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Abstract. Large vertebrate herbivores are ubiquitous and increasingly numerous in boreal forests where
they are known to influence ecosystems in many ways. However, separating the direct effects of herbivores
from their indirect effects on plant communities via forest structural changes and microclimate remains
unexplored, limiting the predictability of herbivore impacts. We used an exploratory path analysis
approach to investigate potential mechanistic pathways between herbivore removal, forest canopy cover,
soil temperature, and understory vegetation dynamics. Moose (Alces alces) were excluded from 15 recently
clear-cut boreal forest sites in Norway using 20 9 20 m fences with paired open un-fenced plots. Soil tem-
peratures and vegetation data were recorded after eight years (total n = 98). Moose exclusion reduced
summer soil temperatures but not winter soil temperatures, leading to no net effect over 344 d. Path analy-
sis showed a strong positive effect of moose exclusion on canopy cover and subsequently reduced summer
soil temperatures. There was some support for an increase in the dominant grass species Avenella flexuosa
with increasing summer soil temperatures, but neither temperature, canopy cover, nor A. flexuosa had clear
links to plant species densities. Moose exclusion directly increased herb biomass and shifted understory
species composition toward less shrub-dominated communities, resulting in increased species densities of
vascular plants and bryophytes. Our results indicate that in early-successional boreal forests, direct effects
of large herbivores on plant communities are clearly visible, and indirect effects are detectable but much
weaker.
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INTRODUCTION

Large herbivores can be seen as biological dis-
turbance agents that modify and shape the struc-
ture of ecosystems from the level of single trees
(Danell et al. 2003) to entire forests (Kuijper et al.
2010, Eichhorn et al. 2017). By altering vegetation
characteristics such as canopy structure and com-
position, or compacting or mixing the soil, these

animals can indirectly affect ecosystem proper-
ties such as the microclimate, litter quality and
quantity, decomposition, and nutrient mineral-
ization (McInnes et al. 1992, Kielland et al. 1997,
Kielland and Bryant 1998, Ritchie et al. 1998,
Kolstad et al. 2018a). This again influences
ground and soil biota (Wardle et al. 2001, Suomi-
nen et al. 2008, Andriuzzi and Wall 2017), tree
seedling growth, and mycorrhizal infection
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(Kardol et al. 2014) and may be an underlying
cause behind observed herbivore-induced
changes in biological diversity (Bernes 2018).
Over the last few decades, many high-latitude
ungulate populations have increased in density
(Apollonio et al. 2010), and thus, their ecological
imprint on ecosystems has also increased (Côt�e
et al. 2004). However, we still do not know pre-
cisely how this will affect ecosystem properties
that are vital for biodiversity and ecosystem
functioning, and therefore, it is paramount that
we learn more about the functional role of large
vertebrate herbivores.

A recent systematic review of the effect of
large herbivores on multiple aspects of vegeta-
tion and diversity highlighted the large number
of contingent factors that makes it difficult to
reach a synthesis for a generalizable mechanism
(Bernes 2018). One reason for this is that
although herbivores can affect communities
directly, we know much less about their indirect
effect through mechanisms such as biotic and
abiotic habitat alterations (but see Beguin et al.
2011). Herbivores can directly reduce plant
diversity through selective browsing, causing
mortality or reduced fitness (Olff and Ritchie
1998), or they can facilitating the establishment
of new species, for example, by dispersing seeds
or creating favorable germination sites through
soil disturbance from trampling (Albert 2015,
Boulanger 2017). Herbivores may also affect
plant diversity and composition indirectly, for
example, by altering the forest structure and
thereby affecting the resource (e.g., light levels)
or substrate availability, or the variation in these.
Mathisen et al. (2010) showed that simulated
browsing can reduce canopy cover and increase
light penetration, thereby favoring a dominant
grass species Avenella (syn: Deschampsia) flexuosa.
Dominant species and high community-level bio-
mass can reduce species density due to competi-
tive exclusion (Grace 1999, Koerner 2018).
However, Beguin et al. (2011) found that domi-
nant browsing-tolerant plants were positively
associated with herb richness and suggest facili-
tation, along with associational avoidance/de-
fense, as potential mechanisms to explain this.
Long-term effects (>40 yr) of deer activities on
diversity are less studied than immediate effects,
but are probably common, and result from alter-
nate successional pathways and legacy effects

from early plant regeneration stages (Hidding
et al. 2013, Nuttle et al. 2014).
Temperature is a fundamental property of any

ecosystem, and although its effect is easily con-
founded by variation in soil moisture (Davidson
et al. 1998), we know that temperature plays a
key role in governing plant productivity (Chu
et al. 2016), litter decomposition (Prescott 2010,
Bradford et al. 2015), phenology (Richardson
et al. 2013, Sanders-DeMott et al. 2018), nutrient
mineralization (Bai et al. 2013), carbon storage
(Kane and Vogel 2009), and plant (Brooker and
van der Wal 2003) and microbial community
composition and abundances (Castro et al. 2010).
Higher temperature generally increases rates of
all metabolic processes through its effects on
enzyme activity and reaction rates. If other fac-
tors are not limiting, higher temperatures gener-
ally imply accelerated nutrient cycling, faster
plant growth, and increased primary productiv-
ity (at least in the short term; see K€orner 2006).
Temperature dictates both habitat and commu-
nity structure through its effect on interspecific
competition and can also drive larger patterns in
the distribution of species (Morecroft and Pater-
son 2006).
Moose (Alces alces, including many subspecies)

is the largest and most widespread ungulate her-
bivore in boreal forests in Fennoscandia, Russia,
and North America (Telfer 1984). In Fennoscan-
dia, populations have increased substantially
during the last 60–70 yr and are now at record
high densities in many parts of the distributional
range (Lavsund et al. 2003, Speed et al. 2019).
Moose are browsers and find most of their food
in young forests, notably in recent clear-cuts with
easily accessible and nutrient-rich deciduous tree
species (Bjørneraas 2011, Wam et al. 2016). In
such habitats, moose browsing has a strong
impact on the recruitment of preferred tree spe-
cies (Edenius et al. 2002, Hidding et al. 2013,
Kolstad et al. 2018b) and may also indirectly
affect the distribution and diversity of field layer
plants through several pathways (Beguin et al.
2011). For example, in two moose exclosure
experiments from early-successional boreal for-
ests in Alaska (Kielland and Bryant 1998) and in
central Norway (Kolstad et al. 2018a), exclusion
caused sites to become more shaded with lower
soil summer temperatures, with potential strong
impact on plant communities.
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In this study, we recorded summer and winter
soil temperatures and collected plant community
and canopy cover data inside and outside moose
exclosures in central Norway. We used explora-
tory path analysis to model moose impacts on
plant communities as mediated by altered forest
structure and soil temperatures. We do not
attempt to test a priori hypotheses concerning
the network structure, as there are too many pos-
sible configurations, but instead we take an
exploratory approach and try to detect possible
causal relationships in the data. Based on the
strength of these relationships, we make a gen-
eral case for how a large herbivore can simulta-
neously modify the biotic and abiotic
environment, with implications for biodiversity
and ecosystem functioning.

MATERIALS AND METHODS

Study design
The study was conducted at 15 sites in Trønde-

lag County, central Norway (Fig. 1, Table 1), that
were clear-cut between 2002 and 2006. The sites
cover a range of forest productivities from rich
spruce (Picea abies) forests to poorer and often
drier pine (Pinus sylvestris) forests as is repre-
sented in a productivity index originally pub-
lished by Kolstad et al. (2018a). Two similar
20 9 20 m plots minimum 20 m apart were cho-
sen at each homogeneous site and randomly
assigned to either the exclosed or open treatment.
Fences 2.5 m tall were erected in 2008 to exclude
large herbivores. No deer browsing marks have
been observed inside any of the exclosures.
Moose (Alces alces) is the dominant herbivore
with regional densities between 0.5 and
2.0 moose/km2 (Solberg et al. 2012; E. J. Solberg,
unpublished data). Other large herbivores in the
region are roe deer (Capreolus capreolus), red deer
(Cervus elaphus), and low densities of domestic
livestock, especially sheep. Smaller herbivores
like rodents and mountain hare (Lepus timidus)
are also present but, unlike larger animals, these
could freely enter the exclosures. We have not
seen indications that they are more common in
either treatment (A. Kolstad, J. D. M. Speed,
and G. Austrheim, unpublished data). Most sites
were replanted after logging (Table 1). No soil
preparation, fertilization, or thinning has been
conducted, except for three open plots (specified

in Table 1) that were thinned by forest managers
in late 2015. These three sites are excluded from
all analyses except from a single figure where
they provide a visual comparison only. See Speed
et al. (2013) for more information about the sites.

Soil temperature
Soil temperature loggers (HOBO Pendant UA-

001-64; Onset Computer, Bourne, Massachusetts,
USA) were deployed at all 15 sites for nearly a
year from spring 2016 to spring 2017, and then
again during peak summer in 2017 for a subset
of the five most productive sites as defined by a
productivity index (Kolstad et al. 2018a). Both
time series were truncated to get a common data
range for all sites (Table 2). Loggers were buried
5 cm below the organic layer. In the full-year
dataset (Table 2), temperature loggers (90 in
total) were placed 4 m away from the plot center
toward three randomly chosen corners (as in
Kolstad et al. 2018a). We calculated mean tem-
peratures for the summer (June–August; period
with fully developed canopy) and winter (Jan-
uary–March; period with stable snow cover), as
well as total soil thawing degree days (STDD;
defined as accumulated daily mean soil tempera-
tures above 0°C) between 19 May 2016 and 27
April 2017. For the summer dataset, we placed
loggers (98 in total) immediately adjacent to veg-
etation sampling quadrats (n = 10 inside each
plot; Table 2). Plotting pairwise comparisons of
mean soil temperatures against distance con-
firmed there were no issues with spatial autocor-
relation within plots (Appendix S1: Fig. S1).

Plant abundances and forest structural properties
Vegetation analysis was done in June–July

2016 using the point intercept method (Jonasson
1988) with ten 50 9 50 cm quadrats per plot and
16 pins per quadrat. The data include plant spe-
cies identity, intercept frequencies per taxon, and
bryophyte depth (distance from the soil to the
top of the bryophyte layer) per pin. Tree species
were excluded. Some bryophyte taxa were com-
bined and analyzed as species pairs or groups,
notably all (small) liverworts where treated as
one taxon except for a few characteristic (large)
species. The correct identification of bryophyte
species was confirmed by an experienced bryolo-
gist (K. Hassel, personal communication) for a rep-
resentative subset of the observations. The full
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species list is given in Appendix S1: Table S1.
Vascular and bryophyte species densities (analo-
gous to species richness) and mean bryophyte
depth were calculated for each 0.25-m2 quadrat.
Locally calibrated biomass equation models were
used to convert measured intercept frequencies

into estimates of biomass (dry weight) as in Kol-
stad et al. (2018b).
A canopy cover index (Tich�y 2015) was esti-

mated for each vegetation sampling quadrat in
the summer of 2016 (see Kolstad et al. 2018a)
using multiple hemispherical pictures taken at

Fig. 1. Map of field sites in Trøndelag County, central Norway. Numbers refer to site numbers in Table 1.
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50 cm height, thus capturing small trees and
large shrubs, but not field layer vegetation. This
index ranges from zero to 100% and represents
the fraction of the view that is covered by tree (or
shrub) crowns when looking up.

Statistical analyses
We used mixed-effects models with random

intercept for each experimental site to test the
influence of herbivore exclusion, site productiv-
ity, and their interaction, on STDD (glmmTMB
function, gamma distribution; Magnusson 2017),
mean winter temperatures, and diurnal summer
temperature fluctuations (lme function; Pinheiro
et al. 2017). We report either contrasts or results
from log-likelihood ratio test.

In order to investigate the complex multivari-
ate network of interactions between herbivore
removal, soil temperature, vegetation character-
istics, and plant communities, we used the sum-
mer dataset (Table 2) to perform a path analysis
by combining several mixed-effects models using
the piecewiseSEM package (Lefcheck 2016; ver-
sion 2.0.2) in R (R Core Team 2017; version 3.4.2).
In path analyses, a node can serve both as an
explanatory variable (exogenous) or as a
response variable (endogenous), and this method
therefore allows the testing of indirect or cascad-
ing effects, which help close the gap between cor-
relation and causation by having an explicit
focus on mechanistic drivers of change in a sys-
tem (Grace 2008).

Table 1. Characteristics of the 15 field sites in Trøndelag, central Norway.

Site
Path

analysis
Clear-cut
(year)

Species
planted

Moose
density

Total herbivore
density

Elevation
(m a.s.l.)

Productivity
index

1 Yes 2004 Spruce 102.11 172.91 123 1.4
2 2006 Spruce 102.11 172.91 291 0.7
3 2005 Spruce 106.66 206.53 252 0.8
4 2004 Spruce 106.66 206.53 158 0.9
5 2006 Spruce 42.5 141.27 127 0.4
6 Yes 2003 Spruce 42.5 141.27 202 1.8
7 2005 Pine 42.5 141.27 229 0.2
8 Yes 2002 Spruce, pine 91.93 175.63 237 1.9
9 t 2002 Spruce, pine 91.43 246.56 247 1.4
10 t 2004 Spruce 67.86 128.73 184 1.9
11 2002 None 67.86 128.73 311 0.5
12 Yes 2003 Spruce 67.86 128.73 379 0.9
13 t 2005 Spruce 33.79 51.72 298 1.3
14 Yes 2005 Spruce 33.79 51.72 429 1.0
15 2005 None 28.92 168.82 286 ~0.0

Notes: Site numbers correspond with the labels in Fig. 1. Data from five sites were used in the path analysis. The productiv-
ity index is based on annual tree biomass increments, and more productive sites have a higher index value (see Kolstad et al.
2018a). Herbivore densities are at the scale of municipalities and expressed as metabolic biomass (kg/km2) as in Speed et al.
(2013). Total herbivore densities include moose, red and roe deer, sheep, and cattle. Abbreviation t indicates that the open plots
were thinned; a.s.l. is above sea level.

Table 2. Characteristics of the two soil temperature datasets.

Dataset Data types

Soil temperature loggers

Key output analysesDates
No.
days

No.
sites

No.
loggers

No. faulty
loggers Freq.

Full
year

Soil temp. only 5 May 2016–27
April 2017

344 15† 90 8‡ 6–
12 h

Seasonal variation

Summer Soil temp. and
vegetation

9 June 2017–6
August 2017

59 5 100 2§ 1 h Path analysis and
diurnal variation

† Three of which were removed from statistical analyses due to thinning of open plots.
‡ Eight loggers recorded only 77, 79, 116, 221, 327, 330, 334, and 335 d, but were still included in the analyses.
§ Two loggers did not record any data.
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We used existing literature and exploratory
principal components analyses (Appendix S1:
Fig. S2) to select the most relevant and interest-
ing understory vegetation variables to investi-
gate further. Based on Mathisen et al. (2010) and
the background described in the introduction,
we included the abundance of Avenella flexuosa,
which is a grass species that becomes highly
dominant on clear-cut sites in the region and was
the most common species in our dataset (found
in 95% of all subplots; see Appendix S1:
Table S1). We included total herb biomass (all
non-woody dicots) because herbs, especially the
large species, are highly affected by ungulates
(Beguin et al. 2011, Kolstad et al. 2018b). We also
included the first axis from a Bray-Curtis-based
nonmetric multidimensional scaling (vegan
package, metaMDS function; Oksanen 2018) to
represent a gradient in the vascular plant com-
munities that was strongly and positively associ-
ated with shrub biomass, that is, shrubbiness
(NMDS1; Appendix S1: Fig. S3). Mean depth of
the bryophyte layer was included, but not the
variation in bryophyte depth, as these were posi-
tively correlated and the mean value had a
longer vector in the ordination (Appendix S1:
Fig. S2). Two relevant variables (large herb bio-
mass and shrub biomass) were not included due
to high zero-inflation. In order to reduce the
complexity and facilitate interpretation of the
model, and because the causality behind their
relationships is somewhat blurry, we constrained
the model to not consider relationships between
some nodes (those nodes that are grouped
together in Fig. 4). Instead, these relationships
are reported as partial Pearson correlations.

We were interested in learning the underlying
structure and dependencies in the data, rather
than testing a priori hypotheses. To that end, we
conducted an exploratory path analysis com-
prised of a combination of forward and back-
ward selection steps. We nevertheless put some
restrictions on the final model: Large herbivores
were never endogenous and the species density
nodes were never exogenous, even though the
causation between altered diversity and altered
species composition is ambiguous. There could
be no arrows to canopy cover except that from
herbivore exclusion: Even though understory
dynamics can drive tree growth in the long term,
it is most likely not an important driver in very

young stands. In addition, herbs, shrubbiness,
and A. flexuosa could not be predictors of soil
temperature, although we acknowledge that
understory plants also create shade that can
reduce soil temperatures.
We fitted a piecewise structural equationmodel

(psem function; Lefcheck 2016), starting with all
arcs (linkages, arrows) except those explained
in the above paragraph and with herbivore
exclusion only influencing canopy cover and
soil temperature. We did a screening for non-
linear relationships using bivariate scatterplots
(Appendix S1: Fig. S4) and subsequently
included quadratic terms when they proved sta-
tistically significant and when they increased the
model fit (R2). Quadratic terms were therefore
added for the relationships between soil temper-
ature and A. flexuosa and between herbs and
bryophyte depth to bryophyte species density.
Sub-models were fitted using linear mixed-ef-
fects models with the lme function (Pinheiro
et al. 2017) with random intercepts for each
experimental site. Avenella flexuosa biomass was
log-transformed to normalize model residuals.
One data point with bryophyte depth was
excluded as an outlier prior to analysis (4.07 SD
units from the mean after it was removed). We
then removed nonsignificant arcs (P > 0.05) one
at the time and also removed one marginally sig-
nificant arc (from canopy cover to A. flexuosa,
P = 0.049) because it did not appear convincing
(see Appendix S1: Fig. S4). After removing non-
significant arcs, we added additional arcs that
were not originally specified (herbivore exclusion
to nodes besides canopy cover or soil tempera-
ture) but which were not conditionally indepen-
dent. This resulted in a parsimonious model, and
we evaluated overall model fit by comparing the
Fisher C value against a chi-square distribution
(Lefcheck 2016). Conditional and marginal R2

values were obtained from the summary func-
tion. Finally, we fitted models for the open plots
and the exclosures separately, starting with the
model structure we had just obtained for the full
data, which we then evaluated using Fisher’s C
values before proceeding with model selection as
described above.
Each individual mixed-effects model was vali-

dated using Pearson’s residuals. Low correlations
between slopes and intercept coefficients (<0.5)
indicated no problems due to scaling. Soil
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temperature was centered on the mean to reduce
correlation between the linear and quadratic
term. Model parameters are presented as both
standardized and unstandardized regression
coefficients, but note that for quadratic relation-
ships, standardized estimates are not informa-
tive.

RESULTS

Soil temperature
The mean soil temperature was mostly above

10°C in summer, declined sharply at the begin-
ning of autumn in early October, and remained
above freezing all winter (Fig. 2; Appendix S1:
Fig. S5). Temporal variation in soil temperatures
was large in summer and declined abruptly with
the onset of constant snow cover in late Novem-
ber (Appendix S1: Fig. S5).

Herbivore exclusion lowered soil temperatures
in summer (Figs. 2, 3; Appendix S1: Figs. S5 and
S6), which has been shown in a previous study
to be statistically significant (Kolstad et al.
2018a). In 2017, summer soil temperatures were
on average 0.62°C (�0.28 standard error [SE])
higher in open plots compared to exclosures
(Appendix S1: Fig. S6), and this cooling effect
inside exclosures was stronger in late evening
when soil temperatures were the highest
(Appendix S1: Fig. S7). In contrast, herbivore
exclusion had a marginally significant soil warm-
ing effect in winter (Fig. 3; likelihood ratio tests
against intercept-only model: herbivore exclu-
sion, v1 = 3.750, P = 0.053; site productivity,
v1 = 3.642, P = 0.056). Over the full year (344 d),
the accumulated thawing degree day sum was
not significantly different between treatments
(likelihood ratio test against intercept-only mod-
els: herbivore exclusion v1 = 2.15, P = 0.142; site
productivity v1 = 0.01, P = 0.924; Fig. 3;
Appendix S1: Fig. S9). The diurnal variation in
summer soil temperatures was greater outside
compared to inside exclosures (Appendix S1:
Fig. S8; slope for herbivore exclusion = �0.31
(�0.08); P < 0.001).

At the start of autumn, the most productive
sites shifted rapidly from a cooling to a warming
effect of exclusion, compared to less productive
sites (compare red and green lines in Fig. 2). The
three thinned sites (also highly productive) were
even more extreme in this respect as exclosures

Fig. 2. Time series of mean daily soil temperatures
from large herbivore exclosures and adjacent open
plots. The top figure shows the mean (daily) soil tem-
peratures (n = 12 un-thinned sites, irrespective of treat-
ment). The bottom figure shows the shift in plot mean
soil temperature (exclosure minus open plots)
with � 1.96 9 standard error of the mean as a gray
band (thinned sites excluded). The bottom pane shows
the same treatment effect conditioned on site produc-
tivity (high: n = 5; low: n = 7, thinned [also high pro-
ductivity sites: n = 3]).
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were ~0.5°C warmer than open plots throughout
the winter (blue line in Fig. 2).

Path analysis
The full path model provided a good fit to the

data (Fisher’s C = 49.5236; P-value = 0.066) and
included 10 statistically significant (P < 0.05) arcs
(Table 3, Fig. 4). The same model structure gave
poor (Fisher’s C = 43.8123; P-value = 0.016) and
good fits (Fisher’s C = 23.9526; P-value = 0.579)
to the exclosure data and open plot data, respec-
tively, but further model selection improved both
these models considerably (Fig. 4; Appendix S1:
Fig. S10). Strong support was found for a path-
way where herbivore exclusion significantly
increased canopy cover, which in turn was
related to decreased mean summer soil tempera-
tures (Figs. 4, 5). Following this pathway, we

found decreased soil temperatures inside exclo-
sures to correspond with reduced biomass of A.
flexuosa, but this relationship disappeared in the
exclusion-only model. Beyond this, canopy cover
and mean summer soil temperature were not
associated with any other aspects of understory
plant communities, including species densities.
A link between A. flexuosa and vascular plant
species density was found in both the exclosure
and the open plot models, but with opposite
signs (Appendix S1: Fig. S10). The depth of the
bryophyte layer was not affected by herbivore
removal, directly or indirectly, but was itself a
strong predictor of bryophyte species density
forming a positive or saturating relationship
(Table 3; Figs. 4, 5). Moose exclusion had a direct
path to increased herb biomass and reduced
shrubbiness, and the cascading effects from these

Fig. 3. Mean daily summer (July–August) and winter (January–March) soil temperatures and accumulated
soil thawing degree days (STDD) over 344 d inside large herbivore exclosures and adjacent open plots (n = 12
sites).
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nodes were sufficient to explain the slightly
higher species densities found inside exclosures
(Fig. 4).

DISCUSSION

Besides direct effects of feeding and trampling,
large herbivores affect plant communities via
cascading chains of events, or causal pathways,
but these complex scenarios are much less
explored by ecologists. In this study, we have
found that moose have both direct and indirect
effects on plant composition and species densi-
ties, although the direct effects are most promi-
nent. This study builds toward a more complete
and mechanistic understanding of the role of
large herbivores, which is essential for predicting
community and ecosystem changes following
the often eruptive ungulate population develop-
ments of the recent decades.

Herbivore removal generated a 21.5% increase
in canopy cover, which in turn reduced summer
soil temperatures (Fig. 4). Soil temperature was

not affected by bryophyte depth (Fig. 5). Accord-
ing to Soudzilovskaia et al. (2013), moss carpets
provide effective insulation, but have no effect
on long-term mean soil temperatures, making
our result not very surprising. Also, the bryo-
phyte depth was not affected directly by herbi-
vore removal as one would expect if bryophytes
were sensitive to trampling. Kolstad et al.
(2018a) found reduced soil bulk density and
increased organic soil depth as an effect of herbi-
vore exclusion within the same experimental
design, both indicating that trampling is an
important effect of moose at these sites.
Moose exclusion had a cascading effect on

reducing the biomass of the very common grass
A. flexuosa via increased canopy cover and
reduced soil temperature in summer (Fig. 5).
However, soil temperature only affected A. flexu-
osa in the open plots, thus reducing the generality
of this finding. A. flexuosa is a species that can
grow very dense and seemingly dominate on
recent clear-cuts. We found that temperature was
a better predictor of A. flexuosa than canopy

Table 3. Partial regression coefficients (standardized [std.] and raw), from path analysis exploring the direct and
indirect effects of moose exclusion on plant communities.

Response Predictor Std. estimate Raw estimate SE df P-value sig.

Canopy cover (%) Herbivore exclusion 0.35 20.49 5.11 92 <0.001 ***
Soil temperature (°C) Herbivore exclusion �0.17 �0.31 0.13 89 0.014 *
Soil temperature (°C) Canopy cover (%) �0.46 �0.01 <0.01 89 <0.001 ***
NMDS1 Herbivore exclusion �0.19 �0.22 0.07 92 0.001 **
Avenella flexuosa (g/m2) Herbivore exclusion �0.27 �0.52 0.17 88 0.004 **
Avenella flexuosa (g/m2) Soil temperature (°C) �5.12† �5.57 1.82 88 0.003 **
Avenella flexuosa (g/m2) (Soil temperature)2 5.00† 0.25 0.08 88 0.003 **
Herb biomass (g/m2) Herbivore exclusion 0.32 22.89 6.59 92 <0.001 ***
Vascular plants (spp/plot) NMDS1 �0.62 �3.02 0.43 92 <0.001 ***
Bryophytes (spp/plot) Bryophyte depth (cm) 1.54† 1.32 0.26 87 <0.001 ***
Bryophytes (spp/plot) (Bryophyte depth)2 �1.20† �0.12 0.03 87 <0.001 ***
Bryophytes (spp/plot) Herb biomass (g/m2) 0.86† 0.05 0.02 87 <0.001 **
Bryophytes (spp/plot) (Herb biomass)2 �0.57† <0.01 <0.01 87 0.030 *
Correlated errors
Vascular plants Bryophytes 0.08 98 0.229
Avenella flexuosa Bryophyte depth 0.05 98 0.314
Avenella flexuosa Herb biomass �0.23 98 0.011 *
NMDS1 Herb biomass �0.44 98 <0.001 ***
NMDS1 Avenella flexuosa �0.09 98 0.182
NMDS1 Bryophyte depth �0.03 98 0.391
Bryophyte depth Herb biomass �0.03 98 0.369

Notes: Correlated errors are partial Pearson correlations coefficients. SE, standard error; df, degrees of freedom.
*P < 0.05; **P < 0.01; ***P < 0.001.
† Note that standardised estimates will appear unreasonably high for parameters in quadratic models.
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Fig. 4. Results from exploratory piecewise structural equation modeling. The full model (top) includes herbi-
vore exclusion as a categorical exogenous variable, whereas the two sub-models (below) are built using data
from only exclosures (left) or open plots (right). Solid and broken lines represent positive and negative relation-
ships, respectively. Numbers on arrows are standardized partial regression coefficients, and the width of the
arrows is scaled based on these, except for non-linear relationships (gray lines) which are described according to
the shape of the relationship and with a preset arrow width. Asterisks indicate statistical significance (*P < 0.05;
**P < 0.01; ***P < 0.001). Numbers inside nodes are marginal and conditional R2 values, respectively. Correlated
errors were allowed (and no betas estimated) between the nodes that are grouped closely together.
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cover (and thus light levels), but there was also a
direct pathway from herbivore exclusion to A.
flexuosa biomass where the actual causation
remains elusive. We speculate if unmeasured
aspects of interspecific competition are behind
this relationship. Altered soil processes could
also underlie this and other relationships from
herbivore exclusion to understory vegetation,
although some recent studies indicate that soil
processes are not very responsive to moose
impacts in the short term (Ellis and Leroux 2017,
Kolstad et al. 2018a).

High abundance of dominant species can
reduce plant diversity through competitive
exclusion (Hardin 1960, Olff and Ritchie 1998,
Grace 1999, Mathisen et al. 2010, Koerner 2018).
We found that A. flexuosa was associated with
low species densities in open plots, but high
species densities in exclosures, although effect
sizes were only moderate. This nonetheless sug-
gests an interaction between herbivore

exclusion and A. flexuosa that we do not yet
know the nature of.
The depth of the bryophyte layer had a hump-

shaped relationship with bryophyte species den-
sity (Figs. 4, 5), which is the same relationship
predicted between biomass and local diversity
(see Grace 1999 for a review). This can possibly
be explained by shallow moss carpets having
fewer individuals and therefore lower diversity,
and deep carpets showing a weak effect of com-
petitive exclusion from dominant pleurocarpous
species, such as Hylocomium splendens and Pleu-
rozium schreberi (Rydgren et al. 2004).
Species densities of both vascular plants and

bryophytes were only slightly higher inside
exclosures, and this probably has few ecological
consequences. Nonetheless, these differences
could be explained by only considering the indi-
rect effect of moose exclusion via increased herb
biomass and reduced shrubbiness, leaving no
unexplained variation that could be due to other

Fig. 5. Bivariate plots for selected relationships included in the path analysis (full model). Regression lines are
from models refitted without covariates, using the lm() function in R and data at the subplot level. All relation-
ships are statistically significant (P < 0.05) in mixed-effects models. Open circles are open plots; closed circles are
herbivore exclosures.
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herbivore effects, such as seed dispersal (Albert
2015, Boulanger 2017), soil feedbacks (Kardol
et al. 2014), or light levels (Kumar et al. 2018).
For example, a negative relationship has been
found between boreal forest plant diversity and
mean light levels (Kumar et al. 2018), but we
speculate that more time is needed for herbivore-
induced environmental change to shape new
plant assemblages in a system where most spe-
cies are perennial. In addition, the variation in
light levels in space could be more important
than mean levels (see Kumar et al. 2018). Note,
however, that other mechanisms may be hidden
as unmeasured correlates to the variables in the
model and that including more variables in the
analysis could result in a more nuanced picture.
This should remind us that the causality claims
in models are restricted by the number and type
of measured parameters.

Our analytical approach used only a small
number of sites (five) to investigate possible
interdependencies between numerous biotic and
abiotic variables that may affect local plant com-
munities and diversity. We therefore had a differ-
ent motivation than testing the effect of
herbivores on vegetation and diversity per se,
which has been done extensively and with more
appropriate datasets elsewhere (Speed et al.
2014, Kolstad et al. 2018b; see Bernes 2018 for a
systematic review). Results from these studies
are idiosyncratic, and we believe this is because
there is a lack of causal understanding of the
underlying processes. Here, we explicitly
addressed possible indirect ways that herbivores
may influence understory vegetation, function-
ally important groups, keystone species, and
local (alpha) diversity of plants. We nonetheless
recognize that large herbivores also affect
resource heterogeneity, which is known to drive
patterns of diversity, especially beta diversity
(Kumar et al. 2018), but this was not our target
of investigation.

An important aspect of this study was to char-
acterize in detail the changes soil temperature
due to moose removal, as temperature was
assumed to be an important variable that could
underlie indirect or cascading effects of moose
on ecosystems. Moose exclusion reduced soil
temperatures in summer by about 0.6°C due to
increased shading from deciduous trees and pos-
sibly other unmeasured parameters such as

shading from understory vegetation and differ-
ences in evaporative cooling or surface albedo.
This moose-induced cooling effect was reversed
in winter when herbivore exclusion led to higher
temperatures compared to outside, although not
significantly so (Fig. 3). As a result, annual heat
sums (STDD) did not differ between treatments.
This may be due to differences in snowpack as
there could be more snow (and thus higher insu-
lation) inside exclosures due to reduced wind or
a snow trapping effect of the vegetation, or
because of less moose trampling. We also specu-
late that the increased temperatures inside the
exclosures in winter is an effect of the reduced
ground wind speeds and the added heat capacity
of the larger biomass in the vegetation (especially
in the trees; see Kolstad et al. 2018b). This latter
idea is supported by the observation that the
three thinned sites, where most of the tree bio-
mass was removed, experienced a rather drastic
warming effect of exclosures in late autumn (be-
fore the snow) that persisted with diminished
effect through winter (blue line in Fig. 2).
Soil processes continue during the dormant

season (Campbell et al. 2005), implying that to
study long-term soil change such as carbon stor-
age and flux and nutrient cycling, one should
also consider seasonal variation in soil tempera-
ture. This can explain why Kolstad et al. (2018a)
failed to find strong links between summer soil
temperatures and long-term soil processes within
the same study design as in this study. Winter
temperatures may have both parallel and con-
trasting effects on plant communities as com-
pared to summer temperatures. Besides the
aspects of soil processes mentioned above,
increased winter soil temperatures can, for exam-
ple, increase soil nutrient loss, because there are
no active roots to take up new soluble or volatile
compounds from decomposition. Vernalization,
timing of leaf flushing, and growing-season
length may also be affected by winter and spring
temperature, with largely unpredictable effects
on forest communities. Summer temperatures on
the other hand are more directly tied to plant
growth via species-specific optima and tolerance
for physiological processes.
Moose exclosures also had lower diurnal soil

temperature fluctuations in summer
(Appendix S1: Fig. S8), which could be a result of
reduced insolation and less heat gain during the
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day, but also reduced radiative cooling at night
due to a higher canopy cover. There are biologi-
cal implications of reduced diurnal temperature
fluctuations as it may, for example, influence vas-
cular plant regeneration and soil structure (see
discussion in Soudzilovskaia et al. 2013). How-
ever, it is not known how prevalent these mecha-
nisms are in boreal forests.

In conclusion, we have shown that moose
exclusion increased canopy shading, thus reduc-
ing summer soil temperatures, but had no effects
on annual temperature sums. Summer soil tem-
perature can drive certain aspects of understory
plant dynamics, such as the dominance of a com-
mon grass species, but the overall cascading
effect of altered soil temperatures was small after
8 yr of herbivore exclusion. Direct effects on herb
biomass and species composition, largely attribu-
table to browsing or trampling, could explain the
small increase in species densities inside exclo-
sures. We also showed that in order to obtain
general and predictive theories for how large
herbivores affect plant diversity (Olff and Ritchie
1998), path analysis is a valuable tool when mul-
tifactorial manipulative experiments are logisti-
cally unfeasible. Many new study questions have
emerged from our study, of which we highlight
the following: (1) Does the absence of moose
have a warming effect during winter and how
might this affect important winter soil processes
and plant dynamics? (2) How prominent is com-
petitive exclusion as a phenomenon in boreal for-
ests? (3) What are the ecosystem/community
implications of reduced diurnal temperature
fluctuations inside moose exclosures? (4) Will
indirect effects of moose via altered forest struc-
ture become more important drivers of under-
story plant communities during the successional
progression?
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