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The amount and composition of root exudates—low-molecular-weight
carbon compounds released from living plant roots into soil—are expected
to shift under global change, and a growing body of work indicates that root

exudates have important impacts on stable soil organic matter dynamics.
However, most research on exudate effects on soil organic matter uses
highly homogenized or artificial soil, leaving major uncertainties in how
exudates will influence carbon dynamics in natural, intact soil systems. We
used *C-labelled artificial root exudates to examine the effects of exudation
rate and type on stable soil organic matter formation and loss inintact
forest soil cores collected over a heterogeneous gradient in atemperate
hardwood forest. We observed effects of different exudate treatments
onstable soil carbon dynamics that overrode native soil heterogeneity,

and higher exudation rates enhanced mineral-associated organic matter
turnover but not accumulation. Organic and amino acid exudates led to net
mineral-associated organic matter accumulation, with amino acids having
particularly strong positive effects on microbial biomass. Simple sugars
increased mineral-associated organic matter turnover (both formation and
loss) but did not alter the size of this pool. Our results suggest that predicted
increasesin root exudation rates and compositional shifts towards simple
sugars under global change may reduce soils’ C storage capacity.

Theterrestrial carbon (C) sink captures one-third of anthropogenically
produced CO, (ref."), but rapidly rising concentrations of atmospheric
CO, raise questions about how plants and soil will interact to sequester
Cin the future’’. Root exudates—low-molecular weight organic com-
pounds released from living plant roots into soil—link plant and soil C
responsestoelevated CO,and arelikely to have greaterimmediate effects
on stable soil organic matter (SOM) formation and loss than shoot and
rootlitterinputs*®. Although thereis strong evidence that exudationrate
and exudate metabolite composition are likely to shift under elevated
CO, inresponsetoincreased plant Cfixation’°, little isknown about how
different root exudate species and exudation rates will influence SOM
formation and loss under ecologically realistic conditions.

Root exudation can lead to both SOM formation and SOM loss,
and its net effect on SOM probably depends on a combination of soil
environmental properties and properties of the exudate compounds.
Duetotheirlow molecular weight, exudates can have immediate effects
onlong-cycling mineral-associated organic matter (MAOM)*", unlike
non-soluble plant compounds, which typically must pass through the
particulate organic matter (POM) pooland be decomposed before they
can affect MAOM dynamics'.

SOM formation from root exudates can occur via microbial assimi-
lation of exudates and subsequent microbial turnover or by direct
sorption of exudates to soil minerals®. Bioenergetically favourable
exudates such as simple carbohydrates are more likely to form SOM
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Fig.1| Effects of exudation rate on MAOM dynamics. a,b, Effects of exudate C
input rate (one-way analysis of variance (ANOVA)) on exudate incorporation into
MAOM (a) and net change in MAOM between experimental and replicate cores
(AMAOM) (b). In a, different letters indicate treatments that are significantly
different from one another (one-way ANOVA; 1= 30; pignigh = 5 10).In b,
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asterisks (*) indicate treatments that are significantly different from the control
(one-way ANOVA; n=30; n=19 for control; P, = 0.02). Centre lines for each box
represent the median, and the upper and lower limits of the box represent the
interquartile range. Error bars represent lower and upper range limits (excluding
outliers), and outliers are indicated with bold points.

via microbial turnover™, while organic acids with reactive carboxylic
acid groups may be more likely to sorb directly to soil minerals and
form MAOM®,

Alternatively, root exudates may accelerate C mineralizationand
SOM ossviathe priming effect—fresh C inputsincrease microbial activ-
ity, stimulating native C mineralization'. Relatively recent research
amends this prevailing theory by suggesting that different root exudate
compoundsinduce the priming effect in different ways®. Bioenergeti-
cally favourable compounds such as Glc appear to stimulate microbial
activity via the ‘classic’ priming effect, whereas organic acids with
reactive carboxylic acid groups can complex directly with minerals
and lead to the dissociation of metal-organic complexes and loss of
native MAOM"", generally along a gradient of valency".

Inaddition to differences inbioenergetic favourability, nitrogen-
(N-)containing root exudate compounds may have unique effects
on SOM dynamics given that enhanced C inputs may induce micro-
bial N limitation'®", Along with carbohydrates and organic acids,
N-containing amino acids are frequently released by plants as root
exudates®®?, Several studies have shown that Glc (simple sugar) formed
more SOM via microbial assimilation than glycine (amino acid), but
the specific effect of Nwas not assayed in these experiments where the
different exudate compounds bore little structural similarity to one
another'?, Ifamino acids alleviate amicrobial N limitation, they could
suppress priming due to N-mining mechanisms, but N additions that
stimulate microbial biomass growth could increase priming overall®.

Artificial root exudate (ARE) experiments, which pump root
exudate-mimicking chemicalsinto soil systems, are useful forisolating
the effects of root exudates on soil C dynamics through experimental
manipulation. However, most ARE experiments take place in homog-
enized or artificial soil systems to make the effects of AREs on soil vari-
ables more consistent and easier to observe'*****, Other experiments
have pumped AREs directly into soil in the field"***?®, but these studies
typically occur over smaller spatial areas and incur difficulties when
trying to measure change in SOM pools over time.

Inthis Article, we use afully factorial ‘best of both worlds’ approach
by incubatingintact 40 cm®soil cores representing local variability in
soil C (Extended Data Fig. 1) with three different *C-labelled artificial
exudateinputs (asparticacid (AA), succinicacid (SA) and glucose (Glc))
attwodifferent Cinputratesina‘press’approach over 30 d.Inaddition,
we use structurally analogous organic and amino acid treatments (SA
and AA, respectively) to specifically assay the effect of aminoN on SOM

formation and loss. Our goal is to observe the individual and interac-
tive effects of (1) root exudation rate and (2) root exudate composition
on SOM formation and SOM loss while retaining native soil structure
and microbial communities over heterogeneous spatial scales. To
measure SOM formation from exudates, we traced C accumulation
inthe long-cycling MAOM fraction, and we compared MAOM % C with
replicate samples (taken adjacent to each experimental sample but
without ARE manipulation) to calculate net MAOM change over the
course of the experiment. We measured microbial biomass C (MBC)
to determine the effects of different exudate treatments on microbial
community size, pore-water C to assay microbial community turnover
and pore-water C to assay SOM priming.

Root exudates influence MAOM dynamics

We found significantly higher *C levels in all treatment samples com-
pared with the control in bulk, MAOM and POM fractions. We found
MAOM C was a better predictor of bulk soil *C (R?=0.9696) than
POM C (R?= 0.8451) and the additive (R*= 0.9694) and interactive
(R*=10.9690) effects of MAOM and POM °C, indicating that exudate C
inputsinfluence primarily the long-cycling MAOM fraction. Net change
in MAOM C between experimental and replicate cores (AMAOM) was
significantly affected by bothinput rate (Fig. 1) and exudate compound
type (Fig. 2), but not their interaction. All treatments (including con-
trol) showed similar net POM loss (Extended Data Fig. 2) during the
experiment, which is expected in the absence of particulate inputs.

Effects of exudation rate

We measured MAOM formation from exudate C by tracing the exudate
BClabel. As expected, we observed greater MAOM formation from exu-
date Cinthe high (35 pmolC cm™d™) thanin thelow (7 umolC cm™2d™)
exudate input treatments (Fig. 1a). After dividing by the amount of
exudate Cinput (to standardize for input rate), high treatments were
not significantly different from low treatments, indicating that exu-
date C was incorporated into MAOM at the same rate per unit input
in the low and high treatments. We calculated AMAOM between
experimental and replicate cores to determine whether MAOM for-
mation from exudate C corresponded with net MAOM accumulation.
Despite more exudate C beingincorporated into MAOMin the high-rate
treatments, AMAOM was only significantly higher in the low-rate
treatments (AMAOM = +0.49% + 0.85%) than the control treatment
(AMAOM =-0.50% +1.77%; Fig. 1b). Increases in pore-water C and *C
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Fig. 2| Effects of exudate compound type on MAOM dynamics. a,b, Effects of
exudate compound type (one-way ANOVA) on exudate incorporation into MAOM
(a) and net change in MAOM between experimental and replicate cores (AMAOM)
(b).Ina, different letters indicate treatments that are significantly different from
each other (n=20; Pyysp=0.03, Ps.gic =1 X107, Pypic = 5 X 1072). In b, asterisks
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(*) indicate treatments that are significantly different from the control (n =20;
n=19 for control; P, = 0.05, P..s4 = 0.05). Centre lines for each box represent
the median, and the upper and lower limits of the box represent the interquartile
range. Error bars represent lower and upper range limits (excluding outliers), and
outliers are indicated with bold points.

(indicators of SOM priming and microbial turnover, respectively) were
restricted to high-rate treatments (Fig. 3a,b), indicating that both SOM
formation and SOM loss are accelerated at high exudation rates.

Effects of exudate type

Our Glc exudate treatments showed the greatest incorpora-
tion of exudate C into MAOM (35% + 8% of total exudate C added;
Fig. 2a), but Glc was the only exudate type that did not significantly
increase the size of the MAOM C pool (AMAOMg,. = 0.04% +1.00%;
AMAOM, =-0.50% +1.77%; Fig. 2b), suggesting enhanced priming may
be offsetting enhanced MAOM formation rates in Glc treatments. To
confirmthis, inthe Glc high treatment, we observed elevated pore-water
B¢, suggesting rapid microbial uptake of exudate C and microbial
turnover (Fig. 3a), and elevated pore-water C, indicating SOM prim-
ing (Fig. 3b). Inaddition, we observed higher levels of pore-water alu-
minium (Al) andiron (Fe) in Glc high treatments (Extended Data Fig. 3),
which indicates that microbes in Glc treatments are priming MAOM
specifically by breaking metal-organic bonds'%, as opposed to POM.

Exudate C incorporation into MAOM was lower in SA treat-
ments than in Glc treatments (21% + 7%; Fig. 2a). However, SA treat-
ments exhibited net MAOM accumulation over the experiment
(AMAOMq, = 0.44% +1.29%; Fig. 2b). Pore-water *C was elevated in SA
high treatments, suggesting increased microbial turnover (Fig.3a), but
pore-water Cwas not significantly greater thanin the control, suggest-
ing little SOM priming. While SA treatments result in less MAOM for-
mation than Glc treatments, they do not appear to cause a substantial
priming effect, resulting in net MAOM accumulation.

Like SA treatments, AA treatments also resulted innet MAOM accu-
mulation (Fig.2b), despite having the lowest rates of exudate Cincorpo-
ration into MAOM (Fig. 2a). Low pore-water *C (Fig. 2a) and increased
MBC (Fig. 3¢c) suggest AA inputs foster microbial community growth
with less turnover than Glc or SA inputs. We also observed elevated
pore-water Cin AA high treatments (Fig. 3b), indicating SOM priming,
but lack of pore-water metals and net accumulation of MAOM C sug-
gest AA exudates promote priming of POM, not MAOM. As expected,
we also observed significantly greater AMAOM N in AA treatments
(Extended DataFig.4).

Presenting a framework for how root exudates
impact SOM

Overall, our results suggest that impacts of exudation rate and com-
positionon SOMintemperate forest soils can be broadly explained by

two principles: (1) increasing exudation rates increasingly favour SOM
priming relative to SOM formation (Fig. 4a), and (2) bioenergetically
favourable simple sugar exudates increase stable SOM turnover but not
netaccumulation while amino and organicacids induce lower turnover
rates but lead to net accumulation of stable SOM (Fig. 4b).

Root exudates resultin stable SOM formation

Our results indicate that SOM formation from root exudates is due
largely to MAOM formation via microbial assimilation and turnover.
Fossum et al. suggested that MAOM Cis derived largely from root exu-
dates;*in this Article, we demonstrate that the inverse of this observa-
tionisalso true: contributions of root exudates to bulk soil Care driven
primarily by contributions to the MAOM C fraction.

Several lines of evidence suggest that exudate-SOM formation
pathways are dominated by microbial assimilation rather than direct
sorption. First, we found the highest exudate incorporationin Glc treat-
ments, which are more likely than AA and SA to beimmediately assimi-
lated by microbes®® (Fig. 2a). Inaddition, SA and AA have higher direct
sorption potential due to the presence of carboxylic acid groups",
so if direct sorption were the dominant pathway of SOM formation,
we would expect higher MAOM C signatures in these treatments.
However, eveninthe AAand SA treatments, we observed greater mean
increases in AMAOM than could be due to exudate C alone. Microbial
processing and turnover may have contributed to this excess. Although
recentdevelopmentsin theliterature suggest that microbial assimila-
tion may not be the dominant pathway of SOM formation from plant
litter®°, our results suggest exudate-SOM pathways differ from lit-
ter-SOM pathways and point to aspecific role of exudates inregulating
microbial community growth and turnover.

SOM priming offsets formation as exudation rates
increase

Although we observed significantly higher exudate incorporation
into MAOM at high treatment rates (Fig. 1a), AMAOM was significantly
greater than the control onlyinlow treatmentrates (Fig. 1b). This sug-
gests that MAOM formation is increasingly offset by MAOM priming
asexudationratesincrease. Accordingly, we observed higher levels of
pore-water C, an indicator of priming, in some high-rate treatments
but no low-rate treatments (Fig. 3b). In this study, we use pore-water
C as ametric of SOM priming as SOM decomposition and release of
mineral-bound organics result in enhanced pore-water C levels™?.
We observed differences between patterns of total pore-water C and
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Fig. 3| Interactive effects of exudate compound type and rate on

soil variables. a-c, Interactive effects of exudate compound type and

rate (two-way ANOVA; n =10; n =19 for control) on pore-water §°C

(Pecsanign = 0.04, P cicnign = 0.001) (a), total pore-water C (Pcaanigh = 0.0001,
Pet-cichigh = 0.0001) (b) and microbial biomass C (P nign = 0.04) (€).

Asterisks (*) indicate treatments that are significantly different from the
control (n=10; n=19 for control). Centre lines for each box represent the
median, and the upper and lower limits of the box represent the interquartile
range. Error bars represent lower and upper range limits (excluding outliers),
and outliers are indicated with bold points.

pore-water *C, which suggest enhanced pore-water C is derived from
native MAOM and POM pools rather than exudate C alone (Fig. 3a,b).
These results suggest that if exudation rates increase under elevated
CO,, ratesof SOM loss are likely toincrease disproportionately to SOM
formation, potentially reducing forest soil C storage (Fig. 4a).

Different exudate compounds regulate SOM
dynamics through microbes

We observed that AA and SA treatments had significantly higher
AMAOM than control, indicating net MAOM accumulation over the
course of the experiment, while Glc treatments did not (Fig. 2b). This
finding is seemingly at odds with highest MAOM 2C in Glc treatments
(Fig.2a). We suggest that Glcis inducing the highest rates of both MAOM
formation and MAOM priming (Fig. 4b). While MAOM formation out-
weighs MAOM priming in AA and SA treatments, these effects offset
eachother in the Glc treatments.

Inthe preceding, we suggest that the main pathway of SOM forma-
tion from exudates is microbial assimilation and turnover. Pore-water
BC measurements also support this conclusion. We observed elevated
pore-water *C relative to control in Glc high and, to a lesser degree,
SA high treatments (Fig. 3a). While some pore-water >C may be due to
experimentally delivered exudate C that is not assimilated by microbes
oradsorbed to minerals, we do not believe this is the dominant pathway
as Glchasthe highest assimilation rate and lowest exogenous residence
times of all substrates used in this experiment™. Rather, we suggest that
elevated pore-water ®Cis due to assimilation of exudate C by microbes
and subsequent microbial turnover, which explains why Glc treatments
have the highest levels of both pore-water*C and MAOM*C (assuming
priming and desorption of new exudate-derived MAOM does not vary
substantially between exudate treatments).

Contrasting the pore-water C and 2C levels of AA and SA high-
lights the effect of amino groups on exudate-SOM pathways. Amino
groups appear to induce reduced rates of microbial turnover (lower
pore-water ®*C; Fig. 3a) and enhanced rates of microbial priming (higher
pore-water C; Fig. 3b). Reduced microbial turnover is consistent with
lower MAOM formation in AA treatments (Fig. 2a) and elevated MBC
inAA high treatments (Fig. 3c). However, enhanced microbial priming
isnot consistent with higher AMAOM levelsin AA treatments (Fig.2b).
Thus, we suggest that AA and Glc induce different microbial priming
strategies. Ninputs in AA treatments may favour microbial community
growth (increased MBC) and priming of POM, while Glc treatments
may favour a fast-cycling microbial community (no change in MBC
but enhanced microbial turnover indicated by elevated pore-water
BC) that is forced to prime MAOM as an N-mining mechanism under
C-only inputs®~*. These results are supported by elevated pore-water
Al and Fe in Glc high but not AA high treatments (Extended Data
Fig. 3), which suggests metal-organic dissociation in Glc but not AA
treatments?. Organic acids such as SA appear to result in moderate
rates of microbial turnover and low rates of priming. We propose the set
ofhypothesesinFig. 4 as onelikely explanation for the results observed
inthis experiment, but stress that further researchis needed to inter-
rogate the specific microbially mediated pathways at play.

Whatis clearis that different exudation regimes have differential
effects on SOM dynamics that were detectable despite natural het-
erogeneity in SOM between our samples (Extended Data Fig.1). SOM
dynamics at Harvard Forest bear similarities to several other temperate
forestsacross the eastern United States and the global average for soil
Cstocks in cool moist temperate forests*?*°. Specifically, we note that
McFarlane et al. found a similar proportion of soil C stock inthe dense
fraction (MAOM) across four temperate forest sites, including Harvard
Forest. Further work is needed to determine how broadly applicable
therelationships observed here are in other forest systems.

Organicacidsare generally considered the most common category
of forest tree root exudates™. Shifts in exudate composition away
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Fig. 4| Conceptual framework explaining possible roles of exudate
compound type and rate in regulating MAOM dynamics. a,b, A conceptual
framework to explain the effects of exudation rate (a) and exudate type (b) on
MAOM formation as mediated by microbial assimilation. Moving anticlockwise
fromthetree, the first set of arrows represents the rate of assimilation of exudate
Cby soil microbes, the second set of arrows represents the turnover rate of
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microbial biomass to MAOM, and the third set of arrows represents the rate of
MAOM priming. The width of the arrow represents the size of the C flux.Ina,
purple arrows represent low rates of exudation, and red arrows represent high
rates. Inb, organic acid exudate compounds are represented by blue arrows,
simple carbohydrates are represented by orange arrows, and amino acids are
represented by yellow arrows.

from organic acids under elevated CO, or other climate change driv-
ers could thus increase SOM priming relative to SOM formation®, and
plants may beincentivized toincrease SOM priming as an N-acquisition
mechanismin response toincreased C fixation®. We stress that mecha-
nistic effects of different exudate types on pore-water C and >C were
distinguishable only in 5x ambient exudation treatments, which are
higher rates than most predictions of elevated CO,-induced exuda-
tion regimes®®. However, our one-month incubation period was short
relative to even a single temperate forest growing season”, suggest-
ing thatthe patterns observed in our study may accumulate over long
periods of insitu.

Conclusion

These results provide important evidence for how root exudation
drives SOM formation and loss in temperate forests. We find root exu-
dates have an immediate effect on the typically long-cycling MAOM
C pool. We find that MAOM formation appears to outweigh MAOM
priming, but increasing exudate C concentrations are likely to dis-
proportionately increase rates of priming, potentially leading to SOM
loss depending on how elevated CO, shifts exudation rates. We also
propose differing microbial responses to different exudate treatments,
resulting in unique pathways of SOM formation and loss. We suggest
bioenergetically favourable simple sugar inputs result in fast-cycling
microbial communities, leading to high rates of SOM formation via
microbial turnover and high rates of SOM loss via microbial priming.
Alternatively, amino acids appear to alleviate microbial N limitation,
fostering microbial community growth and moderate priming. These
mechanisms further an understanding of how shifts in root exudate
compositionand rate under climate change will alter long-term soil C
sequestration and storage.
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Methods

Field sampling

Soils were collected from the Harvard Forest Barre Woods site (42.5° N,
72.2° W).Theecosystemis atemperate mixed hardwood forest charac-
terized primarily by deciduous tree species (specifically Acer rubrum
and Quercus rubra), and the soils are best characterized as Typic Dys-
trochrepts*°. Meanannual temperatureis 7.5 °C and mean annual pre-
cipitationis 1,119 mm yr™*°. Bulk soil C from Harvard Forest at 0-5 cm
has previously been measured at approximately 10% C with a §*C value
of —27%o (ref. »).

Tworeplicate soil cores of approximately 8 cmdepthand2.5cm
diameter (40 cm?®volume, henceforth referred to as ‘experimental’
and ‘replicate’ cores) were taken from 79 randomly distributed loca-
tions along a174 ft perimeter directly outside the control plot of the
Barre Woods site on 11 March 2021. Intact experimental cores were
placed directly intoincubation chambers made from 50 ml centrifuge
tubes, each of which had five aeration holes drilled into the tube
walls beforehand. Replicate cores were used to approximate soil
C at each sample location before experimental treatments. These
replicate cores were sealed, refrigerated overnight and analysed
the day after sampling. While some disturbance to the soil sample is
inevitable when using a 2.5 cm diameter soil probe, we transferred
samples directly from the probe to the incubation chambers used
for the experiment taking care to create as little disturbance to the
soil sample as possible.

Experimental design

The experiment followed a fully factorial design with six different
treatments (plus acontrol treatment) and 79 different samples (n =10
for treatments and n =19 for control). Experimental core samples in
incubation chambers were randomly distributed across arectangular
array, and a microporous capillary ‘artificial root” (Rhizon sampler,
Rhizosphere Research Products) was inserted fully into each soil core
throughaholeintheincubation chamber cap. Each artificial root was
connected to a 60 ml syringe through which exudate solution was
delivered to the samples at arate of 1 ml d viaamanual pump system
for30 d (12 March-10 April 2021).

To assay the effect of exudation rate on SOM dynamics, we
included two different C input rates: 7 and 35 pumolC cm™ artificial
rootsurfacearea per day (0.0099 and 0.0495 total gC, respectively).
The 7 pmolC cm™d ™ treatment mimicked ambient root exudation
levels at peak growing season in a temperate pine forest''’, adjusted
onthe basis of fine root surface area per unit volume measurements*,
and the 35 pmolC cm™>was 5x ambient root exudation rates. For each
inputrate, we used three different artificial exudate treatments (Glc,
SAand AA; allcommonroot exudate compounds®) to assay the effect
of exudate type. SAand AA are structurally analogous except for the
amino group; thus, differences between SA and AA treatments are
a specific consequence of the presence of an N-containing amino
group on AA. All exudate solutions were *C-labelled with a §"°C value
of +3,000%o.

Soil analyses

Moisture, bulk density and pH were measured on replicate cores the
day after sampling. Particle size fractionation was used to separate
the replicate samples into MAOM (<54 pm) and POM (54-2,000 pm)
according to ref. *2. In summary, air-dried soils were 2 mm sieved and
shakenwithadispersant (sodium hexametaphosphate) and glass beads
for 18 h before being passed sequentially through 2 mm and 54 pym
sieves to separate MAOM and POM fractions.

Over the course of the 30 d experiment, experimental samples
were weighed weekly to account for soil moisture change. Moisture
levels were not adjusted other than via the exudate additions, and
there was no significant effect of individual treatments on soil mois-
turethroughout the experiment. At the end of the experiment, Rhizon

samplers were acid washed and randomized, and pore water was
extracted using the same Rhizon samplers. This method led to higher
baseline 6C valuesin the pore-water samples; however, any treatment
effects observed overrode baseline variability. Particle size fractiona-
tion was used to separate MAOM and POM fractions in experimental
cores at the end of the experiment.

Soil from the replicate MAOM and POM fractions and from the
experimental MAOM, POM and bulk fractions were analysed for % C,
% N, 8"C and 8N using elemental analyzer isotope ratio mass spec-
trometry (EA-IRMS), and pore-water samples were analysed for % C
and 6"C using gas chromatography-isotope ratio mass spectrometry
(GC-IRMS). Isotopic analyses were carried out at the Yale Analytical
and Stable Isotope Center and Cornell Stable Isotope Lab. Exudate
incorporation into SOM fractions was calculated using mass bal-
ance based on *C signatures (Supplementary Methods). Changes
in MAOM and POM were measured as the difference in MAOM or
POM % C between the final experimental cores and the replicate
cores. Microbial biomass C was also measured from the experimental
samples using the chloroform fumigation method*®. In summary,
labile soil C was extracted from a subset of each experimental sample
using K,SO,, and asecond subset was fumigated with chloroform for
5d before being K,SO,-extracted. Total organic carbon was meas-
ured as non-purgeable organic carbon from both extractionson a
total-organic-carbon analyser (Shimadzu Scientific Instruments),
and MBC was estimated as the difference in non-purgeable organic
carbon between fumigated and non-fumigated samples divided by
an extraction efficiency factor of 0.4 (ref. **). Pore-water Al and Fe
were measured using colourimetric reactions**° and a visible light
spectrophotometer (Vernier).

Statistical analyses

Allstatistical analyses were carried out in R using analysis of variance
(ANOVA) models, and datawere verified to meet ANOVA model assump-
tions before analyses. To assay exudate Cincorporationinto SOM, we
modelled the effects of exudation rate and exudate type on *C signa-
turesin all soil fractions. We modelled change in soil C and N between
experimental and replicate cores in MAOM and POM fractions as a
function of exudation rate and exudate type to determine the effects
ofthese variables on net changesin SOM. We also modelled the effects
of exudation rate and exudate type on pore-water C, Al and Fe as indi-
cators of SOM priming, and pore-water *C and MBC as indicators of
microbial turnover and community size, respectively. When theinterac-
tionbetween exudation rate and exudate type was not significant, we
modelled the effects of these variables individually. For several meas-
urements, we transformed the data before analysis to meet ANOVA
model assumptions. For MBC, we used a square root Box-Cox power
transformation, and for pore-water C, we used alog normalization. For
measurements of exudate C incorporation into MAOM via®C tracing,
we compared non-control exudate treatments with one another. For
all other measurements, we used a contrast matrix to restrict ANOVA
comparisons such that each exudate treatment was compared with
the control, but exudate treatments were not compared with each
other. We used a simple linear model to determine the relative influ-
ences of MAOM *C, POM C and their additive and interactive effects
on bulk soil *C. In all statistics, we assessed significance at an alpha
value of 0.05.

Data availability
Data underlying this study can be found at https://doi.org/10.6084/
mo.figshare.21221288 and metadata at https://doi.org/10.6084/
mo9.figshare.21221294.

Code availability
Code for statistics and figure generation can be found at https://doi.
org/10.6084/m9.figshare.21221300.
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analyzed immediately (1day) after sampling and did not receive any exudate previous ARE experiments in homogenized soils.
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