and treatments, except the nutrient limiting treatment
in �11% clay soils, the biphasic model (with kf and Cf s 0) fit the
mineralization data significantly better than themonophasicmodel
(with kf and Cf ¼ 0). For all optimized curve fit parameters, there
were significant interactions between nutrient treatment and clay
content on the growth portions of the curve (CL, kL, tL) but
se to nutrient treatments, calculated based upon added, extractable, and adsorbed
nge resin beads), none (C only), or by the C:N ratio of the added substrates (as shown

C:N 21:1 C:N 14:1 C:N 11:1

S N P S N P S N P S

28 20 65 26 14 54 25 11 46 23
32 20 83 29 14 65 27 11 54 25
47 20 70 42 14 61 37 11 54 34
39 20 94 35 14 73 32 11 59 30
28 20 82 26 14 67 25 11 56 23
29 23 70 27 16 58 25 12 50 24
4 28 136 4 20 103 4 15 82 4
30 27 120 28 19 95 26 15 78 24
16 21 93 15 17 81 15 14 70 14
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significant main effects (of both nutrient treatment and clay con-
tent) without interactions for latter portions of the curve (Cs, ks, kf)
with only clay content significantly impacting Cf (Fig. 4; Suppl
Table 5). In general, nutrient addition increased the rate (kL) and
duration (tL) of microbial growth, as well as the amount of CO2
released (in soils with �15% clay; CL). Increasing clay content
decreased CO2 release (CL) and the duration of microbial growth (tL)
but progressively increased the growth rate (kL) from 3 to 15% clay,
reaching maximum values at 21e40% clay.

As previously mentioned, the treatments with appreciable
amounts of glucose-derived C left in solution (limiting nutrients in
�11% clay; Suppl Fig. 3) had no modeled fast pool. Among the
treatments that did have a modeled fast pool, it comprised a
significantly smaller proportion of added glucose-derived C in the
3% clay soils (25 ± 3.3% of added C) relative to all other soils
(average of 30 ± 2.4% of added C), and in the limiting nutrient
addition (17 ± 2.1% of added C) relative to the other nutrient
treatments (average of 29 ± 2.4% of added C) (Suppl Table 5). The
fast pool decay rate (kf) increased progressively with clay content
and nutrient addition. For the slow pool, there was a progressive
increase in the size of the slow pool (Cs) with clay content across all
but the liming nutrient addition treatment, where there was a
decrease from lower (�11%) to higher (�15%) clay soils. The size (Cs)
and decay rate (ks) of the slow pool also generally decreased with
increasing nutrient addition.
3.4. Glucose-derived C fate

The percentage of glucose-derived C measured as chloroform-
extractable microbial biomass was significantly impacted by an
interaction between nutrient addition and clay content (P ¼ 0.013;
Fig. 5a). Similar to starting microbial biomass size (Fig. 2a), across
all nutrient addition levels, the 2e15% clay soils had significantly
less chloroform-extractable glucose-derived C than the 21e40%
clay soils. If a KEC (correction factor for the extractable portion of
microbial biomass C) of 0.28 was applied to this data to account for
extraction efficiency (Glanville et al., 2016), microbial biomass
formed from glucose-derived C after 4 weeks of incubation
increased from approximately 10% of added C in the�15% clay soils
to 18% of added C in the�21% clay soils. In the 30 and 40% clay soils,
the no nutrient addition treatment had significantly more glucose-
Fig. 3. Total glucose-derived C respired during the incubation, relative to the log of
clay content. Values are means ± standard errors. Nutrient treatments are given as
limiting (ion exchange resin bead addition), none (C only), or as the C:N ratio of added
substrates as shown in Table 3.
derived chloroform-extractable C than the other addition treat-
ments (excluding the nutrient limiting treatment, which was not
measured). No other soils had significant differences in glucose-
derived chloroform-extractable C in response to nutrient addi-
tion. At the end of the incubation, glucose-derived C measured in
the soil was significantly (P ¼ 0.008) influenced by an interaction
between clay content and nutrient treatment (Fig. 5b). Similar to
native-C stored on fine particles (<50 mm; Fig. 1b), glucose-derived
SOC increased with clay content, with the highest clay contents (30
and 40%) having the most glucose-derived SOC, although the sig-
nificance of this relationship varied based upon nutrient treatment
(Fig. 5b, Suppl Table 7). The differences between nutrient treat-
ments were smaller and more variable, with the limiting treatment
typically differing from the other nutrient addition treatments, but
no other broad trends were significant.

4. Discussion

4.1. Glucose-derived C fate under nutrient limitation

With the addition of the ion exchange resin beads, potentially
available N, P, and Swas adsorbed from solution (Table 4), creating a
nutrient limited state intended to inhibit microbial growth and
glucose-derived C decomposition. The high starting C:N:P:S ratio
for the limiting nutrient treatment of approximately 300:1:3:2
(Table 5) was much higher (particularly for N) than the ratio of
75:8.75:1.25:1 of microbial biomass (Cleveland and Liptzin, 2007;
Kirkby et al., 2011; Creamer et al., 2014), and likely prevented mi-
crobial growth due to stoichiometric constraints (Commichau et al.,
2006). This was confirmed by the slow growth rate and low mi-
crobial biomass production during the long period of microbial
growth (Fig. 4). By preventing microbial growth this nutrient lim-
itation also prevented the mineralization of glucose-derived C
(Fig. 3, Suppl Fig. 3), and resulted in a significant portion of added
14C remaining in solution at the end of four weeks, particularly in
the soils with a smaller startingmicrobial population (i.e.�11% clay
soils; Fig. 2a).

The no nutrient (C only) treatment also represented a nutrient
limited state. According to stoichiometric theory, microbes transi-
tion from nutrient limitation to optimum growth (i.e. from N
immobilization to N mineralization) at a critical substrate C:N
threshold ratio of about 20e25 (Schimel and Weintraub, 2003;
Sinsabaugh et al., 2013), which is reflected in the release of
mineralizable N when the C:N ratio of available substrates fall
below this threshold (Manzoni et al., 2008; Murphy et al., 2011). In
all soils in this experiment, the C:N ratios of available substrates in
the no nutrient treatment were well above this threshold; greater
than 100:1 in soils with �15% clay and greater than 50:1 in the
higher clay (�20%) soils. Similar to the limiting nutrient treatment,
the no nutrient treatment had slow microbial growth and low
biomass production during the longer growth phase, as well as
slower glucose-derived C turnover in later stages of the incubation
relative to the nutrient additions (Fig. 4). Interestingly, in both
nutrient limited states the legacy of a larger starting microbial
biomass size, in soils with �15% clay, allowed for greater glucose-
derived C mineralization. However, in the �11% clay soils nutrient
limitation decreased glucose-derived C turnover by preventing
additional microbial biomass formation.

Compared to the nutrient addition treatments (which represent
agricultural systems receiving periodic applications of fertilizer),
the limiting and no nutrient addition treatments are more similar
to natural systems, where productivity is frequently constrained by
nutrient limitation (LeBauer and Treseder, 2008). The ion exchange
resins themselves are used to proxy plant-available nutrients, and
are designed to mimic the action of a plant root (Skogley and



Fig. 4. Curve fit parameters of glucose-derived C mineralization in relation to clay content (x-axis) and nutrient treatments (lines). To improve figure clarity, significance was
omitted and statistically similar nutrient treatments were combined (see Suppl Table 5 for individual values and significance). Nutrient treatments are given as limiting (ion
exchange resin beads), none (C only), or by the C:N ratio of the added substrates (Table 3). Values represent means ± standard errors.
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Dobermann, 1996). If the resin bead nutrient limitation is more
analogous to conditions with plants, C and nutrient dynamics
observed in soil-only incubations may be substantially different
than in the field (Oburger and Jones, 2009), although these differ-
ences are not always observed (Glanville et al., 2012). Relative to
our laboratory experiments, the competition between microor-
ganisms and plants for nutrients (Bardgett et al., 2003), as well as
temporal and spatial variations in nutrient availability and/or mi-
crobial biomass (Cambardella et al., 1994; Wardle, 1998), also may
alter microbial turnover of C with added nutrients in situ. Our
experiment was unable to capture these more complex dynamics,
but consistent with stoichiometric theory it did show that the
transition from a nutrient limiting to a nutrient replete system
(although transitioning near a C:N threshold of roughly 50:1) was a
strong driver of C mineralization.

Interestingly, we also observed higher glucose-derived micro-
bial biomass in the high clay soils under nutrient limitation. Similar
decreases in microbial biomass have been observed with N
enrichment in field studies (M€annist€o et al., 2016; Riggs and
Hobbie, 2016), although microbial biomass increases have also
been reported (Cusack et al., 2011). Lower microbial biomass under
nutrient addition could result from changes in microbial commu-
nity composition (Leff et al., 2015), decreases in pH from N addition
(H€ogberg et al., 2006), or differences in living biomass turnover
rates (Strickland and Rousk, 2010). However, whether these trends
would continue beyond the four weeks of incubation is unclear,
particularly due to the higher turnover rate of the slow pool under
nutrient limitation (Fig. 4), suggesting the potential for further
glucose-derived C mineralization.

4.2. Glucose-derived C fate under nutrient availability

While this experiment was designed to study the importance of
clay content, by no means was that the only measured soil property
that was altered along the texture gradient. However, the C:N:P:S
ratios of the treatments were more strongly impacted by nutrient
addition than clay content (Table 5), so that differences in glucose-
derived C turnover between the soils can be predominately
attributed to the combined effects of clay content and starting
microbial size and composition. Taking this approach, our results
show that except under conditions of nutrient limitation (i.e. C:N
ratios >50:1), variations in these two properties altered partition-
ing of glucose-derived C between respired and stabilized C (at the
end of 4 weeks as microbial biomass and SOC), while nutrient
availability did not (Figs. 3e5).

With increasing clay content (in all but the nutrient limiting
resin bead treatments, which have been discussed), we observed
lower overall glucose-derived C mineralization and higher glucose-
derived C transformation to microbial biomass and SOC at the end
of the incubation (Figs. 3 and 5). As there was no abiotic sorption of
glucose to the soils (Suppl Table 3), lower glucose-derived C
mineralization with higher soil clay content resulted from greater
transformation and stabilization of MOM during the incubation.
Lower mineralization of MOM formed from glucose-derived C with
increasing clay content is consistent with the concept that C (and in
particular MOM) is physically protected on clay particles (Baldock
and Skjemstad, 2000; Miltner et al., 2011). In these soils, C con-
tent of the fine fraction (�50 mm), increased with its proportional
abundance (Fig. 1b), similar to trends observed across other sites
(Hassink, 1997; Six et al., 2002). The stabilization of added glucose-
derived C, as microbial biomass and as SOC, was also positively
related to the clay content of the soils (Fig. 5), confirming the
relationship between fine particle C content and storage of MOM.

We also observed differences in the modeled growth phase
parameters in response to clay content and nutrient addition
(Fig. 4). If CO2 mineralized during the growth phase was propor-
tional to the size of formedmicrobial biomass (Wutzler et al., 2012),
increases in nutrient availability increased microbial biomass for-
mation (Schimel and Weintraub, 2003; Manzoni et al., 2012),
particularly in the soils with a smaller initial biomass size (�15%
clay). However, this biomass was mineralized to CO2 in the lower
clay soils during the incubation, and therefore was not stabilized
across the timescale of the incubation. Alternatively, glucose-
derived C mineralization could have been decoupled from growth
(Blagodatsky et al., 2000), so that microbial biomass was not
formed. Regardless of the mechanism, when not under nutrient
limitation (C:N < 50:1) the further addition of available nutrients
(down to C:N of 11:1) did not lead to greater stabilization of added



Fig. 5. Relationship between the soil clay content (%) and glucose-derived C (%)
measured (a) as chloroform-extractable microbial biomass (no KEC factor applied) and
(b) as SOC at the end of the incubation. Values represent means ± standard errors
(n ¼ 4). Nutrient treatments are given as limiting (ion exchange resin beads), none (C
only), or by the C:N ratio of the added substrates. Significant differences in glucose-
derived chloroform-extractable C between clay contents for all nutrient addition
treatments are indicated by a capital letter, and significant differences between
nutrient treatments within clay content are indicated by symbols. Significant differ-
ences in glucose-derived SOC are shown in Suppl Table 7 and curve fit parameters in
Suppl Table 6.
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glucose-derived C in soil C or microbial biomass during the incu-
bation. Therefore the quantity and rate of glucose-derived C
mineralization was dependent upon the capacity of the soil to
protected glucose-derived C on fine particles, as well as starting
microbial biomass size.

5. Summary

Recent work has emphasized the importance of including mi-
croorganisms in soil C cycling models to accurately project the
response of soil C to climate change (Wieder et al., 2013; Hararuk
et al., 2015). Although there is evidence that increasing C lability
(Bradford et al., 2013; Frey et al., 2013) and nutrient availability
(Manzoni et al., 2012) will increase microbial biomass formation at
the expense of CO2 production, there is less empirical evidence as to
the extent and necessary conditions for the stabilization of formed
microbial-derived OM (Throckmorton et al., 2012, 2014). The
importance of soil texture for C protection has long been recog-
nized (Hassink, 1997; Baldock and Skjemstad, 2000) and our
shifting conceptual understanding of C stabilization in soils em-
phasizes the formation of organo-mineral complexes through
microbial decomposition of easily degradable C (Kleber et al., 2007;
Cotrufo et al., 2013). Correlations of soil C storage with mineralogy
(Doetterl et al., 2015), the temperature sensitivity of organo-
mineral complexes to climate change (Conant et al., 2011), and
incorporation of organo-mineral associations into soil C models
(Tang and Riley, 2015) all emphasize the importance of mineralogy
and soil texture to global soil C cycling.

Our research has added to this understanding by examining
microbial transformation of added glucose (a proxy for labile C)
along gradients of soil texture, microbial biomass size, and nutrient
availability. In particular, we show that alleviating nutrient limita-
tion (at C:N ratios > 100) can increase microbial transformation of
glucose-derived C on short-term scales (4 weeks), potentially
leading to greater downstream stabilization of soil C. However,
further increasing nutrient availability (C:N ratios < 50) did not lead
to greater C stabilization during the experiment, likely due to
greater decomposition of formed microbial biomass. Edaphic
properties, in particular clay content and microbial biomass size,
significantly altered the partitioning of added glucose-derived C
between respired and stabilized pools (i.e. SOC and microbial
biomass). As a result, newer microbially-explicit models that
incorporate metrics of changing CUE on soil C stocks should also
include the dynamics of MOM stabilization as dictated by initial
microbial biomass size and soil texture, particularly under non-
limiting nutrient conditions.
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