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Warming will likely stimulate Arctic primary production, but also soil C and N
mineralization, and it remains uncertain whether the Arctic will become a sink or a source
for CO2. Increasing insect herbivory may also dampen the positive response of plant
production and soil C input to warming. We conducted an open-air warming experiment
with Subarctic field layer vegetation in North Finland to explore the effects of warming
(+3◦C) and reduced insect herbivory (67% reduction in leaf damage using an insecticide)
on soil C and N dynamics. We found that plant root growth, soil C and N concentrations,
microbial biomass C, microbial activity, and soil NH4

+ availability were increased by both
warming and reduced herbivory when applied alone, but not when combined. Soil NO3

−

availability increased by warming only and in-situ soil respiration by reduced herbivory
only. Our results suggest that increasing C input from vegetation under climate warming
increases soil C concentration, but also stimulates soil C turnover. On the other hand, it
appears that insect herbivores can significantly reduce plant growth. If their abundance
increases with warming as predicted, they may curtail the positive effect of warming
on soil C concentration. Moreover, our results suggest that temperature and herbivory
effects on root growth and soil variables interact strongly, which probably arises from a
combination of N demand increasing under lower herbivory and soil mineral N supply
increasing under higher temperature. This may further complicate the effects of rising
temperatures on Subarctic soil C dynamics.

Keywords: primary production, root growth, climate warming, microbial biomass, soil respiration, soil organic
matter

INTRODUCTION

The Arctic is predicted to experience rising temperatures of 4–7◦C by the end of this century (IPCC,
2014). This may increase plant production (Pouliot et al., 2009; Beck and Goetz, 2011; Natali et al.,
2011; Elmendorf et al., 2012) and advance the Subarctic tree line (Harsch et al., 2009) as these
are generally assumed to be suppressed by low temperatures (Körner and Paulsen, 2004). For
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instance, Tømmervik et al. (2004) and Rundqvist et al. (2011)
reported substantial increases in the abundance of shrubs and
trees, such as dwarf birch (Betula nana) and mountain birch
(B. pubescens ssp. czerepanovii), over the last decades at the
northern Scandinavian tree line. One could assume that such
“greening” would enhance CO2 uptake and the carbon (C) sink
in these areas. However, soil C mineralization also depends on
temperature and is predicted to increase upon warming. For
instance, Kätterer et al. (1998) and Meyer et al. (2018) showed
that the heterotrophic soil respiration on average doubles with
a 10◦C rise in temperature, and Kirschbaum (1995) and Mikan
et al. (2002) pointed out that temperature sensitivity is likely
to be even larger at high latitudes, where warming occurs at
low temperatures. The fate of the C sink in the Arctic will
therefore depend on how the balance between C accrual through
plant production and C loss through soil organic matter (SOM)
decomposition will change under a warming climate. Some
studies suggest that the Arctic will become a stronger C sink
(Sistla et al., 2013; Silfver et al., 2020) while others suggest it will
become a C source (Oechel et al., 1993; Lundin et al., 2016).

A major uncertainty in this context is whether greening as
such has a positive or negative effect on the soil C sink. Models
predict that the enhanced primary production will increase
organic matter input into the soil and thereby strengthen the soil
C sink (Qian et al., 2010). However, Hartley et al. (2012) reported
an opposite effect when they compared a shrub dominated
tundra to a mountain birch forest of higher plant production.
A likely explanation for their finding is that microbial N demand
increased in forest soil due to increased exudation of labile C from
roots (Hartley et al., 2012). In such situation, microbes achieve
their nutrient demand by “N mining,” i.e., through accelerated
decomposition of older SOM (Moorhead and Sinsabaugh, 2006;
Craine et al., 2007). This is called a priming effect (Kuzyakov
et al., 2000) and is suggested to cause immense losses of soil C
once trees colonize former shrub dominated tundra (Dijkstra and
Cheng, 2007; Hartley et al., 2012). Supporting this idea, lower soil
C contents have been reported in forest soils in comparison to
tundra and shrubland soils in several studies (Wilmking et al.,
2006; Hartley et al., 2012; Parker et al., 2015). However, opposite
effects, such as decreasing soil C stocks with increasing distance
to a tree (Friggens et al., 2020a), and neutral effects (Kammer
et al., 2009; Zimmermann et al., 2010) have also been reported
for tree line environments. For shrub vegetation, Ylänne et al.
(2015) reported increasing soil C stocks in response to warming-
induced greater plant growth. Apparently, to accurately predict
the fate of soil C sink upon Arctic greening requires better
understanding of the various mechanisms that take place in these
situations. Moreover, while there is data accumulating of the
effects of tree line advancement on soil C dynamics, less is known
of the effects of the increasing growth of tundra and field layer
vegetation in these areas.

Predicting the overall C sink strength is also complicated by
doubts whether plants will actually grow better and induce larger
C sequestration under warmer conditions. Studies have shown
that low soil fertility may significantly hinder the positive effects
of warmer climate on tree growth and survival in the Subarctic
(Richardson et al., 2002; Rousi et al., 2018). This suggests that

increased nutrient mineralization along with warming may be
a prerequisite for significantly increasing C sequestration in
northern areas with low nutrient availability. Another important,
but often overlooked factor is that warming will likely lead
to increased insect herbivore pressure, both at the outbreak
(Neuvonen et al., 1999; Hagen et al., 2007; Jepsen et al., 2008) and
background intensities (Kozlov, 2008; Wolf et al., 2008; Currano
et al., 2010; Kozlov et al., 2015). In large areas across the Finnish
mountain birch zone, the tree line has regressed due to moth
outbreaks (Holtmeier and Broll, 2006; Van Bogaert et al., 2011)
and recent findings suggest that even the background level of
insect herbivory can significantly dampen the positive effect of
warming on the CO2 uptake potential of Subarctic field layer
vegetation (Silfver et al., 2020). Moreover, such negative effects
on plant performance may further be aggravated by decreasing
plant resistance upon warming (Stark et al., 2015).

Here, we present results from a study, where we examined
how warming and the level of insect herbivory interact in
affecting soil C and N dynamics under field layer vegetation
in Subarctic tree line conditions. Using an open-air warming
experiment established in a mountain birch forest in northern
Finland (Silfver et al., 2020), we investigated the responses of field
layer vascular plant shoot and root growth, soil microbial biomass
and activity, and soil C and N concentrations and mineralization
to warming and reduced insect herbivory. Using the same
experimental set-up and treatments, Silfver et al. (2020) showed
that plant growth and ecosystem CO2 uptake were significantly
increased by both warming and reduced herbivory. Based on this
observation, we hypothesized that the increased plant growth -
either due to warming or reduced herbivory - will increase soil
C input and the size and activity of soil microbial biomass. This
will then lead to increased mineralization of organic C and N,
manifested as decreasing soil C concentrations and increasing
inorganic N concentrations.

MATERIALS AND METHODS

Study Site
The study site is located in a mountain birch forest at the
Turku University Kevo Subarctic Research Institute in Utsjoki,
Finland (69◦45′ N, 27◦01′ E, 104 m a.s.l.). The mean annual
temperature at the site was −1.3◦C, and the mean annual
precipitation was 354 mm, during reference years 1981–2010
(Finnish Meteorological Institute). The soil at the site is a Podzol
with a clear 2–7 cm deep organic layer, sandy mineral soil and
randomly placed rocks. The study area only includes mountain
birch trees, but sporadic Scots pine (Pinus sylvestris) trees grow
nearby. Before establishing the experiment, adult mountain
birches were removed from the canopy layer, while the field layer
was left intact. An area of 220 m2 was fenced for the experiment.

Experimental Set-Up
For the experiment, 20 treatment plots (0.75 m × 1 m
each) were randomly placed within the fenced area in 2016.
Five replicate blocks were established and four treatment
plots were included in each block. Treatments included two
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levels of open-air warming (ambient, +3◦C) and two levels of
insect herbivory (natural, reduced) in a fully factorial 2 × 2
design. The four treatment combinations (ambient temperature
with natural herbivory, ambient temperature with reduced
herbivory, elevated temperature with natural herbivory, elevated
temperature with reduced herbivory) were randomly allocated,
using a random number generator, to treatment plots in each
block (n = 5).

To include common Subarctic woody species in the
experimental set-up, plantlets of dwarf birch, mountain birch,
silver birch (B. pendula) and downy birch (B. pubescens), cloned
from individuals of their Subarctic populations (latitudes 67◦43′
N – 69◦01′ N), were planted, 20 cm apart, within the field
layer vegetation in each plot in mid July 2016 (twelve plantlets
in each plot, three genotypes for each species) (Silfver et al.,
2020). After planting, the birch plantlets covered 4% of the plot
area, and at the end of the experiment, comprised on average
13% of vascular plant shoot abundance. Birches will be in focus
in other studies, here we consider them as a part of the field
layer vegetation.

Warming was realized using ceramic heaters (Elstein-Werk
M. Steinmetz GmbH & Co., Germany), installed 80 cm
above the ground. Similar dummy heaters were installed in
ambient plots. The heaters were controlled by a microprocessor-
based feedback system. The system maintained a fixed 3◦C
difference between the ambient and warmed plots using real-
time temperature data collected by sensors that were installed
30 cm above the ground within green metal plates mimicking
plant leaves (see more details in Silfver et al., 2020). Air
and “fake leaf” temperatures were measured continuously in
ambient and warmed plots (n = 3 for air temperature, n = 5
for fake leaf temperature). In 2016, heating was turned on
in early July, but in later years in spring when the snow-
cover was <20 cm. In autumn, warming was turned off
when ambient air temperatures started to remain permanently
below −3◦C. On average (±SE, n = 3), the plates mimicking
plant leaves were 3.3 ± 0.37◦C, the air 2.3 ± 0.35◦C and
the soil (at 5 cm depth) 1.2 ± 0.15◦C warmer in heated
than ambient plots during the heating periods in 2016–2018
(Silfver et al., 2020).

The herbivore treatment was initiated in the beginning of
the 2017 growing season. Reduction of insect herbivores was
accomplished by spraying the respective plots once a week
with 0.2 L of 0.1% synthetic pyrethrin solution (Decis Mega
EW50, Bayer Crop Science, Germany) using a portable garden
sprayer with a protective tent to eliminate wind drift. An equal
amount of water was sprayed on plots with normal herbivory
using another sprayer. Synthetic pyrethrin solutions are known
to have no side-effects on plant growth or chemistry (Silfver
et al., 2013), soil microbial growth (Silfver et al., 2020) or leaf
litter decomposition rate (Silfver et al., 2013), and the quantity
of N that could potentially enter the soil as deltamethrin, the
active ingredient, degrades is negligible (Silfver et al., 2020).
To estimate leaf damage caused by insect herbivores in plots
with natural herbivory, and the effects of the insecticide in
plots with reduced herbivory, all leaves in each birch plantlet
were surveyed in each plot in the middle of August in 2017

and 2019. The herbivore damage of birch leaves was generally
low with only 26% of all leaves in plots with natural herbivory
being wounded, and most damaged leaves having only 1−4%
of their leaf area damaged (Silfver et al., 2020). The insecticide
application decreased leaf damages on average by 67%, whereas
warming had no effect (Silfver et al., 2020). In our experimental
approach, we use “normal” and “reduced” herbivory treatments
to predict the effect of future increases in herbivory on plant
growth and C dynamics. In Subarctic areas, where leaf damages
are currently low (Kozlov, 2008), this approach is justified as
the response of plant growth to varying leaf damage has been
shown to be linear within a range of 2–16% leaf area damaged
(Zvereva et al., 2012).

Treatment Plot Baseline Information
To understand the baseline plot-to-plot variation in plant and
soil variables, the field layer vegetation, SOM content and soil
NH4

+, NO3
−, and PO4

3− concentrations were examined for
each treatment plot at the beginning of growing season 2017.
Lichens and plants were identified to species or genus level
and their areal cover was estimated visually. To examine soil
characteristics, two to three soil cores (diameter 3 cm, depth
10 cm or to the nearest rock) were collected from each plot.
From each sample, two longitudinal subsamples were taken, one
for SOM analyses and the other for the analysis of nutrient
concentrations. For each plot, the subsamples were pooled before
analysis and used as plot means. SOM was measured as a loss on
ignition (550◦C, 4 h). For nutrient analysis, the pooled samples
were extracted in 70 ml of distilled water, filtered through a glass
microfiber filter (Whatman, GE Healthcare Europe GmbH) and
kept frozen until the NH4

+, NO3
−, and PO4

3− concentrations
were analyzed using Lachat Quikchem 8000 analyzer (Zellweger
Analytics, Inc., Lachat Instruments Division, United States).

Vascular plants (including the birch plantlets) covered 29–
83% of plot area (with Empetrum nigrum, Vaccinium uliginosum,
V. vitis-idaea, V. myrtillus, and Rhododendron tomentosum as
the most abundant species), mosses 3–85% (Pleurozium schreberi,
Hylocomium splendens, and Barbilophozia lycopodioides) and
lichens 0–23% (Nephroma arcticum and Cladonia arbuscula) and
the soil OM content, in the top 10 cm of soil, was 9–38% of soil
dry mass. The variation among the plots for soil NH4

+, NO3
−,

and PO4
3− concentrations was 0.05–5.79, 0.11–30.01, and 0.03–

1.22 µg g−1 soil dry mass, respectively. Values of vegetation and
soil attributes were utilized as covariates in appropriate statistical
models to control the effects of plot-to-plot variation on the
response variables.

While the experiment was running, the trimmed mountain
birches sprouted and formed bushes in the experimental area.
The foliage volume of each bush located less than 2 m from the
center of any plot was estimated by measuring two crossed radii
and the height of the bush. The foliage volume was then divided
by the distance of the bush from the center of nearby plots to form
indices that would describe the strength of the bush effect on each
plot. If several bushes grew in the vicinity of a plot, their indices
were summed together. The variation among the plots for the
bush effect index was 0–11. As with the vegetation and soil values,
these values were used as covariates in the statistical models.
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Soil Sampling and Laboratory
Measurements of Chemical and
Biological Soil Properties
To measure soil C and N concentrations and microbial biomass
and activity, soil samples (diameter 2.5 cm) were collected from
three (or more if the soil was shallow) random spots under the
field layer vegetation in each treatment plot in August 2018. To
make sure all collected soil represented the original field soil,
samples were collected between the planted birches and no soil
under the birches was included. Each soil core was split into three
layers: organic layer, 0–5 cm of mineral soil, and >5 cm of mineral
soil. The depth of the organic layer and mineral soil was recorded
for each core. Each plot contained sampled spots where mineral
soil >5 cm was not found, and the average depth of mineral soil
was in some plots less than 5 cm.

The samples from each layer were pooled for each plot
and sieved through a 2-mm (mineral soil) or 6-mm (organic
soil) mesh. Samples were kept at 6◦C for less than a week
before analyses. Sub-samples of sieved soil used for C and N
concentration measurements were dried at 40◦C, ground and
measured using a Vario Max CN analyser (Germany).

The quantity of microbial biomass carbon (MBC) was
determined according to Vance et al. (1987). In brief, 3 g organic
or 8 g mineral sieved field-moist soil was filled into two flasks
per sample. One of the two flasks was used as a control. The
controls were immediately extracted using 40 ml of 0.05 M
K2SO4 solution. After shaking for 30 min the solution was
filtered through a Whatman No. 42 filter and subsequently
through a 0.45-µm syringe filter (Sartorius, Minisart High Flow,
PES). The other set of flasks were placed into a desiccator,
equipped with three beakers containing 40 ml of chloroform.
The desiccator was set to vacuum to let the chloroform boil
for 2 min. Subsequently, the flasks were incubated for 22.5 h
in the dark. Afterward, the soil was defumigated using vacuum
and extracted as described for the control flasks. Concentrations
of C in the extracts were measured using a Shimadzu TOC-
V cph/cpn analyser (Kyoto, Japan), and MBC was calculated
as the difference between the fumigated and control samples
after correcting for dry weight. Since the efficiency of soil
microbial carbon extraction (Kec factor) varies widely between
different soils (e.g., Sparling et al., 1990), we only report the
C flush released by fumigation without applying a Kec factor
(e.g., Bailey et al., 2002).

For quantifying the heterotrophic soil respiration in controlled
conditions, 3 g (fresh mass) sieved organic soil and 15 g (0–5 cm)
and 20 g (>5 cm) sieved mineral soil was filled into incubation
flasks. The dry mass content of soil samples was 0.91 ± 0.26 g
(mean± SD) in the organic layer, 11.5± 2.1 g in the 0–5 cm layer,
and 15.5 ± 3.6 g in the >5 cm layer. All samples were wetted to
60% water holding capacity. The flasks were closed with rubber
septa and placed in an incubator at 15◦C. The CO2 concentration
in the flask headspace was measured after 3.5, 75, and 100 h
using a gas chromatograph (Hewlett Packard 6890). The hourly
CO2 release was estimated from the slope of the regression line
between time and the CO2 concentration, and was corrected for
dry weight of the soil.

Root Sampling and Measurement of
Shoot Abundance
To estimate treatment effects on the root biomass of the field
layer vascular plants, two soil cores were collected from each
plot between the planted birches in August 2020 using an auger
(diameter 4.5 cm). The auger was drilled into the soil as deep as
possible, and soil was split into organic layer, 0−5 cm mineral
soil, and >5 cm mineral soil. However, as the mineral soil was not
consistently deeper than 5 cm, we chose to only present data for
the organic layer and 0−5 cm mineral soil. Roots were carefully
sieved, washed, and dried at 60◦C and their biomass calculated as
root biomass per soil volume for both soil layers separately.

Vascular plant shoot abundance was quantified in August 2020
using a point-intercept method with 50 vertical pins that were
systematically placed on each plot. All the hits for each vascular
plant species per pin were recorded. For this study, we summed
up the hits of all vascular plant species to obtain a measure of total
vascular plant shoot abundance in each plot. Using the estimates
of total vascular shoot abundance (hits on 50 pins per 0.3 m2) and
total root biomass in the organic and 0–5 cm mineral layer (g dry
mass per 0.3 m2) we further calculated a root-to-shoot allocation
index (g root dry mass per number of shoot hits on 50 pins).

In situ Mineral N Availability and Soil
Respiration
In the field, mineral N availability in the soil organic
layer was measured using UNIBEST Ag ManagerTM (Walla
Walla, Washington, United States) ion-exchange resin capsules
(Robertson et al., 1999). Three resin capsules were placed
at 3 cm depth in each plot in July 2016. In the following
autumns one (2017) or two (2018) capsules per plot were
transferred to the laboratory for NH4

+ and NO3
− extraction

in 50 ml of 2 M KCl. The KCl solution was filtered
through a glass microfiber filter (Whatman, Germany) and
the concentrations of NH4

+ and NO3
− were analysed using

a Lachat Quikchem 8000 analyser (Zellweger Analytics, Lachat
Instruments Division, United States).

Soil respiration was measured four times during the growing
season 2017 and four times during the growing season 2018
by pressing a chamber (inner diameter 28 mm) attached to a
Vaisala GMP252 probe (Vaisala Oyj, Finland) tightly against the
soil surface under the field layer vegetation between the planted
birches (three random spots in each plot). Any loose plant litter
was moved aside for the duration of the measurement. Soil
respiration, when measured from the soil surface in the field,
represents the sum of the heterotrophic soil respiration and
autotrophic root respiration. After closing the chamber, the CO2
concentration (ppm) was allowed to settle for 1 min and was then
recorded for 1.5 min. The CO2 accumulation rate (ppm min−1)
was calculated using a linear part of the recorded data and the
CO2 efflux F was calculated as:

F
(
gCO2 m−2s−1)

=
dC
dt
×

P
RT
×

V
A
×

10−6

60
× 44.01

g
mol

where dC
dt is the change in CO2 concentration in time (ppm

min−1), P is atmospheric pressure (101 235 Pa), R is the gas
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constant (8.314 J mol−1 K−1), T is temperature (K), V is the
total free air space within the chamber (1.9878 × 10−5 m3) and
A is the chamber area (6.1575 × 10−4 m2). The efflux rate was
calculated individually for each measurement, but later means
were calculated of the three within-plot measurements to be used
as replicates in the statistical analysis. We acknowledge that with
our small chamber (28 mm diameter), the flux measurements are
only a rough estimate for the entire plot. Yet, with this approach
we were able to focus on natural soils beneath the natural field
layer vegetation not disturbed by birch planting.

Statistics
The main and interaction effects of treatments on response
variables were tested using linear mixed models and Type I
ANOVA (IBM SPSS Statistics 21), where the variance is allocated
to explanatory variables in order of their appearance in the
model. SOM content, nutrient concentrations, bush effect index
and the areal cover of vascular plants, lichens and mosses were
treated as covariates and included in appropriate models before
treatments to remove plot-to-plot variation that might otherwise
contribute to treatment effects. Non-significant covariates were
left out from final models. The warming and herbivory reduction
treatments were treated as fixed effects and field block as a
random effect. Measurement date and soil layer were treated
as repeated measurements and compound symmetry was used
as repeated covariance structure. The ANOVA assumption of
normal distribution was checked using histograms and Shapiro-
Wilk tests of model residuals. If residuals were not normally
distributed, the data was square root- or log-transformed,
the choice between these depending on the skewness of the
distribution (transformations are reported in Figure legends).

RESULTS

Vascular Plant Shoot and Root
Abundance
Warming and herbivory reduction increased the total shoot
abundance of field layer vascular plants on average by 33 and
24%, respectively (Figure 1A; Table 1). Total root dry mass
was on average 38 mg cm−3 soil in the organic layer and
7 mg cm−3 soil in the upper mineral layer and was affected
by a warming × herbivory reduction interaction (Figure 1B;
Table 2). When applied alone, warming and herbivory reduction,
respectively, increased root mass by 32 and 42% in the soil
organic layer and 138 and 280% in the upper mineral soil
(Figure 1B). However, when the treatments were applied
together, the root mass did not differ from root mass found in
plots with warming only, and was on average 30% lower than
root mass in plots with reduced herbivory only (Figure 1B).
Warming decreased root-to-shoot allocation on average by 41%,
while herbivory reduction had no effect (Figure 1C; Table 1).

Soil C and N Concentrations
Soil C concentrations were on average 41, 1.7, and 0.8%, and soil
N concentrations 1.6, 0.14, and 0.12%, in the organic, 0–5 cm
mineral and >5 cm mineral soil layers, respectively, and both

were significantly affected by a warming × herbivory reduction
interaction (Figure 2; Table 3). These interaction effects arise
because warming and herbivory reduction increased soil C and
N concentrations when applied alone, but not when combined
(Figure 2). Moreover, as suggested by the significant herbivory
reduction × soil layer interaction effect on C concentration
(Table 3), herbivory reduction had a bigger relative impact on
soil C concentration in the 0–5 cm mineral layer (91% increase)
and the >5 cm mineral layer (79% increase) than in the organic
layer (4% increase) in plots with ambient temperature (Figure 2).
On the other hand, the definite increase of C concentration in
the organic layer (1.63%-unit) was bigger than the increase in
the 0–5 cm mineral layer (1.16%-unit) and >5 cm mineral layer
(0.52%-unit) (Figure 2).

Warming increased soil C concentration in the organic layer
by 9%, in the 0–5 cm mineral layer by 16% and had no effect in the
>5 cm mineral layer in plots with natural herbivory (Figure 2).
Soil N concentration was increased by warming and herbivory
reduction on average by 16 and 18%, respectively, in plots with
no other treatment (Figure 2).

Soil C:N ratio decreased with increasing depth, being on
average 26, 12, and 6.4 in the organic, 0–5 cm mineral and >5 cm
mineral soil layers, respectively (Figure 2). In contrast to C and N
concentrations, no statistically significant warming × herbivory
reduction interaction effect on soil C:N ratio was found (Table 3).
Instead, warming decreased the C:N ratio on average by 8%
across all treatment combinations and soil layers (Figure 2;
Table 3). The herbivory reduction effect followed the effect on
C concentration in that it varied across the soil layers (Table 3):
the C:N ratio was increased by herbivory reduction on average
by 25% in mineral soil and decreased on average by 5.7% in the
organic layer (Figure 2).

Soil Microbial Biomass C and
Respiration
The amount of microbial biomass carbon (MBC, quantified
as C released by fumigation) was on average 37-fold in the
organic layer in comparison to the mineral soil (Figure 3).
A significant warming × herbivory reduction effect on MBC
was found (Table 4). This was because warming and herbivory
reduction increased MBC on average by 15 and 10%, respectively,
when applied alone, but not when combined (Figure 3). The
significant herbivory reduction × soil layer interaction effect on
MBC (Table 4) is in turn explainable by a considerable herbivory
reduction effect in 0–5 (61% increase) and >5 cm (70% increase)
mineral soil layers and a modest effect in the organic layer (3%
decrease) (Figure 3).

Soil respiration measured in the laboratory under
standardized conditions of temperature and moisture and with
plant roots removed revealed a significant warming × herbivory
reduction × soil layer interaction effect (Table 4). This
interaction was because warming and herbivory reduction
increased soil respiration on average by 25 and 22%, respectively,
when applied alone but not when combined in the organic and
0–5 mineral soil layers, whereas in the >5 cm mineral layer no
effects were found (Figure 3). On average, the respiration was
70-fold in the organic layer in comparison to the mineral soil
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FIGURE 1 | (A) Total vascular plant shoot abundance, (B) root biomass and (C) root-to-shoot allocation in Subarctic field layer vegetation growing in ambient or
+3◦C temperature and with either natural or reduced insect herbivory. The means and errors are estimated marginal means and SE values (n = 5) produced by the
fitted statistical models, and were back-transformed from square root-transformed data for root-to-shoot allocation.

TABLE 1 | F and P statistics of the effects of warming (ambient, +3◦C), herbivory
reduction (normal, reduced) and initial vascular plant cover on the total shoot
abundance and root-to-shoot allocation of field layer vascular plants (block was
included in the model as a random factor and the initial soil NH4

+ concentration as
an additional covariate, but these effects are not reported; P < 0.05 are in bold).

Shoot abundance Root-to-shoot allocation

df F P df F P

Initial vascular plant cover 1, 14 10.8 0.005 1, 14 1.14 0.303

Warming (W) 1, 14 10.5 0.006 1, 14 9.90 0.007

Herbivory reduction (HR) 1, 14 7.16 0.018 1, 14 0.13 0.726

W × HR 1, 14 1.01 0.332 1, 14 1.50 0.241

(Figure 3). The specific soil respiration (ratio of respiration to soil
C content) was also affected by a significant warming× herbivory
reduction × soil layer interaction (Table 4), but for a different
reason: in the organic layer, warming and herbivory reduction,
respectively, increased the ratio on average by 15 and 12% when
applied alone, but not when combined; in the 0–5 mineral soil
layer no effects were found; and in the >5 cm mineral layer,
herbivory reduction decreased the ratio on average by 44% when
applied alone (Figure 3).

In situ Soil Mineral N Availability and
Respiration
A significant warming × herbivory reduction effect was found
on the amount of NH4

+ captured in resin capsules in the
organic layer (Figure 4; Table 5). This interaction was because
warming and herbivory reduction led to 16-fold and 11-fold
NH4

+ capture, respectively, when applied alone, but not when
combined (Figure 4). In contrast, the amount of NO3

− captured
was increased by warming on average by 79% in all treatment
combinations and was not significantly affected by herbivory
reduction (Figure 4; Table 5).

Warming had no statistically significant effect on soil
respiration in either year, whereas herbivory reduction had a
marginally significant positive effect in both years: respiration
was on average 14% and 13% higher with reduced than normal

TABLE 2 | F and P statistics of the effects of warming (ambient, +3◦C), herbivory
reduction (normal, reduced), soil layer (organic soil, 0−5 cm mineral soil, >5 cm
mineral soil) and initial vascular plant cover on total root mass of field layer
vegetation (block was included in the models as a random factor, and moss cover,
soil OM content and soil PO4

3− concentration as additional covariates, but these
effects are not reported; P < 0.05 are in bold).

Root mass

df F P

Initial vascular plant cover 1, 9 21.4 0.001

Warming (W) 1, 8 <0.01 0.938

Herbivory reduction (HR) 1, 8 5.52 0.046

Soil layer (SL) 1, 16 202 <0.001

W × HR 1, 8 14.5 0.005

W × SL 1, 16 0.81 0.381

HR × SL 1, 16 0.31 0.585

W × HR × SL 1, 16 0.12 0.738

herbivory in 2017 and 2018, respectively (Figure 5; Table 6). No
warming × herbivory reduction interaction effect appeared in
either year (Figure 5; Table 6).

DISCUSSION

Earlier observations at our study plots have indicated that
warming and insect herbivory reduction increase plant CO2
capture and growth (Silfver et al., 2020). We hypothesized
that these effects would in turn increase soil C input and
microbial biomass. Due to increased microbial N mining and
associated priming of SOM decomposition, this would lead
to lower soil C concentrations. In line with our hypothesis,
both warming and reduced herbivory increased root growth,
microbial biomass and activity, and N mineralization. However,
contrary to our hypothesis, they increased rather than
reduced soil C concentrations. These results indicate that
the increasing C input from vegetation into Subarctic soil
under climate warming may compensate for the accelerating
decomposition of soil organic C. On the other hand, the
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FIGURE 2 | C and N concentrations and C:N ratio of soil layers under Subarctic field layer vegetation growing in ambient or +3◦C temperature and with either
natural or reduced insect herbivory. The mean and SE values are estimated marginal means and SE values (n = 5) produced by the fitted statistical models and were
back-transformed from log-transformed data for C concentration and from square root-transformed data for N concentration and C:N ratio.

TABLE 3 | F and P statistics of the effects of warming (ambient, +3◦C), herbivory reduction (normal, reduced) and soil layer (organic soil, 0–5 cm mineral soil, >5 cm
mineral soil), on soil C and N concentrations and C:N ratio under forest field layer vegetation (block was included in the models as a random factor and the initial soil
NH4

+ concentration as a covariate, but these effects are not reported; P < 0.05 are in bold).

C concentration N concentration C:N ratio

df F P df F P df F P

Warming (W) 1, 15 2.96 0.106 1, 15 0.03 0.869 1, 11 5.28 0.041

Herbivory reduction (HR) 1, 15 8.80 0.010 1, 15 4.26 0.057 1, 11 4.01 0.070

Soil layer (SL) 2, 31 3073 <0.001 2,31 2398 <0.001 2, 32 273 <0.001

W × HR 1, 15 8.33 0.011 1, 15 8.59 0.011 1, 12 2.16 0.168

W × SL 2, 31 2.23 0.125 2, 31 1.10 0.347 2, 32 0.76 0.474

HR × SL 2, 31 5.41 0.010 2, 31 0.12 0.887 2, 32 3.61 0.039

W × HR × SL 2, 31 0.74 0.487 2, 31 1.51 0.237 2, 32 1.91 0.165

fact that reduced insect herbivory significantly increased
the shoot and root growth of Subarctic vegetation and
soil C concentrations suggests that increasing herbivore
pressure with increasing temperature might significantly
curtail the positive effect of enhanced plant growth on
soil C. Moreover, our results show that temperature and
herbivory effects on soil variables interact strongly, which

may further complicate the effects of rising temperatures on
soil C dynamics.

Warming and Herbivory Effects on Soil C
Dynamics
We hypothesized that warming will increase soil C mineralisation
through two mechanisms: first, the decomposition rate of
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FIGURE 3 | Microbial biomass C (MBC), laboratory-based soil respiration rate and ratio of soil respiration rate to unit soil C (specific soil respiration rate) in soil layers
under Subarctic field layer vegetation growing in ambient or +3◦C temperature and with either natural or reduced insect herbivory. The means and errors are
estimated marginal means and SE values (n = 5) produced by the fitted statistical models and were back-transformed from square root-transformed data except for
the specific soil respiration rate, which did not need transformation for statistical analysis.

TABLE 4 | F and P statistics of the effects of soil layer (organic layer, 0–5 cm mineral soil, >5 cm mineral soil), warming (ambient, +3◦C) and herbivory reduction (normal,
reduced) on microbial biomass C (MBC), lab-based soil respiration and specific soil respiration rate (soil respiration per unit SOC) under field layer vegetation (block was
included in the models as a random factor and moss cover as a covariate for soil respiration and soil respiration/SOC, but these effects are not reported;
P < 0.05 are in bold).

MBC Soil respiration Specific soil respiration rate

df F P df F P df F P

Warming (W) 1, 12 0.31 0.589 1, 14 <0.01 0.945 1, 15 0.44 0.517

Herbivory reduction (HR) 1, 12 4.56 0.054 1, 15 0.02 0.905 1, 15 0.49 0.497

Soil layer (SL) 2, 32 3972 <0.001 2,31 959 <0.001 1,32 55.8 <0.001

W × HR 1, 12 19.8 0.001 1, 15 4.23 0.058 1, 15 0.03 0.858

W × SL 2, 32 1.06 0.360 2, 31 0.03 0.976 2, 32 0.46 0.634

HR × SL 2, 32 4.38 0.021 2, 31 0.44 0.648 2, 32 0.02 0.980

W × HR × SL 2, 32 0.29 0.752 2, 31 3.51 0.042 2, 32 3.70 0.036

SOM will be higher in higher temperatures (Lloyd and Taylor,
1994; Kirschbaum, 1995) and second, the increased plant
growth and associated root C release will cause priming

of SOM (Kuzyakov et al., 2000; Fontaine et al., 2004). This
would ultimately induce soil C losses if the accelerated soil C
mineralization is not compensated by soil C accrual through
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FIGURE 4 | NH4
+ and NO3

− contents of resin bags incubated for one (2017)
or two (2018) full growing seasons under Subarctic field layer vegetation
growing in ambient or +3◦C temperature and with either natural or reduced
insect herbivory. The means and errors are estimated marginal means and SE
values (n = 5) produced by the fitted statistical models and were
back-transformed from log-transformed data.

increasing plant litter production (Hagedorn et al., 2010). We
found 9–16% higher C concentrations with warming in the
organic layer and in the upper 5 cm of mineral soil in plots
with natural herbivory. Most likely, this was a consequence
of increased root growth and litter production in these plots.
Our results thus confirm the earlier observation of increasing
organic layer C under Subarctic shrub vegetation in response to
warming (Ylänne et al., 2015) and contradict the suggestions that
accelerated decomposition with warming (Marañón-Jiménez
et al., 2019) and intensifying priming effect with greater plant
growth (Hartley et al., 2012; Parker et al., 2015; Friggens et al.,
2020b) would lead to soil C losses.

Although warming did not increase leaf damages in our
experiment (Silfver et al., 2020), Arctic warming is supposed
to come along with higher insect herbivore pressure (Kozlov,
2008; Wolf et al., 2008; Currano et al., 2010; Kozlov et al., 2015).
Our results show that already the current herbivore pressure can
substantially reduce vascular plant shoot and root growth. This
is in line with a recent meta-analysis, which showed that insect
herbivory reduces woody plant root biomass and thereby the
input of C into the soil (Kristensen et al., 2020). It is likely that
these negative effects on plant growth will intensify in a linear
manner (Zvereva et al., 2012) if the abundance of insects increase
with warming as suggested. Our results also show that these
effects can further propagate into effects on soil C concentrations:
the reduced herbivory increased the C concentrations in all soil
horizons, but especially in the mineral soil. This effect is likely a
result of increased root growth. Remarkably, these results suggest
that the aboveground insect herbivory, through affecting plant
root growth, may affect the distribution of C in the soil.

We acknowledge that we are operating with changes in
soil C and N concentrations, which may not have one-to-one

TABLE 5 | F and P statistics of the effects of warming (ambient, +3◦C) and
herbivory reduction (normal, reduced) on the quantity of NH4

+ and NO3
−

captured by resin capsules placed under field layer vegetation and harvested after
one and two growing seasons (block was included in the models as a random
factor and the initial soil NH4

+ and NO3
− concentrations as covariates, but these

effects are not reported; P < 0.05 are in bold).

NH4
+ NO3

−

df F P df F P

Warming (W) 1, 10 3.83 0.078 1, 14 5.50 0.034

Herbivory reduction (HR) 1, 10 1.29 0.281 1, 14 0.94 0.349

Harvest year (HY) 1, 16 7.11 0.017 1, 16 0.40 0.534

W × HR 1, 10 17.0 0.002 1, 14 0.09 0.771

W × HY 1, 16 0.17 0.687 1, 16 1.07 0.316

HR × HY 1, 16 0.77 0.392 1, 16 0.90 0.357

W × HR × HY 1, 16 0.09 0.767 1, 16 0.02 0.888

relationships with changes in soil C and N stocks. The reason
for choosing concentrations rather than stocks is that reliably
estimating treatment effects on stocks would be notoriously
difficult at a field site, where the depth of soil layers and their bulk
densities vary among and within treatment plots. These problems
are also recognized in literature, where detecting changes in soil C
stocks is considered particularly prone to uncertainties (Mäkipää
et al., 2008; Schrumpf et al., 2011; Poeplau et al., 2017) and only
considerable differences are thought to be detectable (Schrumpf
et al., 2011). Accurate measurements of C stocks are further
complicated by rocks (Poeplau et al., 2017), which are abundant
at our study site. Therefore, in light of the comparatively short
time scale considered here, we consider results on stock changes
unreliable, and withhold from assessing them. However, as
Heikkinen et al. (2013) demonstrated, changes in soil C and N
concentrations can, at least in mineral soil, be used to indicate
long-term trends in soil C and N stocks. We thus suggest that our
results of increasing soil C concentrations in response to warming
and herbivory reduction will also go along with higher C stocks
at least in mineral soil.

While changes in soil C stocks are difficult to detect, changes
in microbial biomass carbon (MBC) should provide a more
sensitive indicator of C accumulation, or loss, since microbes
swiftly respond to changes in environmental conditions and
resource availability (Powlson et al., 1987). In our study, we found
that changes in soil C concentrations were echoed in MBC, and
the MBC was significantly increased by warming and herbivory
reduction where the treatments were not combined. The increase
in MBC was relatively larger in the upper mineral soil than
in the organic layer, especially in the case of the herbivory
reduction effect. This may be one reason for the increasing C
concentration that we found along with reduced herbivory in
mineral soil as the recently proposed paradigm suggests that large
parts of soil C consist of microbial necromass (Simpson et al.,
2007; Fan and Liang, 2015). The finding that treatment effects
on soil and microbial C dynamics were relatively stronger in the
mineral soil is also in line with Sistla et al. (2013), who suggested
“biotic awakening at depth” under warming. Altogether our
results indicate that the effects of changes in plant growth on
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FIGURE 5 | In situ soil respiration under Subarctic field layer vegetation growing in ambient or +3◦C temperature and with either natural or reduced insect herbivory
in 2017 and 2018 with seasonal means on right hand panels. The means and errors are estimated marginal means and SE values (n = 5) produced by fitted
statistical models and were back-transformed from square root-transformed data.

soil C accumulation, either due to changes in insect herbivory or
warming, may particularly take place in the upper mineral soil.

Considering that both the heterotrophic (Kirschbaum, 1995)
and autotrophic (Atkin et al., 2000) respiration are sensitive to
temperature and that warming increased root growth, microbial
biomass and soil C concentrations, it was unexpected that
the in situ soil respiration had only a non-significant, modest
elevation in 2017 (i.e., after 1 year of warming) and did not
increase at all with warming in 2018 (i.e., after 2 years of
warming). These results suggest that the in situ soil respiration
may not reveal the major changes that take place in soil biological
activity and C concentrations under warming. In contrast, the
positive effect of reduced herbivory on root growth and microbial
activity was also echoed in soil respiration. Once again, this
emphasizes the remarkable role of the seemingly low background
insect herbivory in affecting C dynamics in Subarctic ecosystems.

SOC Degradability as a Driver of Soil C
Dynamics
Warming has been reported not only to change the amount of
soil C, but also its degradability as the amount of labile and
easily available C increases upon warming (Belay-Tedla et al.,
2009; Zhang et al., 2010). This process can be due to an increase

in plant and root residues, which are considered to be part of
the labile pool (Janzen et al., 1992; Franzluebbers and Arshad,
1997), or due to a higher temperature response of recalcitrant
C compounds (Conant et al., 2008; Lefèvre et al., 2014). On
the other hand, some studies point to a depletion of labile soil
C pools with warming (Xu et al., 2012). Our results show that
microbial respiration, when measured in standardized laboratory
conditions of temperature and moisture, closely followed the
warming-induced change in soil C concentration. This is a sign
of microbial activity responding to resource quantity. However,
when we calculated specific soil respiration rate (respiration rate
per mass unit of soil C) as a proxy of soil C degradability
(Rousk and Frey, 2015), we also found a higher specific rate
in soils collected from warmed plots (under natural herbivory)
than in soils collected from control plots. This points to a larger
proportion of C being easily mineralizable in warmed plots.

Earlier studies have also reported better C availability under
plants with insect herbivory, as insect frass returns easily available
and nutrient rich organic matter to soil (Kaukonen et al., 2013;
Kristensen et al., 2018). In our study, this would lead to lower
specific soil respiration rate under reduced herbivory, especially
in the organic layer. However, we found similar (0–5 cm mineral
soil) or higher (organic layer) specific soil respiration in plots
with reduced herbivory. A likely reason is that the stimulated
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TABLE 6 | F and P statistics of the effects of warming (ambient, +3◦C), herbivory
reduction (normal, reduced) and initial vascular plant cover on soil respiration in
field plots during 2017 and 2018 growing seasons (block was included in the
model as a random factor, but is not reported; P < 0.05 are in bold).

2017 2018

df F P df F P

Initial vascular plant cover 1, 16 13.3 0.002 1, 15 15.2 0.001

Warming (W) 1, 16 2.25 0.154 1, 15 0.17 0.689

Herbivory reduction (HR) 1, 15 3.07 0.100 1, 15 4.09 0.061

Measurement date (MD) 3, 47 8.38 <0.001 3,48 73.2 <0.001

W × HR 1, 15 0.30 0.592 1, 15 0.39 0.542

W × MD 3, 47 0.84 0.480 3, 48 1.26 0.298

HR × MD 3, 47 1.29 0.290 3, 48 0.51 0.676

W × HR × MD 3, 47 0.37 0.775 3, 48 0.40 0.751

plant shoot and root growth with reduced herbivory brought
labile C into the soil. This interpretation is further supported
by the larger microbial biomass that we found under reduced
herbivory. Most likely, the background insect herbivory is so low
(Silfver et al., 2020) that frass production has a negligible role in
C cycling. All in all, our results suggest that warming and insect
herbivory affect not only the concentration of soil C, but also its
mineralization rate.

Warming and Herbivory Effects on Soil N
Dynamics
In addition to changes in soil C dynamics, we also found
considerable changes in soil N dynamics along with our
treatments. In such strongly N limited systems like the Arctic
(Hobbie and Chapin, 1998), enhanced primary production
and root exudation likely invoke N deficiency in plants, and
ultimately also in soil microbes, whose N demand increases
when roots bring easily available C into the soil (Dijkstra et al.,
2013; Chen et al., 2014; Murphy et al., 2015). In our study,
the resin capsule N contents in control plots show that there
was basically no free mineral N available in the soil. In such
conditions, microbial demand for N stimulates production of
exoenzymes for the breakdown of N rich organic matter, leading
to microbial N mining (Moorhead and Sinsabaugh, 2006; Craine
et al., 2007) and accelerated mineralization of N. Supporting
this line of argument, we found greater NH4

+ production with
enhanced primary production in plots with higher temperature
and reduced herbivory, but not in plots where the treatments
were combined. What tells of better environmental conditions
for bacteria in warmed plots in general is that warming led to an
average 79% increase in resin NO3

− capture over all treatment
combinations. This shows that at least the nitrifying bacteria also
directly benefited from warming.

Treatment effects on soil and microbial N followed closely
the effects on soil and microbial C: i.e., warming and herbivory
reduction (when applied alone) increased soil N concentration.
It seems that with both warming and reduced herbivory, more
of the organic N was mineralized and bound to plant biomass,
as supported by larger resin NH4

+ and NO3
− contents, root

biomass, and shoot abundance. However, as in the case of
mineral soil C concentrations, reduced herbivory increased
N concentrations especially in the mineral soil. This shows
how insect herbivory also has a control on the distribution
of N in Subarctic soils, with the higher herbivore pressure
increasing accumulation of N in the organic layer. The higher
mineralization rate of N in warmed plots was also visible
in plant resource allocation. Sufficient nutrient supply should
lead to relatively higher biomass allocation aboveground than
belowground (Gedroc et al., 1996), and indeed we observed
significantly lower root-to-shoot ratios with warming. It also
appears that there was less need for plants to extend their root
growth to the mineral soil to search for N in warmed plots,
as demonstrated by increases in root biomass especially in the
organic layer. This is in line with the earlier observations that
warming shifts the rooting zone toward the upper soil organic
layer (Björk et al., 2007).

When reduced herbivory stimulates plant growth and thereby
CO2 uptake in N poor environment as in our experiment (Silfver
et al., 2020), it likely evokes plant N deficiency. A logical response
by plants then is to grow roots deeper into the soil to search
for N. Supporting this reasoning, we found the largest root
biomass in mineral soil in plots with reduced herbivory and
ambient temperature. The higher C:N ratio of the mineral soil
with reduced herbivory further supports the idea that root growth
and production of new SOM with higher C:N ratio increased in
mineral soil with reduced herbivory. Intriguingly, we observed
increasing soil N concentrations with herbivory reduction under
ambient temperature. A possible explanation for this is that
the increased root growth deeper into the soil brought N, via
decomposition of plant parts that acquired the N, from deeper
soil to the upper layers of the soil. This apparently provides a
mechanism through which insect herbivory is able to control the
distribution of N in Subarctic soils.

Why So Few Additive Effects?
One particular feature of our findings is that while we found
strong effects of warming and herbivory reduction on soil and
microbial variables, most of these effects were not additive.
Significant warming × herbivory reduction interaction effects
appeared on root biomass, soil C and N concentrations, MBC
and NH4 availability and all these results seem to suggest that
the treatments in most part canceled out each other’s effects.
These results are in stark contrast to the additive positive effects
of warming and herbivory reduction on shoot abundance in our
study and on birch plantlet height growth earlier observed in the
same experiment (Silfver et al., 2020). Our explanation for this
discrepancy is that while plant shoot growth directly profits from
both warming and herbivory reduction, root and soil responses
are a product of several interacting mechanisms, and are affected
by the interdependence of soil C and N dynamics.

For instance, it appears that most of the effects of herbivory
reduction on soil variables in our study can be explained by
greater root growth for N acquisition. However, as warming
increased mineral N availability, root growth was not induced
by herbivory reduction in warmed plots. Moreover, in warmed
plots with reduced herbivory, more of the additional mineral N
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probably became fastened to plant biomass, while less remained
in the soil. Therefore, many responses of soil variables to
the combination of warming and herbivory reduction did not
exceed, or even achieve, the responses to warming and herbivory
reduction alone. Considering the future warmer climate with
presumably higher insect herbivore pressure (Kozlov, 2008; Wolf
et al., 2008; Currano et al., 2010; Kozlov et al., 2015), our
results suggest that N availability may increase relatively more
(due to a positive warming effect) than plant N demand (due
to a negative herbivory effect dampening the positive warming
effect on plant growth). This might not induce higher C input
and microbial activity in deeper soil layers as is often predicted
(Sistla et al., 2013; Jia et al., 2019). Remarkably, our results
suggest that vascular plant search for N is closely tied with
soil C dynamics, and can at least partly explain why warming
and herbivory reduction effects on soil C accumulation may
not be additive.

CONCLUSION

Our study draws attention to the multiple interacting
mechanisms behind warming effects on soil C dynamics
in Subarctic areas, consisting of changes in primary
production, microbial growth, N mineralization, plant N
acquisition and plant root distribution among soil layers.
Together, these mechanisms can apparently create non-
linear and unexpected responses to changes in temperature
and herbivore pressure. This calls for careful consideration
when predicting the fate of Subarctic C sink under
climate warming.
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