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ABSTRACT

Dry and unproductive Scots pine forests in the
northern boreal forest zone provide conditions
where ground-dwelling lichens can thrive. These
lichens are a crucial winter forage for reindeer.
Reindeer reduce lichen biomass both by con-
sumption and trampling, leading to cascading ef-
fects on microclimate, litter inputs, and soil carbon
dynamics. To investigate long-term impacts of
reindeer exclusion, we assessed the plant biomass,
soil nutrients, and soil organic carbon (SOC)
quantity and quality in three dry pine forest sites in
northern Finland, where reindeer have been ex-
cluded for over 50 years. Within exclosures, lichen
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biomass was 4.5 times higher and dwarf shrub
biomass nearly doubled compared to grazed con-
trols. These vegetation changes were associated
with a 33% higher soil moisture and 0.8 °C lower
summer soil temperatures at 10 cm depth beneath
the thicker lichen mats. The organic layer SOC
stock was 28% higher in exclosures. Spectroscopic
analysis using '?’C NMR spectroscopy revealed
9.5% higher O-alkyl carbon (carbohydrates) con-
tent and lower methoxy (—5.1%), alkyl (—6.9%),
and carbonyl (—8.7%) content, reflecting a
younger, more labile carbon pool in the exclosures.
Despite these changes, soil nutrient concentrations
and C:N ratios remained unchanged between
treatments, suggesting that altered SOC storage and
composition result primarily from increased litter
inputs and microclimatic changes. We conclude
that in lichen-rich boreal forests, long-term rein-
deer exclusion enhances SOC stocks and promotes
a shift toward more decomposable soil organic
matter, with potential implications for carbon sta-
bility under changing grazing regimes.

Key words: Reindeer; soil organic carbon; '°C
NMR spectroscopy; boreal forest; lichen; grazing.
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HIGHLIGHTS

e Long-term reindeer exclusion strongly increases
lichens and vascular plant biomass.

e Long-term reindeer exclusion increases soil car-
bon storage.

e Changes in vegetation and microclimate shifts
soil carbon toward younger, more easily decom-
posed forms.

INTRODUCTION

Boreal forests store approximately one-third of the
global terrestrial carbon (C) stock (Pan and others
2011; Bradshaw and Warkentin 2015), with a large
portion sequestered in soil organic matter (SOM)
(Lehmann and Kleber 2015). As such, SOM in
boreal forests is a key component of the global C
cycle (Adamczyk 2021). This SOM originates from
organic materials such as roots, leaves, and fungal
hyphae (Clemmensen and others 2013; Adamczyk
2021), and its stability is influenced by both abiotic
and biotic factors, including microclimate, micro-
bial activity, and soil organisms. Further, the
quality and chemical composition of organic inputs
also affect SOM persistence (Audette and others
2021; Lehmann and Kleber 2015; Sun and others
2018). The chemical composition of plant biomass
varies both among species and among tissue types,
reflecting differences in structural and metabolic
functions, which shape decomposition rates and
the long-term storage of C. In particular, the
resistance of SOM to microbial breakdown depends
in part on the composition of its C compounds (He
and others 2018). Large herbivores, such as deer
and reindeer, are widespread across boreal forests
and can significantly alter soil carbon inputs,
decomposition, and stabilization processes through
their impacts on vegetation structure, microbial
communities, and soil microclimate (C6té and
others 2004; Felton and others 2024), but their
effects on soil carbon storage and quality are still
relatively poorly understood.

In oligotrophic boreal forests, ground-dwelling
mat-forming lichens such as Cladonia spp. are an
important component of the forest floor (Ahti
1977), and could potentially play a key role in the
accumulation and long-term stabilization of SOM,
with consequences for predicting how SOM will
respond to future climate and land-use change.
However, relatively little is known about how li-
chens influence the SOM in boreal soils. Lichens
are rich in phenolic compounds such as usnic and

perlatolic acid (Stark and others 2007), and their
litter decomposes slower than litter from other
understorey vegetation (Moore 1984). In undis-
turbed, nutrient-poor, late-successional forests,
they can outcompete vascular plants and form a
continuous ground layer (Ahti 1977; Oksanen &
Ahti 1982).

Because Cladonia lichens are a key wintertime
forage resource for the semi-domesticated reindeer
(Rangifer tarandus L.) in northern Fennoscandia,
large portions of the northern boreal forest in this
region are intensively grazed (Kumpula and others
2014; Stark and others 2023). Lichen cover has
declined sharply in recent decades due to the
combined effects of reindeer grazing, forestry, and
climate change (Jaakkola and others, 2012; Kum-
pula and others 2014; Roos and others 2025;
Sandstrom and others 2016; Stark and others 2026;
Tonteri and others 2016). Today, thick lichen mats
are mostly restricted to late-successional forests
that remain undisturbed by logging and have been
protected from reindeer for several decades. Such
conditions occur, for example, in long-term grazing
exclosures—areas that were previously grazed but
later protected for experimental purposes (Stark
and others 2000; Olofsson and others 2010; Koster
and others 2013)—and along fenced land borders
that restrict reindeer movement between countries
(Akujarvi and others 2014; Koster and others
2015).

Reindeer reduce the abundance and alter the
species composition of mat-forming lichens by
trampling and feeding (Vdre and others 1995; den
Herder and others 2003; Olofsson and others 2010;
Akujarvi and others 2014; Bernes and others 2015;
Stark and others 2026). These changes in the lichen
layer alter soil insulation and moisture dynamics,
thereby influencing soil microclimatic conditions
(van Zuijlen and others 2020). In addition, some
studies have shown that reindeer reduce dwarf
shrubs in the understorey vegetation (Kumpula
2001), whereas other studies have found no effects
(Stark and others 2000; Vdisdnen and others 2021).

Reductions in lichen cover and changes to
understorey composition can directly influence key
soil processes governing C and nutrient cycling. In
boreal forests, the presence of reindeer is associated
with warmer and drier soils, decreased litter accu-
mulation and decomposition, and lower microbial
respiration in the organic soil layer (Vare and oth-
ers 1995; Ohtonen & Viare, 1998; Stark and others
2000, 2010; Santalahti and others 2018). These
changes suggest that reindeer can significantly
influence C and nutrient dynamics and potentially
soil C storage, although previous studies have
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found similar C stocks in grazed areas and ungrazed
exclosures (Stark and others 2000; Koster and
others 2013, 2015). While many studies have
examined total soil C stocks, the quality of SOM
remains poorly understood. Given the critical role
of SOM chemical composition in long-term carbon
stability, its response to grazing may provide valu-
able insights into the mechanisms regulating soil
carbon persistence. Understanding these shifts is
essential for assessing the broader ecological im-
pacts of herbivory and predicting future C storage
in grazed boreal forest systems.

3C NMR spectroscopy has been a commonly
used method for the characterization of SOM for
decades (Kogel-Knabner, 1997). It can provide
detailed insights into the chemical composition and
structure of organic C groups in soils, allowing the
identification of functional groups, the assessment
of decomposition stages, and the characterization of
carbon cycling dynamics. O-alkyl C, which mainly
comprises carbohydrates such as cellulose and
hemicellulose, typically is the most abundant C
functional group in soils and represents labile and
readily decomposable material (He and others
2018). In contrast, alkyl C, often derived from
waxes, lipids, or partially degraded lignin, is gen-
erally resistant to microbial breakdown (Baldock
and others 1997). Accordingly, alkyl C has been
associated with greater stability. Of the different
compounds in this fraction, lignin does not appear
to accumulate during decomposition or contribute
strongly to stable soil C pools (Baldock and others
1992; Preston and others 2009; Fekete and others
2023), whereas complex lipophilic compounds and
condensed tannins are recalcitrant to microbial
decomposition and accumulate in boreal forest soils
(Stark and others 2010; Adamczyk 2021). Since the
abundance of different C functional groups changes
with soil age, the alkyl/O-alkyl C ratio has been
proposed as a relative indicator of SOM decompo-
sition, with higher ratios reflecting more advanced
decomposition due to the preferential use of O-al-
kyl C by soil microbiota (Baldock and others 1997).
Differences in the composition C groups of SOM
can therefore offer valuable insight into soil C sta-
bility.

The aim of this study is thus to assess whether
reindeer influence (i) vegetation composition, soil
microclimate, and soil nutrient conditions, (ii) soil
C storage and C composition in lichen-rich forests,
and (iii) the mechanisms linking vegetation and
environmental changes to soil C composition and
storage. We hypothesise that: (1) reindeer exclu-
sion increases lichen and dwarf shrub abundance,
which will alter soil microclimate (cooler, moister

conditions), resulting in lower soil C recalcitrance
and a higher proportion of labile soil C compounds
in exclosures compared to grazed controls; and (2)
despite these changes in soil C composition, total
soil C storage may not differ between treatments
because higher carbon inputs in exclosures may be
offset by accelerated decomposition.

To address these objectives, we combined mea-
surements of vegetation biomass and chemistry,
soil carbon stocks and composition, soil nutrients,
and microclimatic conditions, analysed using
mixed-effects models and multivariate ordination
approaches.

METHODS
Study Design

Reindeer herding in Finland spans a land area of
approximately 122,936 km?, covering more than
one third of the country’s land surface. In the
boreal forest zone, reindeer husbandry began in the
1600 s and has historically been relatively seden-
tary, organized within geographically defined
herding cooperatives with fenced borders since the
late nineteenth century (Stark and others 2023).
Nowadays, reindeer herding area in northern Fin-
land is divided into 54 reindeer herding districts
that govern the herding in their area. The reindeer
within these districts are semi-domesticated and
managed, where grazing areas, seasonal move-
ments, and population densities are actively regu-
lated rather than occurring as free-ranging wildlife.
Reindeer numbers increased markedly during the
late twentieth century, accompanied by changes in
management practices such as supplementary
winter feeding and intensified herd regulation
(Kumpula and others 2002).

Within this managed landscape, our study was
conducted in three ombrotrophic, dry Scots pine
(Pinus sylvestris L.) forests (Angeli, Kadtkdsuvanto,
and Raja-Jooseppi) in northern Finland (Figure 1;
Stark and others 2003). All sites are actively grazed
by reindeer and have a long history of grazing.
Each site also contains fenced areas that have ex-
cluded reindeer for several decades. These long-
term exclosures provide a unique opportunity to
examine ecosystem responses to the cessation of
reindeer herbivory under otherwise comparable
environmental conditions.

Katkdsuvanto is situated in northwestern Fin-
land near the Swedish border (68°07'N, 23°25E);
the ungrazed plot is in an exclosure built around
the 1970s. The site belongs to Muonio herding co-
operative (the total area is 2 666 km?, the area
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Figure 1. Location of the three boreal forest study sites in northern Finland: Kdtkdsuvanto, Angeli, and Raja-Jooseppi.
The insert map shows the location of the study region within Fennoscandia. The aerial photograph (bottom) shows a sharp
contrast in ground vegetation between a reindeer-excluded plot (left) and a grazed plot (right) at the Katkdsuvanto site.

Dashed black line indicates the exclosure fence.

dominated by lichen is around 433 kmz), and ear-
lier was grazed only during the winter, but since
the 1990s, grazing has been present year-round
(Teresa Komu, personal communication). Angeli is
located on the border between Norway and Finland
(69°05'N, 25°45’E), and here the fence was erected
in the 1960s to prevent the Finnish reindeer from
going into the Norwegian side of the border. The
area belongs to Muotkatunturi herding co-opera-
tive (the total area is 2 580 km? the area domi-
nated by lichen is around 915 km?) and is grazed
during the winter (TOKAT database, Reindeer
Herders Association of Finland). The site in Raja-
Jooseppi is bordering the Finnish-Russian land
border (68°28°21”N, 28°28’40”E). The fence was
built around the 1920s to prevent Finnish reindeer
from entering Russia. Raja-Jooseppi belongs to
Ivalo herding co-operative (the total area is 2 826
km?, the area dominated by lichen is around 737
km?) and is grazed throughout the year (TOKAT
database, Reindeer Herders Association of Finland).
Average reindeer densities for the herding co-op-

eratives during the past decades are presented in
Supplementary Figure B. All herding districts
experienced a peak in reindeer densities during
early 1990s, after which the densities decreased.
The field and ground layer of all three study sites
are dominated by mats of lichens from the genus
Cladonia, interspersed with patches of evergreen
dwarf shrubs such as Empetrum nigrum and Vac-
cinium vitis-idaea. The exclosure areas support a
continuous, thick lichen mat, whereas grazed areas
have a much thinner lichen layer that is locally
sparse or absent due to ongoing reindeer herbivory.

To study the effect of reindeer exclusion on soil
and vegetation, we established two paired lines of
10 sub-plots (1 x 1 m) across an area of 10 x 25 m
on each side of the fence at Katkdsuvanto and
Angeli, and 24 sub-plots (1 x 1 m) covering
10 x 60 m on each side at Raja-Jooseppi (Figure 1,
Supplementary Figure A), positioned at least 2.5 m
away from the fence. Within these plots, we mea-
sured all relevant soil and vegetation variables. A
similar sampling design along a continuous line has
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been used in all earlier studies within the exclo-
sures (Stark and others 2000, 2003, 2010). This
design was originally adopted to ensure that grazed
and ungrazed samples are taken from a topo-
graphically and edaphically uniform area, which
ensures that any differences along the transect are
caused by grazing and not by changes in abiotic
conditions. The larger study area at Raja-Jooseppi
was chosen due to its lower tree density, which was
an important consideration for another study that
was conducted at the same time.

Vegetation Biomass and Quality

Vegetation biomass and chemical composition were
quantified to characterise potential mechanisms
through which reindeer exclusion could influence
soil carbon storage and composition (objective iii).
In August 2022, we clipped vegetation of a
25 x 25 cm square within each sub-plot and col-
lected the remaining lichen and litter. We sorted
the vascular plants to the species level before dry-
ing (65 °C, > 5 days). Subsequently, all sub-plots
were pooled and categorized based on species, site,
and treatment. All pooled plant samples were
homogenized before analyses by grinding them in a
coffee grinder followed by ball milling. We anal-
ysed the C and N concentration in the above-
ground plant pools using elemental analyser (Flash
EA 2000, Thermo Fisher Scientific, Bremen, Ger-
many; Werner and others 1999).

To provide a general characterization of plant
carbon chemistry, we analysed pooled samples of
the two most common vegetation groups—Ilichens
and E. nigrum—using solid-state '>C nuclear mag-
netic resonance (>C CP-MAS NMR). For each
vegetation group, material was pooled across all
sites and treatments, as assessing variation among
treatments was not an aim of this study; instead,
the analysis serves as a general indicator of carbon
composition to support interpretation of subse-
quent results.

We identified seven C functional groups in the
NMR spectra for each vegetation class, corre-
sponding to the following chemical shift regions:
carbonyl C (from 190 to 160 ppm), O-aromatic C
(from 160 to 140 ppm), aromatic C (from 140 to
112 ppm), di-O-alkyl C (112-93 ppm), O-alkyl C
(93-60 ppm), methoxy C (60-50 ppm), and alkyl C
(50-0 ppm). The analysis was performed on a
Bruker Avance III 500 MHz spectrometer with a
4 mm HX CP MAS probe and a SamplePro HR-
MAS sample changer. To increase the measure-
ment speed and obtain stronger signals, we used
the semi-quantitative method of proton ('H) cross

polarisation (CP) instead of the orders of magnitude
slower quantitative direct polarisation (DP) solid-
state '>C NMR.

The cross-polarization (CP) experiments started
with a 3 ps proton excitation pulse corresponding
to a 90° angle followed by a simultaneous static '*C
spinlock at 60 kHz and a ramped 'H spinlock from
45 to 90 kHz with a contact time of 1.5 ms. During
this time, the cross-polarization occurred between
the proton and the '>C. At '’C signal acquisition,
the proton was decoupled with a ‘‘spinal64”
decoupling scheme at 83 kHz (Fung and others
2000). The relaxation time between scans was 2 s
and each sample was scanned at least 4000 times.
All measurements were taken with magic-angle
spinning (MAS) at 10 kHz and at a temperature of
298 K. The chemical shift was externally calibrated
to the adamantane CH, signal at 38.48 ppm
(Morcombe and Zilm 2003).

We measured the total tree biomass in blocks on
either side of the fences (10 x 60 m in Raja-Joo-
seppi and 10 x 25 m in Katkdsuvanto and Angeli).
We recorded the height and tree diameter at 1.3 m
height to calculate the tree biomass according to
Repola and others (2009). Further, we measured
the average distance to the three closest trees from
each plot as a proxy of forest openness.

Soil Analysis

We collected 5 soil cores (2.5 cm) in each sub-
plot to study the organic soil layer in August 2021.
In order to collect only the organic layer, we sep-
arated the organic and mineral layers in the field,
and sampled the full depth of the former. The
samples were kept frozen at —19 °C until analysis.
To homogenize the samples for analyses we thawed
and pooled 5 cores from each sub-plot together,
which resulted in 48 soil samples in Raja-Jooseppi
and 20 soil samples in Angeli and Kéatkdasuvanto
each.

Soil Carbon Quantity and Quality

We analysed the total C and nitrogen (N) concen-
trations of dried (65 °C, > 5 days) soil sub-samples
using elemental analyser (Flash EA 2000, Thermo
Fisher Scientific, Bremen, Germany; Werner and
others 1999). Using these concentrations and the
soil volume and weight, we calculated the total soil
organic layer C and N pools on an area basis. We
studied the soil’s C composition to address objective
(ii) using solid-state '>’C CP-MAS NMR with the
same chemical shift regions and instrument settings
as for the vegetation C composition samples.
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Soil Nutrient Concentration

We analysed the organic soil to investigate the ef-
fect of reindeer on plant-available nutrients,
specifically measuring the concentration of nitrate
(NO3), ammonium (NH,), and phosphate (POy)
using water soluble soil extractions. We extracted a
sub-sample of 5 g which we diluted with 30 ml
distilled water. The solutions were shaken for 2 h
before being filtered using Munktell filters (grade 3,
particle retention < 10 pm). The extracts were
analysed by measuring colour on a photometer in a
segmented flow analyser. Nitrate was measured
after reagents and samples passed a copperized Cd
reduction coil to form an azo dye [method: MT3B
Q-126-12 Rev 1]. Ammonium concentration was
determined with the salicylate method [method: Q-
033-04 Rev. 8] and phosphate with the molybde-
num blue method [method: MT3A Q-125-12 Rev
1].

Soil pH, Density, Moisture
and Temperature

We measured the soil pH in a soil:water suspen-
sion, using 1 g of fresh soil. The volume of deion-
ized water added was adjusted based on the soil’s C
content, maintaining a ratio of 1 g soil C to 20 ml
water. The mixture was shaken for 24 h and al-
lowed to settle for 2 h before pH measurement. The
remaining soil was oven dried (65 °C, > 5 days) to
calculate the moisture and bulk density of the soil.
The soil temperature was measured for 3 consecu-
tive summers at 10 cm depth using Tomst™ loggers
(Wild and others 2019), with summer being de-
fined from day 172 to 266. Loggers were installed
7 m from the fence, with one logger in each
treatment area per site.

Statistical Analysis

Linear mixed-effects models were used to test
treatment effects on vegetation, soil carbon stocks,
nutrients, and microclimate (objective I and ii),
while soil carbon composition metrics were anal-
ysed separately to address objective (ii). Multivari-
ate ordination (NMDS) and vector fitting were used
to explore relationships between vegetation,
microclimate, and soil properties as potential
mechanisms underlying observed SOC patterns
(objective iii).

We explored the effect of reindeer exclusion on
all environmental variables (total C, total N, C
concentration, N concentration, PO4, NO3, NHy,
C:N ratio, pH, bulk density, moisture, plot distance
to closest tree, lichen biomass, litter biomass and

vascular plant biomass) as well as C groups (car-
bonyl, O-aromatic, aromatic, di-O-alkyl, O-alkyl, meth-
oxy, and alkyl) using linear mixed-effects models
from the R package Ime4 (Bates and others 2015).
We included treatment as a fixed effect and site as a
random effect to account for the nesting of subplots
within plots and to avoid pseudo replication. All
variables were normally distributed except for total
C and methoxy C, which were square root trans-
formed.

We explored the (dis)similarities in soil C groups
across grazed and non-grazed plots using non-
metric multidimensional scaling (NMDS) analysis
(Minchin 1987), implemented through the ‘vegan’
package (Oksanen and others 2025). The NMDS
was based on a Bray—Curtis dissimilarity matrix and
the best ordination solution was sought using 20
random starts. To assess the relationship between
soil C groups and environmental variables, we fit-
ted all environmental variables to the NMDS ordi-
nation using the envfit function in the ‘vegan’
package. This allowed us to identify which envi-
ronmental factors were significantly associated
with the observed ordination patterns in soil C
groups. All statistical analyses were conducted
using the R statistical environment (version 4.3.2,
R Core Team 2022) and RStudio (version
2023.12.1, RStudio Team 2020). We used ChatGPT
for grammar and spelling check in the manuscript.

RESULTS

To address objective (i), we first quantified how
reindeer exclusion influenced vegetation biomass,
vegetation chemistry, and soil microclimatic con-
ditions. These variables were subsequently used to
explore potential mechanisms underlying treat-
ment effects on soil carbon (objective iii). The
exclusion of reindeer for over 50 years had a sub-
stantial impact on various soil and vegetation
variables, except for extractable nutrients and total
soil nitrogen, which remained unchanged (Ta-
ble 1). Lichen biomass was 4.5-fold higher within
the reindeer exclosures compared to grazed con-
trols (p = 0.007). This substantial increase in lichen
biomass likely contributed to the 33% higher soil
moisture observed in the exclosures. Additionally,
the absence of reindeer in the exclosures resulted
in a doubling of vascular plant biomass—primarily
dwarf shrubs (p = 0.025)—and reduced the dis-
tance between trees and study plots from 2.7 to
1.9 m (p = 0.045), indicating a denser forest. The
soil pH was 0.2 units lower in the grazed plots
(p = 0.037). Litter mass was 20% higher in the
exclosures (p = 0.082). Although moss biomass
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Table 1. Effects of Reindeer Exclusion on Soil Environmental Variables Based on Linear Mixed-effects
Models
Response variable Effect f £ SE df t P Marginal Conditional
R? R?
sqrt(Total C) Intercept 34.86 £ 1.38 3.0 25.31 < 0.001 0.091 0.109
Treatment 5.02 £ 1.95 3.0 2.58 0.081
(NG)
Total N (g m™?) Intercept 26.00 £ 2.37 3.9 10.96 < 0.001 0.008 0.102
Treatment 1.79 £ 3.36 3.9 0.53 0.622
(NG)
C concentration (%) Intercept 27.65 +1.40 2.4 19.79 0.001 0.025 0.025
Treatment 2.97 £ 1.98 2.4 1.50 0.253
(NG)
N concentration (%) Intercept 0.61 £ 0.08 4.1 8.04 0.001 0.027 0.35
Treatment - 0.07 =+ 0.11
(NG)
4.1 — 0.66 0.548
PO4(ng L7 Intercept 1042 + 337 42 3.09  0.035 0.005 0.317
Treatment 141 £+ 476 4.1 0.30 0.780
(NG)
NO; (ug L™ Intercept 19.2 4+ 5.0 3.6 3.84  0.022 0.005 0.113
Treatment 2.7 +7.1 3.6 0.39 0.719
(NG)
NH, (ug L7 Intercept 177.8 £37.8 4.4 470  0.007 0.052 0.206
Treatment 64.0 = 53.4 4.4 1.20 0.291
(NG)
C:N ratio Intercept 473 £ 4.7 4.0 10.11 < 0.001 0.247 0.68
Treatment 11.8 £ 6.6 4.0 1.79 0.148
(NG)
pH Intercept 4.3 £ 0.1 4.2 64.70 < 0.001 0.31 0.46
Treatment —03+£0.1 4.0 — 0.037
(NG) 3.06
Soil bulk density (g cm ™) Intercept 0.27 £ 0.02 44 11.07 < 0.001 0.066 0.203
Treatment - 0.05 4+ 0.04
(NG)
4.4 — 1.40 0.229
Summer soil T (°C) Treatment (G) 11.2 0o 0 %] (%] 0}
Treatment 10.4 0 0 0]
(NG)
Soil moisture (%) Intercept 43 £ 4 3.7 10.52 < 0.001 0.281 0.514
Treatment 14+6 3.7 2.48 0.073
(NG)
Lichen biomass (gC m™?) Intercept 224 + 106 3.8 2.11 0.106 0.515 0.584
Treatment 794 £ 151 3.9 5.25 0.007
(NG)
Moss biomass (gC m™?) Intercept 37 £ 15 3.8 2.48 0.073 0.046 0.135
Treatment — 27 £ 21 39 — 0.281
(NG) 1.25
Vascular plant biomass (gC m~ Intercept 65 + 18 3.9 3.55 0.025 0.227 0.335
2
)
Treatment 73 + 26 4.0 2.78 0.050

(NG)
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Table 1. continued

Response variable Effect B £ SE dt t p Marginal R*  Conditional R*

Litter biomass (gC m™2)  Intercept 689 + 58 59.0 11.97 < 0.001 0.049 0.049
Treatment (NG) 148 + 84 59.0 1.77 0.082

Tree biomass (kg€ m™2) Treatment (G) 2.74 0] 0 (%] (%]
Treatment (NG) 3.48 (0} 0} (9]

Forest openness (m)? Intercept 27 +£0.2 3.3 13.40 < 0.001 0.118 0.133
Treatment (NG) — 0.9+ 0.3 3.7 — 2.98 0.045

For Each Response Variable, Models Included Treatment (Grazed vs. Not Grazed) as a Fixed Effect. Site-Level Grouping Was Initially Included as a Random Intercept But
Excluded When It Did Not Explain Additional Variance. Reported Coefficients ( &+ SE) Correspond to the Model Intercept and the Effect of the Not-Grazed Treatment (NG).
Degrees of Freedom (df), t-values, and p values Are Shown for Fixed Effects. Marginal R? Represents Variance Explained by Fixed Effects Only, and Conditional R* Represents

Variance Explained by the Full Model. @ Indicates that No Statistical Test Was Performed, Typically Due to Variables Not Being Measured at the Plot Level.

“Plot distance to nearest tree as a proxy for forest openness.
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Figure 2. Relative abundance of carbon functional groups (% of total NMR signal) in E. nigrum and Lichen, averaged
across the three study sites. Error bars represent standard errors (n = 6).

appeared higher in exclosures (approximately four-
fold), this effect was not statistically significant and
was based on very low and spatially restricted
biomass, suggesting no consistent treatment effect.

The carbon composition of lichen and the dom-
inant dwarf shrub Empetrum mnigrum differed
noticeably (Figure 2). Lichens were clearly domi-
nated by carbohydrate polymers, with a pro-
nounced peak in the O-alkyl region (67.4%). In
contrast, the NMR spectra of E. nigrum were more
complex (Supplementary Figure E). Although the
O-alkyl region was also the most abundant in E.
nigrum (40.4%), the peak was much smaller com-

pared to lichen. Additionally, E. nigrum contained
higher proportions of lignin-derived C and fatty
acid chains, reflected in the alkyl, aromatic, and
methoxy regions.

Multivariate ordination was used to evaluate
how vegetation characteristics and environmental
variables covaried with soil carbon properties,
providing insight into potential mechanisms link-
ing reindeer exclusion to SOC patterns (objective
iii). Vegetation and soil changes were accompanied
by changes in soil organic carbon (SOC) composi-
tion. A clear separation in C functional groups was
observed between grazed and ungrazed plots
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Figure 3. NMDS ordination of soil organic matter composition across grazed (G, brown) and reindeer-excluded (NG, grey)
plots. Vectors indicate significant environmental variables (based on envfit, p < 0.05) associated with variation in SOM
composition. Carbon functional groups (based on NMR) are also displayed and marked with a black dot.

(NMDS, stress value: 0.137, Figure 3). Exclosures
were characterized by a relatively higher propor-
tion of O-alkyl and di-O-alkyl C groups and clus-
tered towards the right end of NMDS axis 1 and
upper end of axis 2. In contrast, grazed plots
exhibited a higher proportion of methoxy C groups
and were positioned at the left end of NMDS axis 1
and lower end of axis 2. Soil moisture, lichen bio-
mass, and vascular plant biomass emerged as the
primary correlates of the observed shifts in SOC
composition (Supplementary Figure C). Their en-
vfit-vectors pointed towards the exclosures, align-
ing with the distribution of O-alkyl and di-O-alkyl
C, and highlighting the role of vegetation structure
and microclimate in shaping SOC quality.

The shifts in C composition were accompanied by
an increase in total SOC storage in the exclosures
(objective ii). Across all three sites, we observed a
28% higher organic C stock in the topsoil of rein-
deer exclosures compared to grazed plots
(p = 0.081; Figure 4A, Table 1). Alongside this in-
crease in total C, the chemical composition of SOC
also differed between grazing regimes (Figure 4B,

Supplementary Figure D, objective ii). Specifically,
the exclosures contained 9.5% more O-alkyl C
(p = 0.008), while concentrations of alkyl C (—
6.9%, p=0.004), carbonyl C (- 8.7%,
p < 0.001), and methoxy C (— 5.1%, p = 0.010)
were lower. However, aromatic and O-aromatic C
fractions did not vary statistically significantly be-
tween treatments (p =0.564 and p = 0.320,
respectively), suggesting that only specific compo-
nents of the SOC pool responded to the exclusion
of herbivory.

DiscussioN

Our results show that long-term reindeer exclusion
increased SOC storage and altered its chemical
composition, with these changes closely associated
with shifts in vegetation structure and soil micro-
climatic conditions. Specifically, exclosures were
characterized by greater plant biomass and litter
inputs, higher soil moisture, and increased SOC
stocks, alongside a shift towards a greater relative
abundance of O-alkyl C, indicative of less decom-
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Figure 4. (A) Total organic layer carbon storage (g C m~2) and (B) relative abundance of carbon functional groups (% of
total NMR signal) in grazed (G) and reindeer-excluded (NG) plots, averaged across the three study sites. Asterisks indicate
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(n = 40).

posed organic matter. In contrast, grazed areas
exhibited lower SOC stocks but relatively higher
proportions of more processed carbon compounds.

Together, these findings suggest that reindeer
influence both the quantity and quality of soil
carbon. Herbivory reduces carbon inputs and pro-
motes more processed soil organic matter, whereas
long-term exclusion increases soil carbon stocks but
shifts the pool toward more labile, less decomposed
carbon that is potentially more vulnerable to
decomposition. This nuanced pattern aligns partly
with broader evidence that large herbivores regu-
late ecosystem carbon dynamics through their ef-
fects on vegetation, litter inputs, microclimate, and
decomposition processes (Leroux and others 2020;
Trepel and others 2024), but also highlights that
the direction of change in carbon persistence may
depend on ecosystem context and the balance be-
tween inputs and decomposition.

Herbivore Exclusion Increases Plant
and Soil Carbon Storage

Following prediction 1, the exclusion of reindeer at
these sites led to substantial increases in lichen,
dwarf shrubs, vascular plant, and tree bio-
mass—but a decrease in moss biomass. A strong
effect of reindeer grazing on lichen biomass has

been well documented for decades and consistently
reported in northern ecosystems (Vare and others
1995, 1996; Olofsson and others 2010; Bernes and
others 2015; Stark and others 2023). Reindeer have
been shown to reduce lichen biomass by 68 to 93%
(Stark and others 2000; Akujarvi and others 2014)
and decrease field layer vegetation by 60 to 94% in
boreal forests (Stark and others 2000; Koster and
others 2013), when at the same time, moss biomass
is often increased (Vare and others 1996). Our
study sites, which are dry and nutrient-poor, are
dominated by Cladonia stellaris, accounting for 88%
of the field layer biomass in exclosures, but only
69% in the grazed areas.

We found higher C storage in the organic layer
over 50 years of reindeer exclusion, which con-
trasts our prediction 2 and previous studies in
boreal forests, which have reported little to no ef-
fects of excluding reindeer on C storage (Koster and
others 2013, 2015; Stark and others 2023). The
outcome in our study, however, may be expected
given a higher litter input from the increased
ground and field layer vegetation that had contin-
ued for multiple decades, combined with altered
microclimate. An explanation for these contrasting
results could be that the response of SOM to the
changes in lichen vegetation in response to rein-
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deer exclusion is a slow and possibly nonlinear
relationship that was not captured in previous
studies. Stark and others (2000) analysed plant,
litter and soil C pools in the Katkdsuvanto site, one
of the sites used in this study, after 25 years of
exclusion, and found no changes in soil C storage.
However, lichens are very slow-growing organ-
isms, and it takes up to 20 years to reach their peak
growth rate and up to 100 years to reach maximum
height and biomass along primary succession after
forest fire (Kumpula and others 2000). Cladonia li-
chens begin to contribute significantly to litter in-
put only once their thalli reach their maximum
height and start to die back, forming necromass
(Hale 1983). Under reindeer grazing, lichen height
is unlikely to ever reach that stage of maturity
(Ahti 1977, Helle and Aspi 1982, Kumpula and
others 2000). In our study, this idea is supported by
the absence of dead bases in the lichen layer in the
grazed area (Stark and others 2007). Therefore,
since the lichen layer must increase in cover and
thickness before it can influence the microclimate
and litter input to the soil, the effects on C storage
may lag decades behind the above-ground effects.
In another type of northern boreal forest, Koster
and others (2015) found no effect of reindeer
exclusion on soil C storage even after a century, but
this study was carried out in a semi-dry forest with
a higher cover of mosses in the ground layer. The
reported increase in soil C storage following long-
term reindeer exclusion in our study may therefore
be specific to particularly dry oligotrophic boreal
forests, where lichen necromass can constitute a
major component of total litter input. More
broadly, these results highlight how herbivore im-
pacts on soil carbon dynamics vary across forest
types, and how site conditions mediate the balance
between vegetation change, litter inputs, and soil
carbon storage.

Although we observed a clear increase in SOC
with reindeer exclusion, there were no reindeer
effects on soil nutrient concentrations such as total
nitrogen, nitrate, ammonium, or phosphate. This
result differs from studies in low arctic tundra that
generally show greater nitrogen availability in
grazed than ungrazed areas (Sundqvist and others
2019) but is consistent with earlier studies from
oligotrophic boreal forests that have found weak or
spatially variable effects of reindeer on nitrogen
mineralization or immobilization (Stark and others
2000, 2003, 2010). This suggests that the accumu-
lation of SOC in oligotrophic boreal forests appears
to occur independently of changes in nutrient
availability and is likely driven by altered plant

inputs and decomposition rather than shifts in soil
nitrogen cycling.

In addition to changes in litter inputs, excluding
reindeer substantially changes the conditions for
litter decomposition. Decomposition of litter and
organic matter is primarily influenced by temper-
ature and moisture, with warmer and wetter con-
ditions generally accelerating microbial activity
(Bond-Lamberty and others 2016). As the lichen
layer thickens in ungrazed sites, it provides greater
insulation to the soil and increases the albedo,
resulting in lower summer soil temperatures, re-
duced daily temperature fluctuations, and in-
creased soil moisture retention (e.g. Gaare 1997;
Stark and others 2010). Lichen species with high
water-holding capacities, such as those from the
Cladonia genus, play a key role in buffering the soil
from extreme temperature and moisture changes.
Thick lichen layers also reduce the frequency of
freeze-thaw cycles, thereby stabilizing soil condi-
tions (Nystuen and others 2019; van Zuijlen and
others 2020). An earlier litter decomposition
experiment using the same study sites showed
higher rates of litter decomposition inside exclo-
sures both during winter and summer (Stark and
others 2010). Thus, although the thick lichen layer
in the exclosures results in cooler soils during
summer, the importance of more stable moisture
conditions seems to outweigh this impact. Greater
insulation also reduces the temperature sensitivity
of organic matter decomposition (Tomczyk and
others 2020). A substantial part of the litter
decomposition usually takes place during winter,
when the soils in the exclosures are warmer and
more stable than in the grazed plots. Taken to-
gether, higher litter inputs and faster decomposi-
tion rates are also expected to lead to higher soil
microbial CO, respiration in soil organic layer in-
side the exclosures (Vare and others 1996; Stark
and others 2003).

Herbivores Influence the Chemical
Composition of Soil Organic Matter

Total SOC provides a snapshot of C storage but does
not reflect how stable or vulnerable that C is to loss.
To better understand the ecological consequences
of reindeer exclusion, we also examined the
chemical composition of SOC (Audette and others
2021). Using '>C NMR spectroscopy, we found that
the relative abundance of four out of seven C
groups differed between reindeer exclosures and
grazed controls, indicating a shift in SOC quality
despite the slow turnover typical of these cold,
nutrient-poor soils. In particular, the enrichment of
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labile carbon fractions within exclosures suggests a
shift toward a more dynamic, fast-cycling organic
matter pool. This observation validates previous
reports of accelerated carbon turnover and
heightened microbial respiration following large
herbivore exclusion.

O-alkyl and alkyl C were the dominant groups,
comprising ~ 34% and ~ 29% of total SOC,
respectively. O-alkyl C, typically derived from car-
bohydrates such as cellulose and hemicellulose
(Baldock and others 1997), was more abundant in
the exclosures and indicates greater input of labile
plant material. In contrast, alkyl, carbonyl, and
methoxy C were relatively more abundant in the
grazed sites. These carbon compounds are derived
from lipids, waxes, and lignin and are generally
more resistant to decomposition (Baldock and
others 1997). The resulting lower alkyl/O-alkyl
ratio in the exclosures suggests a younger, less
decomposed C pool, potentially shaped by in-
creased litter input and cooler, wetter microclimate
in ungrazed sites. This shift in C composition
highlights that while long-term reindeer exclusion
increases total SOC, it also alters its chemical nat-
ure, potentially making the C pool more susceptible
to microbial decomposition under future environ-
mental changes.

Although the observed differences in SOC com-
position were modest, similar shifts in functional
group abundances have been linked to changes in
decomposition dynamics in Arctic and boreal
ecosystems (DeMarco and others 2014; Parker and
others 2018). However, the extent to which SOC
chemical composition influences decomposition
rates is strongly contingent on biophysical controls
such as temperature, moisture, and soil insulation,
which can modulate or even override biochemical
litter quality effects (DeMarco and others 2014;
Parker and others 2018). In this context, our results
suggest that reindeer exclusion alters the potential
vulnerability of SOC to loss by promoting less-
processed carbon pools, without directly implying
faster decomposition under current microclimatic
conditions.

To further understand what drives the observed
changes in SOC composition, we explored how
environmental, and vegetation variables relate to
the distribution of C functional groups (Figure 3).
We found that soil moisture, lichen biomass, and
dwarf shrub biomass were the main factors struc-
turing SOC composition, all of which were en-
hanced in the exclosures. Notably, lichen biomass
was significantly higher than any other litter input
source and was also characterised by a high pro-
portion of O-alkyl C, suggesting that increased li-

chen cover may be a major source of carbohydrate-
rich material entering the soil (Figure 2). Further,
continuous litter input from lichen thalli, dwarf
shrubs, and tree needles, combined with a moister
microclimate likely reinforces the build-up of fresh,
early-stage SOM and can explain the higher rela-
tive abundance of O-alkyl C and the lower alkyl/O-
alkyl ratio. Interestingly, Stark and others (2010)
found, using B. pubescens and P. sylvestris litter, at
the interface between the lichen layer and the soil
surface that litter decomposition dynamics varied at
the different stages of decomposition. During the
initial six weeks, which usually reflects the leach-
ing phase in decomposition (Berg and Staaf 1981),
litter mass loss was greater in grazed areas, after
which the mass loss was higher in the ungrazed
exclosures, suggesting that easily degradable com-
pounds may leach or break down more rapidly
under grazed conditions, whereas more complex
organic material decomposes more effectively in
the exclosures. Although these changes in fresh
litter are not directly applicable for the whole SOM
pool, this proposes a mechanism that promotes a
higher proportion of recalcitrant C fractions in
grazed than ungrazed areas.

Taken together, our findings reveal that exclud-
ing reindeer resulted in a higher input of organic
material from lichens, dwarf shrubs, and trees. This
fresh litter accumulation promotes the presence of
younger, less-decomposed SOC in the exclosures,
which is reflected in lower alkyl-to-O-alkyl C
ratios—indicative of an earlier decomposition stage.
In contrast, grazed sites exhibit reduced litter inputs
due to lower plant biomass consumption, vegeta-
tion removal, and trampling, leading to older and
more processed SOC. This is supported by higher
alkyl-to-O-alkyl ratios and lower carbonyl C
abundance in the soil carbon pool. Importantly,
this contrast between carbon accumulation under
exclusion and carbon persistence under grazing
mirrors patterns observed across ecosystems domi-
nated by large mammalian herbivores. Compara-
tive studies of large herbivores indicate that
herbivore-driven shifts toward more chemically
processed or physically protected soil carbon are
common across ecosystems, even when total SOC
stocks decline (Naidu and others 2022; Trepel and
others 2024). Our finding of lower SOC stocks but
relatively more processed carbon in grazed plots is
thus consistent with global patterns showing that
herbivory can shift soil carbon composition toward
more processed forms, particularly in systems
where plant regrowth and litter inputs are strongly
constrained by nutrient availability or disturbance.
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Figure 5. Conceptual model of soil organic carbon (SOC) accumulation under grazed and non-grazed (reindeer
exclusion) conditions. (A) Shortly after the establishment of exclosures, carbon input decreases due to reduced plant
biomass, as nutrient inputs from reindeer dung and urine are removed. (B) Over time, carbon input in exclusion areas
increases as field-layer vegetation remains ungrazed and biomass accumulates. (C) Litter decomposition dynamics shift
with seasonal conditions. During winter, thick lichen mats insulate the soil, resulting in warmer and moister conditions
that promote decomposition. During summer, the lichen mats provide more stable moisture conditions that also promote
litter decomposition. However, in spring and autumn, the same lichen cover can reduce soil temperatures by buffering the
soil against air temperatures, potentially enhancing microbial activity during spring. (D) SOC pool development under
long-term grazing, where vegetation and carbon inputs remain low. (E) SOC pool development under long-term grazing
exclusion, where increased carbon inputs and seasonal changes in decomposition lead to SOC accumulation. Dashed lines
represent carbon inputs; dotted lines represent carbon losses per area through decomposition.

CONCLUSION term dynamics of SOC under different grazing re-
gimes, Figure 5 illustrates a conceptual model of
grazed and ungrazed (exclosure) conditions. Fol-
lowing exclosure establishment, C input may ini-
tially decline due to reduced plant growth
associated with the loss of nutrient inputs from
reindeer dung and urine (Figure 5A). Over time,
however, C input is expected to increase steadily as
vegetation remains ungrazed and plant biomass
accumulates (Figure 5B). At the same time,
decomposition dynamics may shift in both direc-
tions: resulting from warmer soils during winter
and more stable moisture conditions during sum-
mer, litter decomposition during winter is higher
when reindeer are excluded, but this outcome may
be the opposite during spring when the dense li-
chen layer in exclosures delays the warming of the
soil (Figure 5C). The combined effect of increasing
C inputs and seasonally variable decomposition
leads to a gradual but substantial increase in the

Rangifer tarandus, which includes reindeer and
various caribou subspecies, has a circumpolar dis-
tribution throughout northern Eurasia and North
America. Domestication of this species for reindeer
husbandry several centuries ago in the Eurasian
continent makes it a distinct case among the
world’s herbivores (Uboni and others 2016; Stark
and others 2023). While in North America, the
migratory behaviour and predator—prey dynamics
of wild caribou populations result in more hetero-
geneous grazing pressure (Leroux and others
2020), in the managed reindeer ranges of northern
Fennoscandia, grazing pressure is more stable over
time especially under current climatic conditions
and land-use regimes (Stark and others 2023, 2026,
Roos and others 2025). The ecosystem responses
observed here are the consequence of semi-do-
mesticated reindeer and may potentially differ from
the effects of wild reindeer. To summarize the long-
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SOC pool in exclosures (Figure 5E), in contrast to
grazed areas where plant biomass remains low
(Figure 5D) and SOC is relatively more chemically
processed.

To summarize, excluding reindeer for half a
century led to dramatically higher ground-dwelling
lichen biomass, which in turn increased soil mois-
ture and lowered summer soil temperatures. The
changes in vegetation composition, combined with
the changes in soil microclimate, contributed to a
28% increase in soil C storage in the exclosures
compared to grazed plots—a pattern that contrasts
with findings from many earlier studies. The
chemical composition of the soil C indicates that
this increase was likely driven by greater C inputs
particularly from lichens. However, despite the
lower total soil C pool in the grazed plots, the C
present there was relatively more chemically pro-
cessed, suggesting a more decomposed SOC pool
under continued reindeer grazing. These findings
underscore a critical distinction: while excluding
reindeer enhances soil carbon stocks, continued
grazing appears to promote a relatively more pro-
cessed and potentially more stable soil carbon pool.
Nevertheless, changes in soil C stocks in lichen-rich
boreal forests remain slow, and even under highly
contrasting grazing regimes, decades may be re-
quired before shifts in total C storage become de-
tectable.

From a management perspective, our results
highlight a trade-off between soil carbon quantity
and quality. While long-term reindeer exclusion
increases total soil carbon stocks, it also shifts the
soil carbon pool toward a more labile and poten-
tially more climate-sensitive composition. In con-
trast, grazed systems store less carbon but maintain
a relatively more processed carbon pool. Under
future warming and changes in soil moisture, these
differences in carbon quality may become increas-
ingly important, as more labile carbon fractions are
generally more responsive to changes in decom-
position conditions. However, the long-term net
effect on soil carbon storage under changing cli-
mate remains uncertain. Because lichen recovery
was a key driver of the higher SOC stocks observed
in exclosures, management practices that promote
the persistence of lichen-rich ground layers may
also influence ecosystem carbon storage. In north-
ern Fennoscandia, seasonal range rotation has been
proposed as an important strategy for maintaining
lichen resources under increasing grazing pressure
and climate change (Stark and others 2026). Our
results suggest that such practices could have
implications not only for forage availability and
reindeer husbandry, but also for soil carbon

sequestration, although direct tests of these links
are still needed.
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