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1 | INTRODUCTION

Current estimates of net CO, release from permafrost ecosystems
vary from around 20 billion to more than 200 billion tonnes of C
by the end of this century (Gasser et al., 2018; Natali et al., 2019;
Schuur et al., 2015; Turetsky et al., 2019 ). If C losses approach
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Abstract

Carbon cycle feedbacks from permafrost ecosystems are expected to accelerate
global climate change. Shifts in vegetation productivity and composition in perma-
frost regions could influence soil organic carbon (SOC) turnover rates via rhizosphere
(root zone) priming effects (RPEs), but these processes are not currently accounted
for in model predictions. We use a radiocarbon (bomb-*C) approach to test for RPEs
in two Arctic tall shrubs, alder (Alnus viridis (Chaix) DC.) and birch (Betula glandu-
losa Michx.), and in ericaceous heath tundra vegetation. We compare surface CO,
efflux rates and *C content between intact vegetation and plots in which below-
ground allocation of recent photosynthate was prevented by trenching and removal
of above-ground biomass. We show, for the first time, that recent photosynthate
drives mineralization of older (>50 years old) SOC under birch shrubs and ericaceous
heath tundra. By contrast, we find no evidence of RPEs in soils under alder. This is
the first direct evidence from permafrost systems that vegetation influences SOC
turnover through below-ground C allocation. The vulnerability of SOC to decompo-
sition in permafrost systems may therefore be directly linked to vegetation change,
such that expansion of birch shrubs across the Arctic could increase decomposition
of older SOC. Our results suggest that carbon cycle models that do not include RPEs
risk underestimating the carbon cycle feedbacks associated with changing conditions

in tundra regions.
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vegetation change

~100 billion tonnes, this alone could exceed remaining emis-
sions budgets for meeting the UN Paris Agreement 1.5°C target
(Tokarska & Gillett, 2018). In the near term, increased plant pro-
ductivity or ‘greening’ at high latitudes is expected to partially
compensate for increased mineralization of soil organic carbon
(SOC) in warming soils (Bjorkman et al., 2018; Burke, Chadburn,
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& Ekici, 2017; Elmendorf et al.,, 2012). In some tundra regions
the abundance of tall woody shrubs is already increasing (Myers-
Smith et al., 2011). However, the potential gains in C storage in
plant biomass are small (1-3 kg C/m? if tall shrub tundra replaces
sedge tundra; Berner, Jantz, Tape, & Goetz, 2018), compared to
the large amount of C contained in surface soils (~10-100 kg/m?
in the top 1 m; Hugelius et al., 2014). Changes in SOC storage in
the active layer, the seasonally unfrozen part of the soil profile
that lies above the perennially frozen permafrost, are expected to
be as important as permafrost thaw in determining the strength
of the permafrost C feedback (PCF) during the first half of the
current century (Burke, Chadburn, et al., 2017). Carbon storage
in the active layer will be determined by whether increasing C in-
puts outweigh C losses from faster SOC turnover. Reducing un-
certainty around the PCF therefore relies on our understanding
of how SOC mineralization rates will respond to changing environ-
mental conditions, including vegetation change.

SOC mineralization rate depends on abiotic conditions such
as temperature and moisture as well as the chemical character-
istics of soil organic matter, but rates can also be influenced or
‘primed’ by the availability of labile C substrates (Blagodatskaya
& Kuzyakov, 2008). Priming effects are defined as a change in the
rate of mineralization of existing SOC in response to an added sub-
strate. Priming responses to labile C are generally positive as high
energy compounds stimulate the microbial decomposer community
(Kuzyakov, Friedel, & Stahr, 2000). In Arctic soils, small additions
of glucose increase the relative rate of CO, production from native
SOC by ~30% in organic soils and by ~150% in mineral soils (Wild
et al., 2014). Rhizosphere priming effects (RPEs)—the influence of
living plant roots on SOC mineralization rates—are thought to arise
via a similar mechanism, as root exudates and rhizodeposits provide
high energy C substrates to soil microbes. RPEs also often have a
positive effect on SOC mineralization, but not consistently so (Huo,
Luo, & Cheng, 2017). RPEs are much more difficult to quantify
than priming effects from experimental substrate additions be-
cause quantifying SOC mineralization in the presence of roots re-
quires below-ground respiration to be partitioned into autotrophic
and heterotrophic sources. This partitioning is difficult to achieve
even under controlled conditions (Subke, Inglima, & Francesca
Cotrufo, 2006), and as such, the evidence for the presence of in
situ RPEs is limited (Huo et al., 2017). Key field-based evidence for
RPEs is inferred from shifts in the natural abundance radiocarbon
(**C) content of respired SOC in the presence of plants—these ef-
fects have been observed in Arctic mountain birch forest (Hartley
et al., 2012) and in peatlands (Gavazov et al., 2018).

If mineralization of native SOC can be positively primed by
below-ground inputs of labile plant C, there may be an important
link between plant activity in permafrost systems and SOC turn-
over in the active layer. If SOC turnover increases with vegeta-
tion change, it would be possible for Arctic ecosystems to gain
C through increasing plant biomass while losing C from the soil.
There is some field data to support this—some more productive

high latitude forest and shrub ecosystems have lower total soil C

than the nearby less productive tundra (Hartley et al., 2012; Parker,
Subke, & Wookey, 2015; Sgrensen et al., 2018; Wilmking, Harden,
& Tape, 2006). However, current estimates of the PCF are largely
based on models that represent SOC decomposition responses to
temperature and moisture. These models do not take into account
rhizosphere processes, which may influence the vulnerability of
SOC to decomposition (Koven et al., 2015; Schiadel et al., 2014).
Earth system model predictions of the PCF are highly sensitive
to how SOC mineralization processes are represented, so if cur-
rent models are missing a key driver of SOC turnover, the impact
on predicted climate feedbacks could be very significant (Burke,
Chadburn, et al., 2017).

There is therefore an urgent need to understand the links be-
tween changes in vegetation distribution and productivity, and SOC
turnover. In this study we ask: do RPEs influence SOC mineraliza-
tion rates in permafrost ecosystems? If so, do RPEs differ between
vegetation types, which may shift in abundance with Arctic green-
ing? We develop the radiocarbon (bomb-'4C) approach of Hartley
et al. (2012) and Gavazov et al. (2018) to compare RPEs in two spe-
cies of tall woody shrub vegetation versus ericaceous heath tundra,
using a novel Bayesian mixing model approach to examine potential
positive and negative RPEs. We test whether the allocation of recent
photosynthate C (RPC) below-ground influences SOC mineralization
by comparing the 14¢C content of soil CO, effluxes with and without
an intact plant canopy, using two-source mixing models: (a) a null
model in which there are no priming effects and (b) a model in which
either positive or negative RPEs can impact both the *C content of
respired SOC and the rate of SOC mineralization.

We hypothesize that evidence for RPEs will be strongest in tall
shrub tundra vegetation, which has greater above-ground biomass
and is more productive than ericaceous heath tundra. Previous
work at the same site (Street et al., 2018) has shown that a larger
proportion of recent photosynthate is allocated below-ground in
birch shrub vegetation compared to alder (a nitrogen fixing species).
Recently fixed C in birch shrub vegetation is also widely distributed
throughout the soil profile, while in alder recent photosynthate is
mostly retained within plant root biomass (Street et al., 2018). We
therefore expect RPEs to be greater in birch vegetation compared

to alder because of greater labile C inputs to the soil under birch.

2 | MATERIALS AND METHODS
2.1 | Experimental design

We worked within Siksik creek catchment, a subcatchment of Trail
Valley Creek in the uplands of the Mackenzie delta region, ap-
proximately 60 km north of Inuvik, NW Territories, Canada. The
landscape is within the continuous permafrost zone and is char-
acterized by rolling hills with a mean elevation of c. 100 m above
sea level, and up to 30 m elevation change between valley bottom
and hill top. Mean air temperatures in the region are—20.9°C from
October to April, and 7.7°C from May to September (Teare, 1998).
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Precipitation in 2014 was 277 mm, similar to the mean annual pre-
cipitation from 1960 to 2005 (Dean et al., 2016; Marsh, Onclin, &
Neumann, 2002). Soils at the site are organic-rich turbic cryosols
with an organic layer of approximately 0.05-0.5 m thickness, over-
lying a ~1 m thick Pleistocene till layer (Dean et al., 2016, 2018;
Rampton, 1988).

We established three pairs of replicate 0.5 x 0.5 m plots in
three vegetation types; (a) tall shrub vegetation dominated by
alder (Alnus viridis (Chaix) DC.), (b) tall shrub vegetation domi-
nated by birch (Betula glandulosa Michx.) and (c) dwarf shrub tun-
dra predominantly composed of ericaceous species (‘ericaceous
heath tundra’). Plots were established on 18 August 2013, during
the thaw season 1 year prior to sample collection (Table S1 pro-
vides information on understorey plant composition, soil thaw
depth and organic layer depth for the experimental plots). To
prevent below-ground allocation of RPC we removed all above-
ground biomass from one of each pair of plots by cutting the
stems at the ground surface, leaving the moss layer intact. The
plant removal treatment was randomly allocated to one of each
pair of plots. Each plot was also ‘trenched’ to a depth of 0.2 m by
carefully cutting around the outside of the plot with a knife, in
order to sever root connections in the surface organic layer. We
observed a limited amount of shrub regrowth the following year,
and this was removed before measurement. A 0.16 m diameter
surface respiration collar was installed in the centre of each plot,
and sealed to the ground surface with putty (Plumber's Mait,
Evo-stick) to avoid severing roots or rhizomes in the intact plots.
We monitored soil temperature in the intact and plant removal
plots every 4 hr using iButton data loggers, and on 13 July 2014
sampled soils for determination of gravimetric soil water content
(see Data S1).

2.2 | 4C sample collection and analysis

We collected CO, samples for 14C determination on three occa-
sions; on 21-22 June, 10-13 July and 7-9 September 2014. CO,
samples from the surface respiration collars were collected onto
molecular sieve cartridges using an established technique (Hardie,
Garnett, Fallick, Rowland, & Ostle, 2005), for more details see Data
S2. Freezing weather conditions and strong winds meant we were
unable to collect sufficient CO, for analysis from the heath tundra
plots in September. To quantify the *C content of CO, respired at
depth in the soil profile we inserted 6 mm diameter stainless steel
probes to a depth of 0.2 m, approximately 0.2 m distant from each
surface respiration collar. The probe inlet holes were sealed with
a gas permeable, water-tight membrane (Street et al., 2016) and a
molecular sieve cartridge was connected to the other end of the
probe (Garnett & Hardie, 2009). At 0.2 m depth, all but two probes
sampled CO, from mineral soil horizons. CO, was collected from the
probes for a continuous period of 6 weeks beginning end of July
2014 (we were unable to collect enough CO, for analysis in one in-

tact heath tundra plot). Molecular sieve cartridges were returned to
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the NERC Radiocarbon Facility (East Kilbride), United Kingdom and
the CO, recovered by heating and cryogenic purification (Garnett &
Murray, 2013).

2.3 | Respiration measurements

We quantified surface CO, efflux rates immediately prior to collect-
ing 14C02 samples, using the same collars and an EGM-4 infrared
gas analyzer (IRGA) connected to a CPY-4 plant canopy chamber
(PP Systems). The chamber (2.4 L volume) was fully darkened prior
to measurement using a custom-made light-proof cover. CO, con-
centrations in the chamber were recorded every 20 s over a 2 min
period, and CO, fluxes were calculated based on the rate of change
of CO, concentrations, using the linear term from a second-order

polynomial fit in R (version 3.5.1).

2.4 | Soil profile **C sampling

We sampled three organic soil profiles in each vegetation type
for C determination. A trench was excavated exposing a vertical
face from which 1 or 2 cm sections of approximately 16 cm? were
cut using a knife. Care was taken to clean the knife thoroughly
before removing each section in order to prevent contamination
between layers. An initial profile was sampled in 2013, followed
by two further profiles in 2014. Bulk soil samples were combusted
in sealed quartz glass tubes and recovered as CO, following cryo-

genic purification.

2.5 | %C determination and interpretation

For all radiocarbon samples the recovered CO, was split into ali-
quots. One aliquot was converted to graphite via Fe-Zn reduction
and measured for C content using accelerator mass spectrometry
at the Scottish Universities Environmental Research Centre (East
Kilbride, UK). A second aliquot was used for determining 513C (rela-
tive to the Vienna PDB international standard) by isotope ratio mass
spectrometry (Thermo-Fisher Delta V). We used the §'°C values
to correct the *C results for isotopic fractionation following con-
vention, and expressed the *C data as %modern and conventional
radiocarbon ages (in years BP, where 0 BP = AD 1950; Stuiver &
Polach, 1977).

We also used the 8*3C data to calculate the fractional component
of atmospheric CO, (f,,) in the respired CO, samples:

fair:(55_5r>/(5a_5r>: (1)

where g, ¢, and § are the 513C values of the recovered sample (s),
atmospheric CO, (a) and soil respiration in the absence of atmospheric
CO, (r) respectively. We determined &, from atmospheric CO, col-

lected at the field site by drawing ambient air through a molecular
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sieve cartridge, and g from CO, recovered from soil incubations that
excluded atmospheric CO,,.
The C content of respired CO, (A)) in the absence of atmo-

spheric CO, was then calculated using:
A= (As = far X Aa)/(l - fair)' (2)

where A_ is the sampled 1€ value from the surface collars, A, rep-
resents the *C content of atmospheric CO, at the field site during the
year of sampling (collected using molecular sieve traps).

Nuclear weapons testing at the end of the 1950s to the mid-1960s
enriched the atmosphere with 14CO2 resulting in a ‘bomb-peak’ in
atmospheric *C levels (Levin & Hesshaimer, 2016). Atmospheric
14CO2 has since decreased but remains elevated relative to when
nuclear testing began. The theoretical atmospheric 14CO2 content
in 1950 is defined as 100 %modern - C fixed from the atmosphere
prior to 1950 (“pre-bomb”) has a **C content < 100 %modern and
will generally be older the lower the %modern value (as a result of
radioactive decay).

2.6 | Statistical analysis

To test for differences in the **C content of soil CO, efflux between
vegetation types and treatments, we fit mixed effects linear models
using the nlme package (version 3.1-137) for R (version 3.5.1). *C
data for the tundra heath vegetation in September were missing, so
we analysed the data twice using (a) only the birch and alder shrub
data, so every time point plus interactions could be included in the
full model and (b) using only the June and July time points, so all veg-
etation types and interactions could be included. We incorporated
vegetation type, treatment and measurement date as fixed effects,
and plot as a random effect to account for the repeated measures
design. We did not include a random effect to account for the plot
pairing as this did not explain any additional variation in the models
that is, the soils were too spatially variable for the pairing to be ef-
fective. We also included a variance function (using weights = varl-
dent) in the model to account for heterogeneity of variances between
groups (Pinheiro & Bates, 2009). In all cases, three-way interaction
terms with measurement date were insignificant and, based on like-
lihood ratio tests, did not provide an improvement in model fit, so
were removed.

To test for differences in soil CO, efflux (F;) between vegeta-
tion types and treatments, we also fitted mixed effects linear mod-
els. However, because in September we estimated relative Fg fluxes
between treatments based on the amount of CO, build-up in the 4c
sampling chambers (ppm/min), rather than measuring flux rates with
the IRGA, we excluded the September data. There was no missing res-
piration data from the June and July time points, so we incorporated
vegetation type, treatment and measurement date (June or July) as
fixed effects, and plot as a random effect. We also included a variance
function (using weights = varldent()) in the model to account for het-

erogeneity of variances between groups (Pinheiro & Bates, 2009). The

three-way interaction term between vegetation type, treatment and
measurement date was insignificant and did not improve model fit, so
was removed.

We tested the effect of the plant removal treatment on the 4C
content and concentration of pore space CO, at 0.2 m depth by
fitting generalized least squares models, with vegetation type and
treatment as factors (nlme package for R version 3.5.1). Variance
functions were included to account for heterogeneity of variances
between treatments.

2.7 | Mixing model analysis

To test for priming effects of RPC on heterotrophic respiration
we carried out two separate analyses, both based upon two-
source mixing models. In the first analysis we assume there are
no priming effects (the ‘null model’) and test whether a simple
two-source mixing model can simulate the 14C content of soil
CO, efflux in the intact plots, given the observed data and errors
(Equation 3a,b, Figure 1a):

A intact = (B¢ _net X [1 = frec]) + (Agec X frec)s (3a)

where £
prc -1 < ;,removal > (Sb)
S_intact

A intact @nd A, are the ¢ content of soil CO, efflux from
the intact plots and plant removal plots, Ay is the 14C content of
RPC, fgpc is the fraction of soil CO, efflux derived from RPC, F
and FS_remova
removal plots. This model assumes that both the absolute flux rate,

S_intact

, are the surface CO, efflux rates in intact and plant

and the *C content, of soil CO, efflux from the plant removal plots
reflect the rate and **C content of heterotrophic respiration in the
intact plots. In this case, the measured difference in Fg between
treatments reflects the contribution of RPC to respiration in the
intact plots (Equation 3b), and a two source mixing model should
be able to reproduce the observed *C content of soil CO, effluxin
the intact plots (Figure 1a, Equation 3a). There is likely to be some
residual respiration from live roots in the plant removal plots, but
we assume this is small and include it implicitly as part of the het-
erotrophic fraction.

We accounted for error in the observations by representing the

isotopic end-members (A and Ag,c in Equation 3a) and the mixing

r-het
fraction for RPC (fRPC) as normal distributions, based on the mean

and standard deviation (SD) of the observed values. For A_, ., we
used the mean and SD of the measured **C content of CO, flux from
the plant removal plots. For the fraction of respiration from RPC
(frpc), we used the mean and SD of the relative soil CO, efflux rates
in the intact and plant removal treatments, truncating the normal
distribution between 0 and 1 to ensure all terms in the mixing model
are positive. For the *C content of RPC we used an estimated value

of atmospheric 14CO2 for 2014, based on the measured value in 2015
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FIGURE 1 Schematic representation of two-source mixing models with and without priming effects. (a) Two-source mixing model without
priming effects (the null model). This model assumes that the difference in soil CO, effluxes between intact and plant removal plots reflects the
contribution of recent photosynthate-derived C (fRPC' here fgpc = 0.4). In the null model analysis, we simulate the distribution of expected values
for soil efflux 14CO2 in the intact plots, based on the observed differences in soil CO, efflux rates and 14CO2 from the plant removal treatment,
including observed errors. We compare the simulated distributions to soil efflux 14CO2 data from the intact plots to test whether the null model
is consistent with the observed values; (b) two-source mixing model with priming effects. This model does not assume that the difference in

soil CO, efflux rates between intact and plant removal plots reflects the proportional contributions of recent photosynthate carbon (fgp) and
heterotrophic respiration—rhizosphere priming effects can potentially result in either a stimulation (positive priming) or a suppression (negative
priming) of heterotrophic respiration rates. In this analysis, we optimize the model to fit the observed values of soil CO, efflux 14CO2 inintact
plots, to produce joint distributions for @ and f that are consistent with the observed data, while fp,. is free to vary between O and 1

minus 0.4%modern + AMS analytical error (103.87 + 0.49%modern).
Using a mean 14CO2 value that assumes plant photosynthate is on
average 0.5%modern more enriched, or 0.5%modern less enriched,
does not change our results (Data S3; Figure S4). We then simulate
the expected C content of soil CO, efflux in the intact plots by
generating 100,000 random samples from these distributions. If
the observed mean 14CO2 for the intact plots falls outside the 95%

highest density interval (hdi) of the simulated mean, we conclude

that the null model is insufficient to explain the observations given
the associated error—and therefore that the observed data provide
evidence of priming.

We carried out a second model analysis for the peak growing
season data, in which we assume possible plant removal effects on
heterotrophic respiration (Figure 1b, Equation 4a,b):

A intace = ([Ar —het + 8] X [1=frec] ) + (Arpc X frec) » (4a)
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where

S_removal ) ) (4 b)

F
frec =1 -

FS_intact

A intact and A, are the 14C content of soil CO, efflux from
the intact plots and plant removal plots, Aypc is the 14C content
of RPC, fgpc is the fraction of soil CO, efflux derived from RPC,
FS_intact and FS_remova
plant removal plots, a is a parameter representing priming effects

| are the surface CO, efflux rates in intact and

on the flux rate of heterotrophic respiration, g and is a parameter
representing a shift in the *C content of the heterotrophic respi-
ration C source.

The priming model allows for impacts of RPC on both the rate
(which we refer to as a ‘flux rate change’, parameter ) and the *C
content (a ‘source-shift’, parameter p) of heterotrophic respiration
in intact vegetation. If there is no heterotrophic flux rate-change in
response to plant removal, the difference in F; between treatments
will reflect the contribution of RPC to F in the intact plots. However,
if priming effects on heterotrophic respiration rates are present we
cannot assume this to be the case, and so cannot estimate the RPC
contribution to soil CO, efflux by comparing F; between treatments.
We therefore allowed the fraction of fi, to be unconstrained be-
tween 0 and 1, and estimate the joint distribution for potential flux
rate changes and 14C source-shifts that satisfies isotopic mass bal-
ance in the mixing model and is consistent with the observed data.
This analysis was carried out with the RStan package (version 2.18.2)
for R version 3.5.1. We provide more information on model assump-

tions and our choice of priors in Data S3.

3 | RESULTS
3.1 | Treatment effects on soil CO, efflux and 4c

We removed above-ground vascular plant biomass from treatment
plots to prevent below-ground allocation of RPC. This resulted in
a reduction in soil CO, efflux rate (F¢) in the plant removal plots
(Figure 2a; Figure S3; Table S2) but the relative difference in Fg be-
tween intact and plant removal plots decreased as the thaw season
progressed (Figure 2a; Table S2). There was a large increase in abso-
lute soil CO, efflux rates in both treatments between June and July
(Figure S3). The average radiocarbon content of soil CO, efflux was
either equal to, or more depleted than, ambient atmospheric 14CO2
for all sampling times and treatments (Figure 2b,c). We found no sig-
nificant differences in the C content of CO, efflux between treat-
ments in any vegetation type (Table S3), but soil CO, efflux under
birch shrubs was consistently enriched in **C (by ~1.3%modern) rela-
tive to alder across all sampling periods (linear mixed effects model,
n =3, p =.02) and also tended to be more enriched relative to both
alder and heath tundra vegetation in June and July only (linear mixed
effects model, n =3, p = .1).

We found no significant treatment effects on soil temperature or

moisture (Figures S1b and S2) and no relationship between surface

efflux **C and temperature (Figure S2). In June the average thaw
depth in alder was 0.1 m and in heath tundra 0.27 m, with birch in-
termediate. By July, thaw depths had increased to c. 0.3 m in alder,
and c. 0.5 min both the other vegetation types. There was no effect
of treatment on thaw depth (Table S1).
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FIGURE 2 Impacts of plant removal treatment on soil CO,

efflux rates and *C content. (a) Soil CO, efflux rates in the plant
removal plots as a fraction of soil CO, efflux in the intact plots for
alder shrub, birch shrub and heath tundra vegetation (n = 3), (b)
14C content of soil CO, efflux in intact plots (n = 3), and (c) plant
removal plots (n = 3). Error bars are standard errors. The dashed
line in (b) and (c) is the estimated atmospheric 14CO2 for 2014 + 1o.
The shaded area represents ‘pre-bomb’ **C values. 14CO2 in birch
was significantly enriched by ~1.3%modern compared to alder and
heath tundra vegetation (Table S3a,b). There was no significant
effect of plant removal treatment on the **C content of soil CO,
efflux for any vegetation type
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3.2 | Insitu evidence for RPEs

A two-source mixing model with no priming effects (the ‘null’ model
[Figure 1a]) was able to reproduce the **C content of soil CO, effluxes
from intact plots for all vegetation types in June and September
(Figure 3a-c,g,h). During the peak growing season in July, however,
the null model overestimated the *C enrichment of soil CO, efflux
in intact birch plots (Figure 3e). This is evident that either the rate
and/or the *C content of heterotrophically respired C changed in
response to plant removal. The null model also overestimated the
14C enrichment of soil CO, fluxes in heath tundra in July, but the
observed mean value falls within the 95% hdi of the simulated mean
value (Figure 3f). For alder, the null model was consistent with the
observed CO, data across all time points.

3.3 | Heterotrophic respiration is more **C-depleted
in the presence of recently photosynthesized carbon

To estimate potential **C shifts in the C source for heterotrophic

respiration during July, we optimized a two-source mixing model
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including RPEs (the ‘priming’ model [Figure 1b]) to the observed
14CO2 data. If RPEs are present, differences in F_ between intact and
plant removal plots will reflect differences in heterotrophic respira-
tion rates between treatments, in addition to the direct effect of
reducing the autotrophic component of the flux. To account for this
we assume no prior information on the partitioning between auto-
trophic versus heterotrophic CO, sources—the fraction of fgp is
allowed to vary between 0 and 1. It should be noted though, that
because fgpc cannot be less than zero, there is an upper limit to the
value that a can take (Figure 4). This value is smallest for alder at 1.25
and greatest for birch at 2.1.

In alder, a C shift was not required to reproduce the mea-
sured surface efflux **C values (Figure 4a,d), consistent with the
lack of evidence for priming in the null model analysis. During peak
growing season, however, modelled heterotrophic respiration in
intact birch vegetation is more depleted in **C than in the plant re-
moval treatment (Figure 4b,e). This negative shift in **C content is
apparent regardless of whether or not absolute rates of heterotro-
phic respiration increase (a positive rate change, a > 1) or decrease
(a negative rate change, a < 1) in response to plant removal. However,

the shift in heterotrophic **C required to reproduce the observed
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FIGURE 3 (a-h) Simulated **C content of soil CO, efflux in intact vegetation using a two-source mixing model that assumes no priming
effects (Equation 3a). Points are observed 14CO2 values (n = 3), vertical lines are the mean of the observed values. Shaded areas are 95%
highest probability density intervals for the simulated value. The mixing model overestimates the **C content of soil CO, efflux during peak
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efflux **CO,, decreases as « increases, and above a = 1.6 no shift in
€ is required to explain the observed values (Figure 4b). There is ev-
idence of a similar negative shift in 14C in the heath tundra vegetation
(Figure 4c), but in this case the average *C shift is negative for all
values of a. For illustration purposes, if we assume that any heterotro-
phic flux rate change, which occurs as a result of RPEs, is likely to be
positive but modest that is, < +30% (1 < a < 1.3), the most likely value
for the shift in 1*C content of heterotrophic respiration is c. 0%modern
for alder shrub vegetation, c. -1.5%modern for birch shrub vegetation
and c. -2.1%modern for heath tundra (Figure 4d-f).

3.4 | Evidence for the influence of recent
photosynthate at 0.2 m

Average soil pore space 14CO2 in intact plots was depleted relative to
ambient atmospheric values for all vegetation types and >100%mod-
ern only in birch plots (Figure 5a). Pore space “CO, was significantly
more enriched in the intact plots than in the plant removal plots overall
(generalized least squares, p = .003, Figure 5a) driven by large differ-
ences between treatments in the shrub plots. Pore space 14CO2 was
similar between treatments in the heath tundra. In the plant removal
plots 14CO2 collected at 0.2 m was <100%modern on average in all
vegetation types (Figure 5a; Table S5). Soil pore CO, concentrations
at 0.2 m depth were also significantly lower in the plant removal plots
(generalized least squares, p = .003, Figure 5b; Table S4).

3.5 | Radiocarbon content of organic soils

The maximum depth of the organic horizon in soil profiles sampled
for their radiocarbon content varied from 0.12 to 0.24 m in alder,
0.03 to 0.1 min birch and 0.12 to 0.20 m in heath tundra (Figure 6).
¢ depth profiles under each vegetation type show that bulk soil
1€ was <100%modern at depths greater than ~0.1 m in alder and
birch vegetation, and at depths greater than ~0.05 m in heath tun-
dra (Figure 6). At 0.2 m depth bulk SOC beneath alder and heath
tundra vegetation had conventional radiocarbon ages of ~600 and

1,500 years respectively (Figure 6).

4 | DISCUSSION
4.1 | Plant removal decreased soil CO, efflux
without significantly changing the *C content

The plant removal treatment had a clear impact on soil CO, ef-
flux rates, which were reduced by up to 70% in the treated plots.
In June, and early September, rates of photosynthesis in the in-
tact plots would have been lower than in July—measurements in
June were made just after bud-burst and before shrub leaves had
expanded, and in September after leaf senescence. We neverthe-
less saw clear differences in soil CO, efflux rates between treat-
ments, suggesting that roots in the intact plots were active and
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FIGURE 4 Modelled priming effects on heterotrophic respiration fluxes and *C content using a two-source mixing model (Equation
3b). (a-c) Posterior joint probability distributions for the *C source-shift in heterotrophic respiration (B) and the priming of heterotrophic
flux rates (a). The solid line shows the median *C shift which is consistent with the data, as priming of heterotrophic flux rates varies. The
fraction of RPC derived respiration is allowed to vary in the model between 0 and 1. (d-f) Posterior probability distributions for the mean
14C content of heterotrophic respiration in intact (solid lines) and plant removal (grey dashed lines) plots, assuming modest positive priming
of respiration flux rates ( 1 < a < 1.3; dark grey shaded areas in top row panels)
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respiring at all sampling times. The relative difference in soil CO,
efflux between treatments tended to decrease over time however,
particularly in the tall shrub plots between June and July. This pat-
tern is likely driven by large increases in absolute heterotrophic
respiration rates as soils in both treatments warmed and thawed
(Mikan, Schimel, & Doyle, 2002). Despite clear treatment effects
on the absolute rates of soil CO, efflux, we saw little impact of the
treatment on the *C content of CO,. In the absence of priming,
we would expect the **C content of soil CO, efflux in the removal
plots to be more depleted than the intact plots, because the RPC

CO, source is relatively enriched in 14C. Our mixing model analysis
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was designed to explore the reasons for the lack of treatment ef-
fect, taking into account uncertainty in both the soil CO, efflux
and '*C data.

4.2 | RPEs influence SOC mineralization in
permafrost ecosystems

We find evidence for RPEs in peak growing season in birch veg-
etation, and weaker evidence in ericaceous heath tundra—the

observed lack of treatment effect on the **C content of soil co,
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FIGURE 5 Effects of plant removal on soil pore space CO, concentrations and 14C at 0.2 m depth. (a) Pore space 14CO2 content and (b)
CO, concentration at 0.2 m depth July-August 2014. Error bars are SE, n = 3 except for Heath tundra intact plots where n = 2. The grey

shaded area indicates pre-bomb **C values (less than 100%modern)
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efflux cannot be explained without inferring a change in either the
rate of flux, or the *C content, of heterotrophic respiration in the
presence of an intact plant canopy. We find no evidence of RPEs in
alder vegetation, or in any vegetation type outside the peak grow-
ing season. A lack of evidence does not mean we can conclusively
say RPEs are not operating, as they may be present but undetect-
able. However, a lack of RPEs in spring and autumn would be con-
sistent with controlled experimental studies which show that the
strength of RPE responses are more closely related to plant leaf
biomass—and therefore photosynthetic capacity—than root bio-
mass (Huo et al., 2017). Other field studies have found seasonal
patterns in RPEs in mountain birch forest (Hartley et al., 2012) but
not in alpine peatlands (Gavazov et al., 2018). In our study, the
observed responses to canopy removal, and the seasonal patterns,
are consistent with a direct link between plant photosynthetic ac-
tivity and SOC turnover, with the exception of alder-dominated
vegetation.

As we expected, evidence for RPEs in birch shrub vegeta-
tion was stronger than in alder vegetation. Patterns of ecosys-
tem carbon allocation in alder differ from those in birch, even
though total canopy leaf nitrogen, and therefore photosynthetic
capacity (Shaver et al., 2013), is similar between the two vege-
tation types at this location (Street et al., 2018). In birch vege-
tation, almost 30% of gross photosynthesis is delivered to bulk
soils, either as root exudates or via plant-associated microbes,
within 20 days of fixation; but in alder, which is an N-fixing
plant (Mitchell & Ruess, 2009), the transfer of recent photosyn-
thate to soils is low (Street et al., 2018). These differences in C
allocation are likely linked to plant N acquisition: extensive ec-
tomycorrhizal networks under birch (Deslippe & Simard, 2011)
require below-ground C allocation to support uptake of N from
soils (Hobbie & Hobbie, 2006). Carbon allocated below-ground in
alder vegetation, however, is mostly retained within root tissues
and nodules (Street et al., 2018) and is therefore not available to
stimulate microbial decomposition in the soil. Less allocation of
labile C below-ground may explain why we failed to detect prim-
ing under alder, and if so, this shows that patterns of plant alloca-
tion, as well as rates of photosynthesis, are important in driving
priming responses. The lack of evidence for priming in alder is
also consistent with the theory that RPEs arise because plants
release labile C to directly stimulate microbial N release from
soil organic matter, the so-called N-mining hypothesis (Dijkstra,
Bader, Johnson & Cheng, 2009). Under this hypothesis, N-fixing
plants would not be expected to drive RPEs because they can
acquire N directly from the atmosphere, rather than relying on
SOM turnover.

4.3 | Quantifying shifts in the 14¢C of respired SOC

As we show here, the interactions between autotrophic and het-
erotrophic organisms in soils can change the isotopic composition

of heterotrophic respiration, making it impossible to quantify the

isotopic end members in a two source mixing model. We deal with
this problem by quantifying the region of joint parameter space
for a (the absolute rate of heterotrophic respiration) and g (the
shift in isotopic composition of heterotrophic respiration) that is
consistent with isotopic mass balance; we present a range of fea-
sible solutions, rather than a single solution. Our analysis shows
that as the parameter aincreases, the parameter g decreases. This
means that the *4C shift in heterotrophically respired C required
to explain the *C content of soil CO, effluxes in the intact plots is
smaller under a positive priming scenario, compared to a negative
priming scenario. For example, in birch vegetation, above a = 1.6
no shift in the *C content of heterotrophically respired CO, is
required to explain the data. (An a value of 1.6 would correspond
to an increase in heterotrophic respiration from c. 2 pmol m2 s*
to c. 3.2 umol m™2 s71.) This analysis shows that while both posi-
tive RPEs and negative RPEs are consistent with our observations
and the isotopic mass balance model, the greater the negative
RPE, the more extreme the “C source-shift required to explain
the data.

If we restrict the feasible solutions such that RPEs are positive,
which they appear to be in most studies (Huo et al., 2017), up to a
maximum value of 30% as recorded for Arctic soils under laboratory
conditions (Wild et al., 2016), then predicted heterotrophic 14CO2 is
c. 1.5%modern lower in the intact birch plots compared to the plant
removal treatment. Because observed values of soil efflux **CO,
in July were below atmospheric values, the only way the **CO, of
the heterotrophic component can decrease is if there is a greater
contribution from ‘pre-bomb’ (<100%modern) SOC. Carbon sources
that are <100%modern were fixed from the atmosphere before the
‘bomb-peak’ of the 1950s and mid 1960s (Dean et al., 2018; Levin
& Hesshaimer, 2016). We can be confident, therefore, that the SOC
respired in the presence of RPC in birch vegetation is older because
of a greater proportional contribution of C that is at least 50 years
old.

We argue that the most parsimonious explanation for the het-
erotrophic 14C shift is a stimulation of SOC respiration at soil depths
below the ‘bomb-peak'—the depth at which bulk soil 1*C contents are
<100%modern. In Birch vegetation this occurs at c. 0.1 m, roughly at
the transition between organic and mineral soil horizons. The implica-
tion that the RPEs we observe are driven by priming below 0.1 m is con-
sistent with studies that show stronger priming responses in mineral
horizons compared to surface organic layers in Arctic systems (Wild
et al., 2014, 2016). This conclusion is also supported by the differences
we see in CO, concentration and 14C content at 0.2 m depth, both of
which indicate the presence of RPC derived CO, at 0.2 m in the intact
plots, even though rooting density declines below c. 0.15 m in these
systems (Street et al., 2018). In heath tundra organic horizons are also c.
0.1 m but the depth at which bulk soil 14C contents are <100%modern
is shallower at 0.05 m. In this case, either organic or mineral soils could
have provided a source of <100%modern C. The fact that RPEs appear
to be operating at, or below, the limit of the surface organic horizon
contrasts with the results of Hartley et al. (2012), who infer priming of

mainly post-bomb SOC in the surface ~0.02 m of mountain birch soils.
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Soil organic horizons under birch were generally shallower
than in alder and ericaceous heath tundra, and as such contained
a smaller total amount of pre-bomb SOC. The fact that we found
less pre-bomb SOC in birch organic horizons is consistent with
the observed 14CO2 of surface effluxes, and the C of CO, pro-
duced at 0.2 m depth, both of which show respired CO, tended to
be more enriched in *C under birch. Taken together, our results
suggest that older (>50 years old) SOC is less abundant in birch
organic soil and this may result directly from positive RPEs in birch

vegetation.

4.4 | Mitigation of experimental artefacts

Our approach of removing above-ground biomass to eliminate below-
ground RPC inputs could have led to experimental artefacts if root
mortality increased. Root mortality could have led to an increase in
plant-derived C inputs in the form of root litter (and mycorrhizal fun-
gal biomass), potentially causing priming effects. We minimized the
likelihood of this ‘root death priming’ by removing the above-ground
biomass 1 year prior to sampling, such that any pulse of labile C from
the death of ephemeral fine-roots or fungal biomass peaked the pre-
vious season (Hogberg et al., 2001). In any event, the data show that
the effect of root death must have been small by the time we sampled
in 2014—if plant C inputs from root death were driving significant
priming effects, we would expect to see evidence of this in June and
September, but we saw no evidence of priming at these times.

The plant removal treatment could also have resulted in experi-
mental artefacts if there was an impact on soil abiotic conditions; re-
duced shading could potentially increase soil temperatures or cause
soil drying, or conversely reduced transpiration rates could increase
soil moisture content. Our expectation was that these effects would
be small because (a) the moss layer has a strong impact on soil water
and energy fluxes in these systems (Blok et al., 2011) and we left the
moss layer intact, (b) the plots were on gently sloping ground so re-
duced transpiration would be unlikely to influence soil moisture at
depth where these permafrost soils are generally saturated (Street
et al., 2016) and (c) the plots were small and sun angles at the study
location are low so plots would still be shaded to a large extent by the
surrounding vegetation. Above-ground plant removal will have influ-
enced abiotic conditions to a degree, but we found no evidence of a
treatment effect on soil temperatures or soil moisture in surface soils
(Figure S1), nor did we find a relationship between soil CO, efflux **C
content and surface temperatures (Figure S2). We are confident there-
fore that reduced below-ground C allocation, rather than abiotic fac-
tors, is the most likely explanation for the priming effects we observe.

We saw clear differences between treatments in the **C content
of CO, at 0.2 m depth, but no differences in the **C content of the
surface CO, efflux. CO, production rates are likely to be lower at
depth than in the surface organic horizons, and we would also ex-
pect the diffusivity of CO, in mineral soils at 0.2 m to be much lower
than in the more porous overlying organic layer. It is likely then, that

CO, from 0.2 m depth makes only a small contribution to the surface
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CO, efflux, and the differences in **C content we measured at depth
are masked by CO, production from organic soil in shallower layers.

4.5 | Implications

Our results have significant implications for how SOC decomposi-
tion is represented in ESMs that include the permafrost carbon cycle
feedback (PCF): (a) Decomposition of SOC which is >50 year old can
be influenced by the presence of recent photosynthate, so model
parameterizations based on long-term laboratory incubation data
in the absence of plants likely underestimate the ‘inherent vulner-
ability’ of SOC to decomposition. (b) We show that RPEs influence
how decomposition rates vary with soil depth, likely increasing de-
composition below the zone of maximum root density. The extent to
which SOC turnover varies with depth in the active layer is a major
if not the most important uncertainty in current ESMs predictions of
the PCF (Burke, Ekici, et al., 2017), so it will be important to account
for rhizosphere priming mechanisms in large-scale C models going
forward. (c) RPEs may not be associated with higher plant productiv-
ity if plant C allocation below-ground is limited—therefore, plant C
allocation patterns are relevant to understanding how SOC turnover
will respond to changing vegetation under predicted climate change
in permafrost tundra systems.

In conclusion, we find evidence that below-ground inputs of re-
cently photosynthesized C result in RPEs that increase the age of min-
eralized SOC in permafrost soils in birch shrub and ericaceous heath
tundra vegetation, but not in alder dominated vegetation. This implies
that expansion of alder shrubs may lead to an increase in SOC ac-
cumulation rates in Arctic ecosystems, but expansion of birch shrubs
may not. We argue that stimulation of SOC mineralization in soils in
the presence of intact vegetation is the most likely explanation for the
age shifts we observe, implying that below-ground allocation of re-
cent photosynthate by birch and heath tundra vegetation accelerate
the turnover of carbon that is >50 years old. Our results provide new
evidence that plant allocation of recent photosynthate below-ground
drives the turnover of SOC in permafrost systems.
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