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Abstract

1.

Roats release carbon into soil and can alleviate energy limitation of microbial organic
matter decomposition. We know little about the effects of roots on microbial
decomposition of different organic matter substrates, despite the importance for soil
carbon stocks and turnover. Through implementing root-microbe interactions, the
Carbon, Organisms, Rhizosphere, and Protection in the Soil Environment (CORPSE)
model was previously shown to represent dynamics of total soil carbon in temperate
forest field experiments. However, the model permits alternative hypotheses

concerning microbial-substrate affinity.

. Weinvestigated how root inputs affect decomposition of soil organic carbon (SOC)

with variable decomposability. We simulated SOC stocks in CORPSE and compared
micrebial degradation of two substrates types with varying root-microbe interactions
under two alternative hypotheses that varied in microbial-substrate affinity. We
compared our modeled hypotheses to a forest field experiment where we quantified
decomposition of isotopically-labeled starch and leaf tissues in soils with manipulated
root access to microbes. We tested the hypothesis that decomposition of leaves would
be more sensitive to root inputs than decomposition of starch, corresponding to the
alternative model hypothesis.

In.the field study, leaf decomposition increased with root density while starch
decomposition was unchanged by root density. Microbial bésarad enzyme

activity consistently increased with root inputs in CORPSE and the field study. Our
field experiment supported the CORPSE simulations with high microbial-substrate
affinity.

Reots stimulated microbial growth and enzyme production, which increased
degradation of more complex substrates such as leaf tissues. Substrates that were
easily decomposed, such as starch, may already be degrading at a maximum rate in

the absence of rhizosphere influence because their decomposition rate was unchanged

by root inputs. We found that the degree to whichgetmulate microbial
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decomposition depends on the substrate being decomposed, and that root-microbe
interactions influenced SOC stocks in both our model and field experiment.
Environmental changes that alter root-microbe interactions could, therefore, alter soil
C stocks and biogeochemical cycling, and models of these interactions should
incorporate differential influence of rhizosphere inputs on different substrates.
Keywor ds:broadleaf boreal forest; ecosystem model; extracellular enzymes; plant-microbe

interaction; soil'carbon; soil organic matter; stable isotopes
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I ntroduction

Plants fix carbon (C) from the atmosphere to build biomass and much of that biomass enters soil
asleaf and root products. Although ample research has focused on aboveground inputs (Xu, Liu,
& Sayer, 2013), roots contribute 2.5-fold more C to soil than shoots (Rasse, Rumpel, & Dignac.,
2005). Giventhatal is the largest stock of terrestrial C except for fossil reserves (Post,

Emanuel, Zinke, & Stangenberger, 1982; Jobbagy & Jackson, 2000), exploring how root inputs
affect soil"C'accumulation and feedbacks to the atmosphere is critical to understanding and
modeling the“globaC cycle (Phillips et al., 2012). Root inputs to soil in broadleaf boreal forests
are particularly important because roots comprise 39% of plant biomass, a greater portion than in
needle-leaf boreal, temperate, or tropical forests (Vogt et al., 1995). While researchers recognize
that roots are underrepresente€imodels (Lynch, Matamala, Iversen, Norby, & Gonzalez-

Meler, 2013; MeCormack et al., 2015), we are only beginning to understand and model how root
inputs alter solil C stocks (Keiluweit et al., 2015).

Root inputs from sloughed-off root cells, mucilage, exuded organic compounds, and dead
root tissues=affect rates of soil C decomposition and accumulation. Microbial enzyme activity
increases witheroot exudation (Phillips, Finzi, & Bernhardt, 2011; Meier, Finzi, & Phillips,

2017). Roet.exudates prime microbial activity, where microbes release more G ihaD@s
contained«dn'the exudates (Kuzyakov, 2010), in at least two ways: by increasing available
dissolved organic C armb-metabolism, and by lowering soil pH such that mineral-associated
organic matter is liberated from mineral surfaces (Blagodatskaya & Kuzyakov, 2008; Kuzyakov
et al., 2010;"Keiluweit et al., 2015). As root exudates increase DOC, microbes are alleviated
from energydlimitation and increase decomposition activity (Kuzyakov et al., 2010). Thus, both
exudate-driven mechanisms for decomposition translate to increased mineralization of soil C. In
fact, Crow, et al..(2009) found that 11.5921.5% of soil respiration in a temperate hardwood
forest was. attributed to stimulation of microbial activity due to root inputs. While experiments
indicate that.roots influence microbial activity (Lindahl, de Boer, & Finlay, 2010; Clemmensen
et al., 2013;:Drake et al., 2013), incorporation of roots into soil C decomposition theory and
models hasiagged.

Historically, models of soil organic matter decomposition have largely been based on C
pools with fixed turnover rates that do not accommodate the microbial decomposition feedbacks

necessary to simulate root input-microbial interaction influences on decomposition. While
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microbial interactions have been incorporated into emerging soil C models, alternative structural
assumptions in these models lead to diverging responses to C inputs (Sulman et al., 2019).
Models of rhizosphere input effects are particularly sensitive to assumptions related to substrate
concentrations, microbial growth, and organic matter decomposition. Decomposition in these
models has,been described using Michaelis-Menten enzyme kinetic theory where decomposition
rates increase with enzyme concentrations (e. g. Wang et al., 2015) or substrate concentrations
(e.g. Wiederetal., 2014) or in a more general framework using equilibrium chemistry
approximation’(ECA) kinetics that incorporate both enzyme and substrate concentrations (Tang
and Riley; 2015; Tang 2015). An alternative approach incorporated in the CORPSE model
(Carbon, Organisms, Rhizosphere, and Protection in the Soil Environment; Sulman, Phillips,
Oishi, Shevliakova, & Pacala, 2014) assumes that microbial decomposition of soil organic matter
is determined by the amount of microbial biomass per unit substrate, rather than volumetric
concentration of substrate or enzymes. This approach allows the model to represent multiple
substrate types with different decomposition-related properties and is therefore useful for
simulatingsrhizosphere input effects.

Anissue common to all of these model formulations is whether the effect of rhizosphere
inputs on'microbial decomposition is substrate-specific (Fig. 1). In one formulation (Hypothesis
1), the deeemposition rate of all compounds is controlled by the total concentration of microbial
biomass, meaning that all compounds have identical decomposition responses to microbial
growth. Alternatively (Hypothesis 2hizosphere input effects of different compounds may
saturate at«different levels of microbial biomass, with simple compounds achieving their
maximum deeomposition rate at low microbial biomass concentrations and decomposition of
more complex compounds increasing more slowly with respect to microbial biomass. These
alternative outcomes have important implications for the preservation or decomposition of labile
substrates.in resource-limited environments such as deep soils or in highly-decomposed material
with low labile substrate concentrations. We used the CORPSE model in the context of a field
decompaosition experiment to test which of these alternative hypotheses is a more appropriate
representation,of microbial decomposition processes. We hypothesized that (1) the
decomposition rate of each substrate type is determined by the ratio of microbial biomass to total
unprotected soil C. In this case, changes in microbial biomass affect decomposition rate of all

substrates identically. Thus, simple and complex substrates would decompose slowly when
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microbial biomass is small relative to total unprotected C, and decomposition rates of all
substrates would accelerate at the same proportional rate as microbial biomass increases. This
scenario represents a situation in which microbial decomposers assimilate a well-mixed
combination of substrates. Alternatively, we hypothesized that (2) the decomposition rate of each
substrate isfelated to microbial biomass to different degrees for different substrates. That is,
simple C could/be decomposed rapidly given low microbial biomass while complex C could be
less sensitive'to changes in microbial biomass. This hypothesis represents a scenario in which
substrates are distributed unevenly and can be accessed separately by decomposers. Microbes
can target substrates that are present in small amounts but have properties that are highly
favorable for assimilation. The overall implication of our model hypothesis (i) is that the effect
of rhizospheresinput on microbial decomposition are universal for all substrates, and the
implication of model hypothesig ) is the effect of rhizosphere inputs can vary for different
substrates.

We empirically investigated how sdl decomposition respoed to root inputs in a
broadleaf boreal forest. Root exudation is known to vary with root density (Phillips et al., 2011),
thus we usedroot density as a proxy for both exudation and root litter inputs. We simulated soill
C processes using the CORPSE model to determine differential responses of simulated SOC
across a.gradient of root inputs. CORPSE divides SOC into different types, including one that is
easily decomposed and assimilated (i.e., simple) by microbes and a second that is less easy to
decompose (i.e., complex). We compared the CORPSE-simulated C pool responses to
measurements, a field study where we experimentally generated a gradient of root density and
tracked decemposition of leaf material and starch. Using this combined model-experiment
approach; we answered the question: how does microbial activity and decomposition of soil C
that is chemically simple or complex respond to a gradient of root denséy/ypithesized
that: (i) C mineralization rates of leaf material would be lower than those of starch, (ii) microbial
biomass would/increase with root density, (iii) microbial enzymatic activity would increase with
root densitygrand (iv) C mineralization rates from leaf material would increase with higher root
density but'‘€.mineralization rates from starch would be constant with root density. After six
weeks of field incubation, we measuré@0; respired from soils amended witiC-labeled leaf

material or starch, microbial biomass, and enzymatic decomposition activity. Our model
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simulations and experiment suggested that root density influenced decomposition of chemically
complex C more than simp@.
Methods
CORPSE simulations

The CORPSE model simulates soil C cycling using an explicitly defined microbial
biomass peol that drives the decomposition rate of multiple organic subskigte?)( See
SupplementalTable S2 for model parameter values used in our simulations. Organic matter is
divided into'three chemically-defined forms, which can be either protected or unprotected.
Protected organic matter is inaccessible to microbial decomposition through chemical sorption to
mineral surfaees or occlusion within micro-aggregates. Unprotected organic matter can be added

as litter or'root‘exudate inputs, decomposed by microbial action, or protected:

dCy
dt

dcCp;
= I ; =Dyt Ty — d—’;’ (egn. 1)

whereCy ;/Is unprotected g ; is external inputs of C (including litter deposition and root
exudation)Dsrissdecomposition rate;uylis microbial necromass production; éilcg@i is net

transfer of C+to or from the protected state. i refers to chemically-defined types, which can be
chemically simple plant-derived material (representing compounds like glucose or amino acids
that are readily decomposed), chemically resistant (representing compounds like lignin or
complex micrebially-produced chemicals), or readily decomposable microbial necromass.
Protected'C is.formed from unprotected organic matter and converted back to unprotected form

at first-orderrates:

dCp,i
dt

Cp,i
= Cyikpi— TL; (eqn. 2)

Note thatsthis model formulation does not currently include rhizosphere effects on the turnover
of protected CwThe decomposition flux is controlled by microbial biomags {@mperature

(T), and volumetric soil water conterX)( The effect of microbial biomass on decomposition

was defined in two alternate ways, reflecting Hypothesis 1 (equation 3a), and Hypothesis 2

(equation 3b).
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162 D; = Vinax,i(T) - (esgat)s (1 - esgat)z.s -G % (eqgn. 3a)
163
164

6 \3 o \25 Ba/Cus
165 D = Viari(Dalg-) (1-50)  Cigmoetie (eqn. 3b)
166

167  wherebg,Is.the saturation level & and Vinax,i is the substrate-specific maximum decomposition

168 rate. Increases in\Bdriven by growth on substrates with high carbon use efficiency apd V

169 drive priming effects in the model (see below). Note the key difference between equations 3a and
170  3b: In equation 3a, decomposition rate is determined by the ratip tf & summed over all

171  substrate types, while in equation 3b decomposition rate is determined for each substrate type
172 Cy, by thesratiorof B to the amount of that substrate type.

173 The'maximum decomposition rate is controlled by the Arrhenius relationship, which

174  describes/the temperature dependence of enzymatic reactions:

175

Egi 1 1
176 Vmax,i(T) = Vmax,ref,i X exp <_ % (; - Tref)) (eqgn. 4)
177

178  whereV,,%.c¢i IS @ maximum decomposition rate specific to each chemically-defined organic
179  matter typeEzpis activation energy for each organic matter type, and R is the ideal gas constant
180  (8.31J K''mol).

181 Microbial growth is supported by uptake of a fraction of decomposed organic matter, and
182  biomass is lost through turnover at a fixed rate:

183

184 M = ¥(DCUE;) — 2MCmin (egn. 5)

mic

185

186 where CUEis C use efficiency for substrate i atjg. is the microbial biomass turnover time.
187 The complex C is defined in CORPSE as having low maximum decomposition sg)eaf\d

188 low microbial C use efficiency (CUE) which is comparable to leaf material, whereas simple C

189 has high Waxand high CUE which is comparable to starch. We defined starch as a simple
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190 substrate because it is a pure carbohydrate chain, and leaf material as complex because it
191 contains many compounds bound in a lignocellulose matrix. Because simple C has a higher
192 associated CUE andq¥xthan complex C, it promotes microbial growth, thereby accelerating
193  decomposition and driving priming effects for all substratgs, iB minimum microbial

194 biomass, defined as a fraction of total unprotected C:

195

196 Bmin = Faimin &i Cu,i (eqn. 6)

197

198  Microbial biomass turnover is divided into maintenance respiratigafRwhich is converted
199 directly to €Qsand necromass productiQhv). The division betweenRinrand Ty is

200 controlled by a'parametey:

201
202 R,y = 2MBmin (] _ ¢ (egn. 7)
maint = 77— t an.
203
BM—Bmin
204 Ty = MTT(E,_») (eqn. 8)
205

206  Total CQ production rate is the sum of maintenance respiration and respiration derived from
207 decomposition processes:

208

dco,
dt

209

= Rmgint 12.:((1 — CUE)D;) (eqn. 9)

210

211  Rhizosphere input simulations

212 We parameterized the model using soil texture measured at our experimental field site
213  (described-belaw, in Field Study) and measured soil temperature and moisture from a nearby
214  monitoringsstation (Hanson et al., 2011). Total C inputs to the soil were estimated to be 1.5 mg C
215 g soil* y:tpeomposed of 30% simple C and 70% complex C, and the model was spun-up with
216  repeating inputs and meteorological drivers until soil C pools reached a steady state. We then
217  simulated decomposition across a gradient of root density that was representative of the

218 measured variability of root density at our site. Root exudation was calculated based on root

219 length using an estimated growisgsson value of 0.25 pug C (cm root length)™ hour* (Phillips
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et al., 2011, Yin et al., 2013). Root exudation was assumed to have a sinusoid pattern through the
year, with maximum exudation rate occurring in August of each year (Phillips et al., 2011). Root
exudates were assumed to be entirely composed of simple C. This assumption is a simplified
representation of exudate composition, which may also include organic acids that can liberate
mineral-bound.soil C thus further alleviating microbial C limitation (Keiluweit et al., 2015). Our
simplified representation of exudates therefore yields more conservative results because it limits
the source of'microbial priming to simple C compounds (e.g., glucose).

Field Study

The field study was conducted at Marcell Experimental Forest (47°30'26.73", -93°27'15.68")
located 40.km=north of Grand Rapids, Minnesota, USA. The average annual temperature wa
3°C and average precipitation was 785 mih Wur study site was locatéua 40 m x 40 m area
within a forest primarily composed of bigtooth aspen (Populus grandidentata), trembling aspen,
(Populus tremuloides) and paper birch (Betula papyrifera). The dominant understory plants were
bracken fern (Pteridium aquilinum), dwarf raspberry (Rubus pubescens), round-leaved dogwood
(Cornus rugosa), and beaked hazel (Corylus cornuta). Soils were pH 5.0 £ 0.44 with a bulk
density of 2.26/* 0.41 g cfrand are fine, sandy loams classified as Warba series (Kolka, Grigal,
Nater, & Verry, 2001).

Wesmanipulated root access to soil microbes by constructing mesocosms made from a 15
cm long, 5 cm diameter PVC pipe. Two 10.5 cm x 8 cm openings were cut along the length of
the pipe, one on each side. We covered these openings, as well as the bottom of the pipe, with
stainless steelmesh attached with rivets and nutrient-free glue (Household Goop, Eclectic
Products, Eugene, USA). We covered 135 mesocosms with one of three mesh sizes: 1.45 mm (n
=45), 38 um (n = 45), or 5 um (n = 45). We intended to exclude roots from fine-mesh
mesocosms and allow root access to soil with large-mesh mesocosms (Johnson, Leake, & Read,
2001; Langley,.Chapman, & Hungate, 2006; Phillips et al., 2012; Rewcastle et al. In press).
However, a previous study showed the mesh design does not generate absolute root exclusion in
all forest types (Moore et al., 2015). Mesocosms in the previous study varied in root density, thus
we analyzed eur data across a gradient of root density.

OnMay 12, 2014, we installed mesocosms randomly throughout the study site. We
removed any organic horizon material and excavated the top 15 cm of mineral soil using a 5 x 15

cm hammer corer (AMS, Inc., American Falls, USBhe top 15 cm included only the A
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horizon.We removed visible roots to avoid a litter fertilization effect, and then filled each
mesocosm with this root-free native s¥ile placed each mesocosm in the hole from which it
was collected and ensured the mesh was completely below the soil surface. Mesocosms were
placed at least 0.5 m away from each other.
In-situ *C-starch and®C-leaf material incubation

Adding stable isotopes to soil enabled us to track microbial activity within specific C
pools. e applied a 99 atorfk *C labeled algal starch (Cambridge Isotope Laboratories,
Tewksbury,"MA, USA) and a >97 aton-*C labeled ground tulip-poplar (Liriodendron
tulipiferae) leaf material (IsoLife, Wageningen, Netherlands). We suspended 5 mg of powdered
starch (0.58 mg C) or ground leaf material (2.3 mg C) in 30 mL of deionized water and injected
into mesocesms that contained approximately 350 g soil. The amount of C added to soil from
starch (1.6 ug €Y or leaf material (6.6 pg g*) was large enough to have a traceable label but
small enough to not fertilize the soil, which contained on average 20 ritgs@ilgt our site and
is a similar.amount to other C tracer field studies (Zak & Kling, 2006). The injections were
conductedron=dune 24, 2014, six weeks after installing the mesodusrnmgected the starch
suspension into 45 mesocosms (15 of each mesh size) and the leaf solution into 45 mesocosms
(15 of eaeh,mesh size). To control for moisture addition and disturbance, we injected deionized
water into-21 starch-control mesocosms (7 of each mesh size) collected on the same day as
starch-addition mesocosrand into 24 leaf-control mesocosms (8 of each mesh size) collected
on the same day as leaf-addition mesocosms. Mesocosms injected with the starch suspension
were sampledfor’CO;, on days 1, 2, 3, 4 and 5 after injection, and those with the leaf
suspensiomwere sampled on days 2, 4, 6, 10, and 20 after injection. We sampled gasses across
several days because we were unsure which dayl@®Owould peak and this timeframe
ensured we would capture peak microbial respiration of@abeled substrate (Zak & Kling,
2006). To,collect gas samples f8€0, analysis, we capped the cores with a tightly fitting 5 cm
diameter PV.C cap fitted with a rubber septum. After 20 min, we used a syringe to draw a 15 mL
sample of gas from the cap and injected the sample into a 12 mL Exetainer vacuum vial (Labco
Limited, Lampeter, UK). One gas sample per sampling day was taken from the cores. At the
beginning and end of each sampling day two ambient samples were taken to establish
background levels fCO,. All *CO,samples were analyzed at the UC Davis Stable Isotope

Facility (Davis, USA) using a ThermoScientific PreCon-GasBench system interfaced to a
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ThermoScientific Delta V Plus isotope ratio mass spectrometer (ThermoScientific, Bremen,
USA). We removed all starch and starch-control mesocosms on June 29, 2014 and all leaf and
leaf-control mesocosms on August 4, 2014. We placed the contents of mesiocagplastic

bag, transported them in a cooler on ice, and stored at 4°C until they were analyzed.

To quantify root density, we removed unsieved soil from the mesocosms and visually
inspected'soilsfor roots. We used forceps to collect fine (<2 mm) roots and placed field-moist
root mass‘into'a clear-bottomed reservoir filled with water to a depth of approximately 2 cm. We
scanned theroots in the reservoir on a photo scanner at 300 dpi resolution. We cropped the
images to remaove the border created by the reservoir, and then calculated root length using the
Morphology plug-in and IJ Rhizo script for ImageJ software (Lobet & Draye, 2013). Root
density is equal to root length per volume soil.

We analyzed microbial biomass C (MBC) within 48 hours of soil collection using the
chloroform fumigation-extraction method (Vance, Brooks, & Jenkinson, 1987), allowing
fumigated 'samples to incubate at room temperature for 5 days. All samples were stored at 4°C
until analysis=We measured C of the samples on a total organic carbon analyzer (TOC-V CPH
Total Organic:Carbon Analyzer, Shimadzu Scientific Instruments, Columbia, USA). Microbial
biomass C.was calculated using a correction factor of 0.38 (Voroney, Brooks, & Beyaert, 2007).

Weranalyzed the potential enzyme activity of our soils using methods described by Bell
et al. (2013) within 48 h of collection. Briefly, we mixed 2.75 g of field moist soil (sieved to 2
mm) with 91 mL of 50 mM sodium acetate buffgpH 5 using an immersion blender. We
pipetted 800"k of soil slurry into a column on a deep (2 mL) 96-well plate that contained 0 -100
KM of methylumbelliferyl (MUB) to establish a standardized MUB reaction for each soil
sample. We then pipetted 800 pL of the soil slurry into a separate plate and added 200 pL of 4-
MUB-R3-D-glucaside (R-gluc), 4-MUB-cellobioside (CBH), 4-MUB-N-acetyl-3-D-glucosaminide
(NAG), or,4-MUB-phosphate (PHOS) to each soil sample. 3-gluc and CBH are hydrolytic
enzymes that.work in concert to break down cellulose into glucose, and NAG and PHOS are
used by mierobes to acquire nitrogen and phosphorus, respectively. We sealed each plate with a
plate mat, agitated vigorously by hand, then incubated the MUB standard and sample plates in
the dark at room temperature for 3 h. Using a fluorometer/spectrophotometer (Synergy HT,
Biotek Inc, Winooski, USA) we measured fluorescence at an excitation wavelength of 365 nm

and an emission wavelength of 450 nm.
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Statistical Analyses

We tested for the effects of root density on microbial activity using linear regressions.
Data were log-transformed when necessary to meet assumptions of normality. We tested whether
roots affected microbial metabolism of different pools of C by regressing root density against
o™*C captured.in C@and included C source (starch or leaf material) as a co-variate. We
determined the effect of roots on microbial biomass by regressing root density with MBC, and
the effect ©f roots on microbial activity by regressing root dgngih each of four enzyme
activities. ‘AllFregressions were performed separately and were considered significarQ.86.
We report the probability that empirical responses were not related to root density (P), ratio of
variance among empirical response groups (F), and coefficients of correlation between empirical
responses‘and‘root densit$)(AAll analyses were performed in R (R Core Team, 2016) using the
basic package and normality was tested for using the package fBasics (Rmetrics Core Team,
2014).
Results
CORP SE Simulations

Model'simulations showed a strong effect of root density on microbial biomass and
decomposition rates, and projected significant differences in simple C decomposition between
the alternative hypotheses. Root exudation in the simulations with the highest root density
increased the decomposition rate of complex C by more than 120% under both hypotheses (Fig.
3a). In contrast, the decomposition rate per unit mass of simple C declined slightly (by less than
1%) as root*density increased under Hypothesis 2 while increasing similarly to complex C under
Hypothesisil=The decline in simple C turnover rate with higher root density under Hypothesis 2
occurred because the amount of total simple C increased with additional root inputs, whereas the
amount of total complex C was unchanged by root inputs. The accelerated decomposition rate of
complex C.was.driven by a large increase in simulated microbial biomass concentration at higher
root densities (Fig. 3[51). Simulated microbial biomass across the gradient of root density was
consistent.with measurements (see below).
Field Study

Roots affected decomposition of leaf-C differently than starch-C. Root density in field
mesocosms ranged from 0.1 to 523.3 nihdg soil (mean = 63.4 mni'gmedian = 14.8 mm'g
1) and it did not vary with mesocosm mesh size (P = 0.15, F = 1.93), soil C:N (P = 8.67, F
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0.18), or soil pH (P = 0.60, F = 0.27; Supplemental Table S1). The effect of root density on
o13CO, was different for starch and leaf material (P = 0.009, F = 7I2)5**CO, captured

from decomposed labeled leaf material increased with root density, while decomposition of
labeled starch was not correlated with root density (P = 0.0690851, Fig. 3c). When we
standardized.thé**CO, respired given the different initial C concentrations of leaf material and
starch, we-found that**CO; respired from the substrates was related to root density differently
(P =0.01F='6.72). For both substrates, decomposition rates peaked two days after the
substrates'were added to soils.

Root density increased MBC and C-degrading enzyme activity. Microbial biomass C
increased withsroot density (P = 0.00£,7R0.12, Fig. 3d). As we anticipated, the effect of root
density on'MBC did not vary with C source because of the trace amount of substrate C added to
each mesocosm (P = 0.61, F = 0.49). 3-glucosidase potential activity per unit soil C increased
with root density (P = 0.01,°R 0.17, Fig. 4), but was not affected by C source (P = 0.23, F
1.48). Cellebiohydrolase potential activity was not related to root density (P = 6 20,6,

Fig. 4b), andrdid not vary with C substrate (P = 0.64, F = 0.45). Root density was not correlated
with the nutrient-acquiring enzymes NAG (P = 0.13:M.01) or PHOS (P = 0.08?R 0.02).

PHOS rates were marginally higher in leaf-addition mesocosms and lower in starch-addition
mesocosms (P = 0.03, F = 3.47), but a post-hoc Tukey HSD test suggested that neither were
different from control P = 0.26 for leaf material v. control, P = 0.59 for starch v. control).

PHOS rates were also similar to control with starch-addition (Tukey: RSD0.88) and were

higher than*control for leaf-addition (Tukey HSD=R®.03). Overall, we found that roots

stimulated mierobial biomass and C-degrading activity but not nutrient-acquiring activity.

Discussion

Root inputs.stimulate microbial decomposition (Phillips et al., 2011; Keiluweit et al., 2015), but
modeling appreaches and previous empirical studies have not definitively established to what
extent root-microbe interactiswlifferently influence the decomposition of differ&S@C

fractions. We.addressed this uncertainty by comparing simulations from the rhizosphere model
CORPSE with an experiment conducted in a broadleaf boreal forest because boreal forests
harbor large pools of C that is potentially climate-sensitive (Clemmensen et al., 2013; Bradshaw

& Warkentin 2015; Crowther et al., 2018Ye demonstrated that root inputs were correlated
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with decomposition of complex SOC, while there was negligible correlation between root

density and decomposition of sim@EC. Thus, our experimental results supported Hypothesis

2, indicating that substrates decompose at different rates depending on root-microbe interactions.
Decomposition of comple$SOC in CORPSE under both hypotheses increased as root inputs
increased mierobial activity and biomass, a result that was supported by our field experiment.
We meastred.higher efflux 51CO, originating from leaf material where root density was high
compared-torow and found no relationship betwgem, efflux from starch and root density.

Overall, beth*eur empirical and model results demonstrated that co@mlas more sensitive

to root-microbe/interactions than simple C and suggested that model formulations consistent with
these differential effects on different substrates should be used in simulations of rhizosphere
impacts onsoil C.

Previous studies find that rhizosphere interactions are important in the context of deep
soils (Hicks Pries et al., 2018), Arctic soils (Hartley et al., 2012), and ecosystem-scale C and
nutrient cyeling (Finzi et al., 2015), and that rhizosphere interactions can drive global-scale
sensitivityofisall C stocks to changes in climate and ecosystem productivity (Sulman et al.,
2014; Sulmaneet al., 2019). Improving model representations of rhizosphere interactions is
importantifer enhancing the predictive capacity of ecosystem models. In particular, our results
suggest that'in substrate-limited environments like deep soils, preservation of labile C substrates
may be limited since external resource subsidies are not required for their decomposition. Thus,
even in deep soils the preservation of organic material due to resource limitation may be limited
to more complex substrates.

Complex C decomposition increased with root inputs in the CORPSE simulations. To
directly compare with this modeled result, we would need to measure turnover of complex SOC
in isolation from,other SOC pools, but measuring turnover of distinct pools of SOC is a
challenge,in field studie$Ve did, however, measure mineralization of two types of C using
isotopically.labeled substrates. We found increa3@@, from leaf material with increasing root
density, whieh suggested increased microbial activity and turnover of complex C. Our result
corroborates a temperate forest tree girdling study. When root inputs to soil were cut off, leaf
litter decomposition was reduced by 40% compared to control plots (Brzostek, Dragoni, Brown,
& Phillips, 2015). CORPSE simulations suggested that root exudate inputs all€viated

limitations to microbial biomass and thereby enhanced complex C decomposition by stimulating
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406 the growth of microbial biomass. Root inputs were correlated with microbial biomass here and in
407 atemperate pine forest (Phillips et al., 2011), but neither of these studies isolated the responses
408  of different SOC fractions. We hypothesize that microbes specializing on leaf material

409 degradation increased decomposition activity in presence of leaf material, and these microbes
410 were sensitive.to root inputs. While it is known that root-associated microbial communities are
411  distinct from those in bulk soil (DeAngelis et al., 2009; Shi et al., 2011; Lou et al., 2014),

412  whether'these'communities differentially decompose pools of C remains unknown.

413 In ‘eontrast to complex C, simple C decomposition did not respond to higher root density
414  in this boreal forest experiment. The CORPSE model simulations suggested that this response
415 was more eopsistent with the assumption that microbial access and assimilation of these simple
416  C compoundsidid not benefit from additional energy subsidies or other rhizosphere effects. In
417  other words, the rapid decomposition rate and high CUE supported enough microbial biomass to
418 decompose simple C at a maximal rate even at low concentrations of simple C. As a result, the
419 simulated relationship between microbial biomass and si@giecomposition reached a

420 saturationgpoint at low levels of root inputs (Figure 1b; Supplemental Fig. S1). These results

421 suggest that in‘fenvironments composed mostly of complex material such as needleleaf-

422  dominatedilitter layers, even small amounts of labile C could significantly stimulate microbial

423  decomposition of more complex substrates. Under Hypothesis 1, labile C decomposition was
424  slower when labile C concentration was low relative to complex C (in the absence of root

425 exudates)..Our study suggested that this assumption was incorrect, and that instead labile C could
426 decomposerrapidly, enhancing microbial growth, even at low concentrations (Hypothesis 2).

427 Nutrientlimitation is a potential hypothesis that may resolve the different responses of
428 complex and simple C decomposition rates to root inputs in our study. Microbes may

429 preferentially utilize inputs that contain C and N, rather than C-rich inputs, to meet their

430 stoichiometric. demands (Drake et al., 2013). We did not explore nutrient limitation of

431 decompositiondn CORPSE, and we have not experimentally found a relationship between

432  microbial Nsor P acquisition and root density or decomposition of complex or simple C. Yet,

433  others haverreported increased N-acquiring activity with root exudation (Phillips et al., 2011,

434  Meier et al., 2017) and higher rates of N immobilization in presence of roots (Holz et al., 2016).
435 In a temperate pine forest, proteolytic activity doubled with additions of root exudate-like

436  compounds to soil (Meier et al., 2017). We may not have captured any effect of root inputs on
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nutrient-acquisition because we measured only two of the many nutrient-acquiring enzymes that
microbes produce. Alternatively, the in-growth mesocosm installation likely disturbed soll
aggregates, thus altering nutrient pools, and the disturbed microbial communities may have
altered community structure and functional capacity for decomposition (Franzluebbers, 1999).
We studied.decomposition within in-growth mesocosms relative to disturbance-control
mesocosms. Rhizosphere interactions in undisturbed soils may differ from those we have
demonstrated'within in-growth mesocosms due to the experimental manipulations we imposed.
For a more comprehensive microbial activity investigation, we recommend that future studies
take advantage of -omics technologies and gene expression assays targeting production of
nutrient transpert proteins (Treseder & Lennon, 2015).

While our study focused on the decomposition of SOC compounds with different
chemical complexities, a large fraction of SOC is physically protected from microbial
decomposition via associations with mineral particles or small aggregates. Discerning root-
microbe interactive effects on decomposition of C that is protected via different mechanisms will
be critical toythe development of next generation root-microbe-mineral ecosystem models
(Buchkowski,"Bradford, Grandy, Schmitz, & Wieder, 2017). Protected C within CORPSE is
broadly defined and includes C that is physically inaccessible to microbes, C that is stabilized on
mineral surfaces. These contrast with C incorporated into chemically complex polymers that can
have moderately long turnover times (particularly in the absence of simple C inputs) but are not
physicallyprotected from microbial access. In future studies, we recommend testing root-
microbe influences on decomposition of C that is protected by different mechanisms to advance
model develepment. While we demonstrated microbial use of r€deputs, microbial use of C
inputs that have been incorporated into different pools of C is another important next step to
pursue. We suggest future investigations of microbial decomposition of isotopically labeled
particulate.and.mineral-associated organic C or C that is protected from microbial decomposition
via different mechanisms. For example, in an experiment by Haddix, Paul, and Cotrufo (2016)
leaf litter withrisotopically distinct structural and metabolic components was decomposed and C
from metabelic components was traced into the mineral-associated C pool, while C from
structural components was traced into the particulate C pool. Other investigations like this are
needed to improve how microbial traits and processes are represented in C models.

Conclusions
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468  Our model and experiment suggested that root-microbe interactions have different effects on
469 decomposition of complex compared to simple soil C. Roots stimulated decomposition of leaf
470 material and did not stimulate decomposition of starch in a broadleaf boreal ecosystem. It is
471  likely that complex C decomposition increased with root density because of microbial growth,
472  i.e., limitations,of active microbial biomass limitation were alleviated. Simple C decomposition
473  probably did net respond to root density or root exudation because microbes could grow

474  efficiently'on‘the simple substrate without requiring additional resources. These results provide
475 an important'constraint for representation of rhizosphere interactions in soil C models,

476  suggesting that model structures should accommodate interactions among substrates, microbes,
477  and roots to accurately represent soil decomposition mechanisms. We urge future investigators to
478 isolate decomposition in SOC fractions using measurements that take advantage of microbial
479  omics technologies and advanced soil chemical analyses to increase our understanding of how
480 root-microbe Interactions influence turnover of different soil C pools. Clearly, roots influence
481  microbial C processing, but the specific mechanisms of root-microbe interactions have yet to be
482  fully explored=and understood in the context of existing biogeochemical frameworks.
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Figure 2: Carbon pools (boxes) and flows (arrows) in the CORPSE model. Plants assimilate
carbon and transfer simple and complex C to microbes. Plant C and microbial necromass C can
be unprotected and available for microbial uptake, or in a protected pool that is unavailable for
microbial uptake. Flow of C between protected and unprotected pools occurs at a slow but
constant.rate..C flow into live microbial biomass contributes to growth of that pool, is released as
CO,, or contributes to the microbial necromass pool. Parameters that were modified to test the
model structural hypotheses included microbial enzyme kineti@nk inay) and microbial C

use efficiency (CUE). Our rhizosphere manipulation experiment used isotope tracers to track C
flow from simple and complex pools through to 6ss, or soil respiration. See the CORPSE
Simulations section for a detailed model description and equations and Supplérabla 2 for

model parameters.
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Figure 3=Relationships between root density, decomposition rate, and microbial biomass in model simulations (a, b), and between root
density;.soll respiration, and microbial biomass in the field experiment (c, d). The decomposition rate per unit mass for complex C

(blue) and simpl€ (green) in CORSPE is shown relative to simulations with zero root exudation (i.e., plant simple C inputs) and as a
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function of root density (a). Results from CORPSE simulations are shown for Hypothesis A (circles) and Hypothesis B (triangles).
Simulated microbial biomass as a function of root density*{B}labeled leaf material (blue circ)emnd**C-labeled starch (green
triangles) as a function of increasing root density (c). Microbial biomass as a function of increasing root lefiGttatieted leaf

material (blué_circles) ardC-labeled starch (green trianglég).
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