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The importance of pyric herbivory for ecosystem heterogeneity and biodiversity
has been described for North American, Australian and African systems, but the
concept remains largely untested in a European context.

2. We introduced fire and herbivory in a full-factorial experiment in a temperate
European wood-pasture system to test whether pyric herbivory operates in ways
comparable to grassy systems elsewhere in the world. Using camera traps, we
observed the behaviour of cattle in burned subplots (49 m2) compared with un-
burned subplots. We measured grass height and the proportion of the subplot
that burned as variables affecting cattle preference and to assess how grazing
affects fire behaviour. We also examined the effect on plant species and life-form
composition after six seasons of treatment.

3. Cattle spent more time grazing in burned than in unburned subplots in the most
productive paddock, where a larger proportion of the subplot burned. The pro-
portion of a subplot that burned was positively related to pre-fire grass height.
Moreover, both grass height and the proportion of subplot burned declined in the
burned subplots during the 6-year study period and fire and cattle grazing altered
the relative cover of graminoids and shrubs (Rubus spp.), with more graminoids in
grazed and/or burned subplots and more shrubs in ungrazed subplots at the end

of the study.
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1 | INTRODUCTION

In terrestrial ecosystems, fire and herbivory by large mammalian her-
bivores (hereafter ‘herbivores’) are two strong drivers of vegetation
structure and diversity (Archibald & Hempson, 2016; Bond, 2005;
Keeley et al., 2011; Kuijper et al., 2010; Veldman et al., 2015). These
two processes can have strong effects when acting separately, but
may be even stronger when combined (Fuhlendorf & Engle, 2004).
In 2009, Fuhlendorf et al. first introduced the term ‘pyric herbivory’,
which is defined as ‘herbivory driven by fire. The term was used to
define the spatiotemporal interaction of fire and herbivory, where
herbivores are attracted to newly burned vegetation and, by influ-
encing fuel loads, also affect future fire characteristics (Fuhlendorf
et al., 2009). Since then, the term has been used frequently,
mostly in studies from North America (e.g. see Allred et al., 2011;
Lautenbach et al., 2021; Leverkus et al., 2018; Starns et al., 2020),
Australia (Reid et al., 2023) and Africa (Archibald, 2008; Archibald
& Hempson, 2016; Donaldson et al., 2018; Eby et al., 2014; Krook
et al., 2007). These studies suggest that pyric herbivory creates het-
erogeneity on much broader scales than when fire and herbivory act
as two separate forces (see also Fuhlendorf et al., 2009).

The process of pyric herbivory is driven by the preference of her-
bivoresto grazeinrecently burned areas (Allred etal.,2011; Archibald
et al, 2005; Archibald & Bond, 2004; Donaldson et al., 2018;
McGranahan et al., 2014). Recently burned areas attract herbivores
because grass that re-sprouts after a fire has an increased nutritional
value, leaf-to-stem ratio, live-to-dead-tissue ratio and digestibility of
dry matter relative to before the area was burned (Allen et al., 1976;
Blair, 1997; Eby et al., 2014; McGinty et al., 1983; Reid et al., 2023;
Sittler et al., 2019; Thapa et al., 2022). The attraction of herbivores is
often strong in the growing season following a fire event and can re-
main several years after the fire (Ranglack & Du Toit, 2015). Several
studies on different species of herbivores show that they prefer
burned areas for foraging. For example, Leverkus et al. (2018) found
that feral horses Equus ferus were attracted to recently burned open
patches in a study in British Columbia, Canada. American bison Bison

4. Synthesis and applications. In our temperate European wood pasture, fire and
(cattle) grazing interacted in ways comparable to pyric herbivory in grassy eco-
systems elsewhere in the world, especially in the most productive paddock. Fire
attracted grazing, with cattle grazing longer on subplots that burned more fully.
Grazing also affected fire, where over the course of our experiment cattle grazing
reduced grass height and the proportion of a subplot that burned. We suggest
that pyric herbivory is an interesting management method to further explore in
the European context to address the loss of biodiversity in open ecosystems, par-

ticularly in more productive sites.

cattle, fire-herbivory interaction, foraging behaviour, grazing preference, patch burn, pyric
herbivory, shifting mosaic, temperate ecosystem

bison prefer to graze in recently burned areas in prairies in the USA
(Ranglack & Du Toit, 2015; Raynor et al., 2015; Winter et al., 2015),
and both cattle and American bison can spend up to 70% of their
time in recently burned patches (Fuhlendorf & Engle, 2004; West
et al., 2016). However, the influence of fire on herbivory differs be-
tween herbivores of different size, digestive physiology and feeding
type (Nieman et al., 2022; Reid et al., 2023). In Africa, studies on
herbivore behaviour have found that larger herbivores tend to be
less attracted to recently burned areas than smaller herbivores (Eby
et al., 2014) and ruminants are more attracted than non-ruminants
(Nieman et al., 2021). Nieman et al. (2021) also found that grazers
were more likely to prefer recently burned patches than browsers.

The strength of the attraction of herbivores to newly burned
patches also depends on vegetation productivity (Augustine &
Derner, 2014), which in general is correlated with vegetation
height in the absence of herbivores (Savadogo et al., 2007; Stewart
et al., 2001). Higher vegetation generally implies higher plant bio-
mass, and thus more fuel for fires (Augustine & Derner, 2014;
Fernandes, 2001). Higher plant biomass creates conditions for larger
and more intense fires, and larger burned areas attract herbivores
more strongly than smaller burned areas (Archibald & Bond, 2004;
Augustine & Derner, 2014).

Moreover, herbivores do not only respond to fire but also shape
subsequent fire patterns. Increased grazing pressure in newly
burned areas reduces fuel accumulation and, thereby, also reduces
the likelihood of new fires (Donaldson et al., 2018; Fuhlendorf
et al.,, 2009; Kirkpatrick et al., 2011; Starns et al., 2019; Young
et al., 2022). Cattle can reduce the amount of grass by up to 80% in
newly burned patches compared with unburned patches (Vermeire
et al., 2004). Patches that are not grazed instead accumulate above-
ground biomass, which increases with time since fire, thus increasing
the likelihood of fires (Fuhlendorf & Engle, 2004).

As a result, spatial patterns of herbivory are shaped by fire
and also affect future spatial patterns of fire, while these future
fire patterns also shape future herbivory patterns (i.e. pyric her-
bivory; Fuhlendorf et al., 2009; McGranahan et al., 2012). These
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highly dynamic herbivore-fire interactions create a shifting mo-
saic of patches with varying levels of herbivory and fire intensity
and frequency (Fuhlendorf & Engle, 2004). As such, pyric herbivory
can increase ecosystem heterogeneity (Fuhlendorf & Engle, 2004;
McGranahan et al., 2012; Winter et al., 2012). This resulting het-
erogeneity ultimately increases biodiversity by varying effects on
vascular plant species and life-form composition (Collins, 1992;
Fuhlendorf & Smeins, 1999; Kirkpatrick et al., 2016; McGlinn &
Palmer, 2019). Previous work has shown an increase in gram-
inoids and a decrease in woody species under herbivory and fire
(Fuhlendorf & Engle, 2004; Herrera et al., 2021; Pekin et al., 2012;
Van Uytvanck & Hoffmann, 2009).

Pyric herbivory has since long been integrated into studies on the
ecology and management of grassy ecosystems in many continents,
but much less so in Europe and especially in the more temperate
parts (Allred et al., 2011), where it has rarely been applied or even
examined, despite recent studies showing that herbivory (Bakker
etal., 2016; Kuijper et al., 2010; Svenning, 2002; Vera, 2000) and fire
(Bond & Keeley, 2005; Feurdean et al., 2018; Niklasson et al., 2010;
Svenning, 2002; Zin et al., 2022) have had a great impact on the
European vegetation since the early Holocene. Compared with trop-
ical grasslands and savannas, large wild grazing herbivores have been
absent from European temperate grasslands since the extinction of
Europe's wild cow, the Aurochs Bos primigenius, in 1627 and wild
horse, the Tarpan Equus ferus gmelini, in 1909. Despite their extinc-
tion, both fire and herbivory were an important part of the European
landscape in the form of grazing livestock (i.e., the domesticated suc-
cessors of aurochs and tarpan) and prescribed fires until relatively
recently (Atlestam, 1942; Hogbom, 1934). However, since the late
1900s, livestock are increasingly kept in stables for large parts of the
year (Bakker et al., 2016; Ziobro et al., 2016). Similarly, fire exclusion
has been a widespread practice in European systems during the last
decades and traditional management methods are now abandoned
(Bradshaw et al., 2003; Estes et al., 2011).In this paper, we therefore
investigate whether the application of fire and herbivory, that is,
pyric herbivory, intemperate Europe could work in ways comparable
as has been described for grassy ecosystems elsewhere.

In this pioneering experimental study, we tested whether and
how cattle grazing and low-intensity fires interact under temper-
ate European conditions and how such pyric herbivory affects
vegetation composition and structure in a wood-pasture system in
South-western Sweden. To our knowledge, this is the first time the
interaction between fire and grazing is experimentally studied in a
temperate Northern European ecosystem. We specifically tested
the following hypotheses based on what we know from studies on
pyric herbivory elsewhere in the world. We hypothesised that: (1)
cattle would prefer newly burned patches and (2) show a stronger
preference for subplots with larger proportion burned; (3) propor-
tion burned would be related to pre-fire grass height; (4) preferred
grazing of newly burned areas would affect the amount of fuel
(grass height) for future fires; and finally (5) fire and grazing would
alter the plant species and life-form composition and, specifically,
increase the cover of hemicryptophytes (graminoids and forbs) and
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decrease the cover of phanerophytes (shrubs) and chamaeophytes
(dwarf shrubs). To test these hypotheses, we conducted an exper-
iment with 24 study plots, where we applied annual low-intensity
grass fires and seasonal grazing by cattle. Using camera traps, we
recorded the presence and foraging behaviour of cattle. We addi-
tionally measured the proportion of a subplot burned and pre-fire
grass height. Finally, we inventoried the plant species and life-form

composition after six seasons of repeated treatments.

2 | MATERIALS AND METHODS
2.1 | Study area and experimental design

Our experiment was carried out in the Ecopark of Nordens Ark
(ENA; Figure 1) on the Swedish west coast (58°27'N 11°25'E). The
area is located within the temperate climate zone and has mild win-
ters and cool summers (annual mean temperature 8-9°C; standard
period 1991-2020, www.smhi.se/kunskapsbanken/klimat/norma
ler/normalperioden-1991-2020-1.166930, 2023-09-18, Wastenson
etal., 2004). ENA has a total area of 400 ha, and until the early 1900s,
the area was used as a wood pasture for cattle and sheep, followed
by a period of commercial forestry (Ernby, 2010). In 2011 and 2012,
about 100 ha of the conifer plantation were harvested and converted
back into wood pastures, and since then, the area has been grazed
mainly by cattle and to a minor extent by sheep, goats and horses.
The region has a history of prescribed annual fires up to the early
1900s before commercial forestry started (Atlestam, 1942) and also
natural fires ignited by lightning (Granstrém, 1993; Hogbom, 1934).

In 2015, we established 24 study plots, with six plots in each
of four paddocks in ENA (Figure 1). The paddocks differed in terms
of initial vegetation biomass, indicated by a difference in the initial
grass height before application of the treatments started in 2015.
Paddock 1, which had the highest initial grass height (see Figure S1),
has the lowest elevation and is located next to a cliff under a pla-
teau, which provides additional rainwater to the grasslands below.
Paddocks 2-4 are located on ground that is flatter and generally
drier than paddock 1 and had a lower initial grass height (Figure S1).
Each of the study plots measured 14 x 14 m and was divided into four
subplots of 7x7m. Two of these subplots were fenced with a 2-m
high mesh wired fence, protecting them from herbivory. One of the
two unfenced subplots was chosen for burning, together with the
adjacent fenced subplot. This design resulted in four treatment com-
binations: no fire and no herbivory (control), fire but no herbivory
(fire), herbivory but no fire (herbivory), and both fire and herbivory
(fire + herbivory) with 24 replicates of each (Figure 1).

The prescribed fire was conducted in April annually until 2020.
With a drip torch, we applied a 7-m drip line at surface level on the
leeward side of each subplot. If not self-spreading, we ignited five
more drip lines across the subplot, 1 m apart.

During the study period, the paddocks were grazed by cattle of
the Swedish breeds Rédkulla and Fjillndra and of the English breed
Hereford. Groups of cattle, mixed and single breed, with cows and
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FIGURE 1 Location of study area (ENA) on the Swedish west coast (upper left), position of study plots in the four paddocks in ENA (upper
right) and study plot design (lower middle). All 24 study plots were divided into four subplots; FH =fire + herbivory, H=herbivory, F =fire and
C=control. The thicker line indicates the fenced subplots and the grey colour indicates the subplots exposed to fire. Blue triangle indicates
the view of the camera trap, covering ca 75% of the herbivory and fire + herbivory subplots (figure modified from Amsten et al., 2021).

calves separated from juveniles (1-2years), were randomly placed
in and moved among the four paddocks. The cattle density was
documented during the first grazing season and varied among the
paddocks from 1 to 2.5 cows/ha (calves were counted as 0.5 individ-
ual; Table S1). The grazing period began in May-June and ended in
September-October. This grazing regime (grazing period and cattle
density) continued until the fall of 2020. Access to drinking water
differed among paddocks, with paddock 1 having a natural stream

with fresh water at 30-50m from each plot and paddock 2-4 had
water tanks at 50-400m from the plots.

In each of the 24 plots, we placed a camera trap (Ltl Acorn
5210A). The camera view covered approximately 75% of the grazed
parts of the plots (fire+ herbivory and herbivory; Figure 1; Figure S2).
Triggered by body heat and movement, the cameras recorded a 1-
min video every time they were triggered (for further camera set-
tings, see Table S2). The camera traps were used during the first
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grazing season of the study (May-October 2015) for seven periods
of 2-4 weeks each.
For a more detailed description of the study site and experimen-

tal design, see Amsten et al. (2021).

2.2 | Data collection

Visitation and foraging behaviour of the cattle were recorded using
videos from the camera traps. Unfortunately, no videos were re-
corded for one of the plots (no. 23) due to technical failure, so this
plot was excluded from the behaviour analysis, leaving 23 repli-
cated plots. All empty videos without animals were removed, and
only videos containing animals were further analysed. Due to the
low number of videos containing wild ungulates (<10 videos with
roe deer and moose, compared with >4000 with cattle), they were
not included in the analysis. A photo template was used for each
plot with subplot demarcations to determine the position of the cat-
tle (e.g. see Figure S3). The videos were analysed for both visita-
tion (defined as the head located within the subplot boundaries) and
grazing (defined as the head positioned close to the ground within
the subplot boundaries; e.g. see Figure S2). The total time in sec-
onds spent by cattle on each activity (visitation and grazing) in each
subplot (fire + herbivory and herbivory) per 1-min video was recorded.
This process was repeated for each individual animal in those cases
where there was more than one individual in a video and was re-
garded as separate observations. In total, 4091 visitation observa-
tions were included in the analysis, of which 2117 also included a
grazing event. The observations were averaged to time in seconds
per 1-min video and subplot (hereafter ‘visiting/grazing time’).

As an indicator of fire intensity (Savadogo et al., 2007), we es-
timated the proportion of the fire and fire + herbivory subplots that
burned (hereafter ‘proportion burned’). This was done by visual eval-
uation right after each burning took place until 2020.

As an indicator of fuel load for fire (Savadogo et al., 2007), we
measured the pre-fire grass height in each of the fire and fire + her-
bivory subplots before the burning took place, including only gram-
inoids (hereafter ‘grass height’). This was done using a folding ruler
to measure the height (cm) of the majority (80%) of the grass swards
in nine evenly distributed points. This method is further described
in Stewart et al. (2001) as the ‘direct measurement method’. Grass
height values were averaged per subplot and measured until 2020.

Plant species composition was surveyed in September 2020, at
the end of the flowering season, after six seasons of fire and herbiv-
ory treatment. In two randomly chosen points in each subplot, we put
out a45x60cm quadrant and noted all herbaceous species and their
coverage in percentage of the quadrant rate. To evaluate differences
in vegetation structure among treatments further, we classified the
species found according to the following plant life forms: hemicryp-
tophytes, phanerophytes (large shrubs and trees) and chamaephytes
(dwarf shrubs, such as Vaccinium spp.). Hemicryptophytes were
further subdivided into graminoids, forbs and ferns. Plant life forms
were determined based on the TRY database (Kattge et al., 2020).
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We decided to test for an effect of fire and grazing on these life
forms, since studies on pyric herbivory elsewhere in the world show
that fire and grazing can strongly alter the relative cover of these life
forms, especially in terms of the relative cover of grasses and shrubs
(Fuhlendorf & Engle, 2004; Herrera et al., 2021; Pekin et al., 2012;
Van Uytvanck & Hoffmann, 2009). In the below text, we refer to
the different plant life forms as graminoids, forbs, ferns, shrubs and
dwarf shrubs instead of the above categories. Since in our plots
Rubus idaeus and Rubus fruticosus were the only shrub species, we
use Rubus spp. as the name for that life form.
No ethics or field approval was required for this study.

2.3 | Data analysis

For all statistical analyses, we used the R 4.1.2. program (R
Foundation for Statistical Computing, Vienna). For all linear mixed-
effects models (LMM), we used the ‘Imer’ function in the ‘ImerTest’
package (Kuznetsova et al., 2018). For generalised mixed-effects
models (GLMM), we used the ‘glmmTMB’ function in the ‘glm-
mTMB’ package (Brooks et al., 2023) with a beta distribution. For
the Permutational Multivariate Analysis of Variance (perMANOVA),
we used the ‘adonis2’ function in the ‘vegan’ package (Oksanen
et al., 2022), which was based on the Bray-Curtis dissimilarity and
ran with 9999 permutations. For multiple comparisons, we per-
formed Tukey's post hoc tests using the ‘emmeans’ function in the
‘emmeans’ package (Lenth et al., 2018). Paddock was used as ran-
dom variable, except when paddock was used as explanatory vari-
able; then, plot ID was used as random variable (for further details,
see Table S3).

We checked whether there was a difference in initial grass height
between the four treatment combinations before the start of our
experiment, using an LMM with (logged) grass height per subplot
in all four treatments as response variable, and found no significant
difference with grass heights varying between 10.0 + 1.5 cm (control)
and 12.1+2.4cm (herbivory;)(z=0.832; df=3; p=0.842).

To test whether the initial grass heights differed between the
four paddocks, we used an LMM with (logged) grass height per sub-
plotin all four treatments as response variable. As mentioned above,
this analysis confirmed that there was a difference in the initial grass
heights in 2015 between the paddocks (Figure S1).

The effect of fire on cattle behaviour was analysed with an LMM.
As response variable, we used the visiting time and grazing time.
Treatment (fire +herbivory and herbivory) and paddock were used
as explanatory variables. We also tested the relationship between
the proportion burned in fire + herbivory and the proportion of the
total visiting or grazing time in a plot, that was spent in fire + herbiv-
ory (hereafter ‘proportion visiting/grazing’) in a GLMM with a beta
distribution.

To test the relationship between grass height and proportion
burned, we also conducted a GLMM with a beta distribution. We
used the proportion burned in all burned subplots (fire + herbivory
and fire) from 6éyears of repeated burnings (2015-2020) and the
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corresponding mean grass heights. To remove zeros and ones in the
data set, we used the transformation suggested by Cribari-Neto and
Zeileis (2021):

X yx(mn-1)+0.5
Ee—

where n is the sample size.

The effect of increased grazing on future fuel load was anal-
ysed with an LMM. As response variable, we used the (logged) grass
height from the grazed subplots (fire +herbivory and herbivory) from
the whole study period (2015-2020). Treatment (fire + herbivory and
herbivory), paddock and year and also their interactions were used
as explanatory variables. The effect on the proportion burned was
analysed with a GLMM with a beta distribution. We used proportion
burned in fire + herbivory as response variable and paddock, year and
their interaction as explanatory variables.

To assess whether there were any differences in plant species
composition among the four treatment combinations in fall 2020,
after six seasons of repeated treatment, we conducted a per-
MANOVA on the species community data (cover) with treatment
(fire + herbivory, herbivory, fire and control) and paddock as explana-
tory variables. For pairwise comparisons of the treatments, we per-
formed a perMANOVA for each pair of treatment in each paddock
separately. We compensated for multiple tests, by using the Holm
method (Holm, 1979).

Differences in plant life-form composition among the treat-
ments were analysed with a GLMM with a beta distribution. We
used the summed cover of all species in each life form as response
variable and treatment (fire +herbivory, herbivory, fire and con-
trol) and life form (graminoids, forbs, ferns, Rubus spp. and dwarf
shrubs) as explanatory variables. Again, to remove zeros and
ones, we used the transformation suggested by Cribari-Neto and
Zeileis (2021).

3 | RESULTS

During the first season of the experiment, when we monitored
the behaviour of the cattle, there was no overall difference in cat-
tle visitation time between the fire + herbivory and herbivory treat-
ments, with 15.8 (+1.0) and 15.2 (+1.4) seconds, respectively, and
no interaction with paddock (Table S4). We also found no significant
relationship between the proportion burned and the proportion vis-
iting (;(2=0.014; df=1; p=0.907). However, the time spent grazing
was significantly affected by treatment and there was an interaction
between treatment and paddock (Table S4). Cattle spent more time
grazing in the burned (fire +herbivory) than in the unburned (her-
bivory) treatments, but only in Paddock 1, with 18.5 (+1.3) and 11.4
(+2.5) seconds for burned and unburned, respectively (Figure 2;
Table S5). In the other paddocks, there was no difference in time
grazing between the treatments (Figure 2; Table S5). We found a sig-
nificant positive relationship between proportion burned and pro-
portion grazed, with a higher proportion of the time spent grazing
burned subplots with a higher proportion burned (Figure 3).

There was a significant positive relationship between proportion
burned and grass height (Figure 4; Figure S4), with higher grass lead-
ing to a higher proportion burned.

We found a significant effect of year and paddock on grass
height (Table S6). We also found a significant interaction between
treatment and paddock and year and paddock (Table Sé). Over
6years (2015-2020), there was a reduction in grass height in both
the fire + herbivory and herbivory treatment in Paddock 1, but not in
the other paddocks (Figure 5; Table S7). However, at the end of the
experiment (2020), grass height was lower in the fire + herbivory than
in the herbivory treatment (Figure 5).

Similarly, we found a significant effect of year and paddock on
proportion burned in fire+herbivory, and an interaction between

year and paddock (Table S9). In Paddock 1, proportion burned

Time graze (seconds)

Treatment

FH
H

Paddock

FIGURE 2 Mean time in seconds spent on grazing per 1-min video for each treatment and paddock (based on 2117 videos; error bars
represent +1 SE). Significance within each paddock is indicated with letters (p <0.05; test statistics in Table S5). Treatment abbreviations:

FH=fire + herbivory and H=herbivory.
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FIGURE 3 Relationship between proportion of subplot burned and the proportion of the time spent on grazing in the fire + herbivory
subplot per video (based on 2117 videos). A predicted regression line is added with a confidence interval of 2 x SE. p-value of the regression

is indicated in the figure (y?=7.198; df=1).
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FIGURE 4 Relationship between pre-fire grass height in the fire + herbivory and fire subplots and proportion of subplot burned (data from
2015 to 2020). A predicted regression line is added with a confidence interval of 2 x SE. p-value of the regression is indicated in the figure

(#*=230.620; df=1).

decreased strongly over the years from around 70% to only 10% of
a plot burned (Figure 6; Table $10). During the first 4 years, propor-
tion burned was also much higher in Paddock 1 than in the other
paddocks. By 2020, there was no difference in proportion burned
among the paddocks (Table S11). In the other paddocks, there was
no clear trend over the years in proportion burned and proportion
burned was low from the start.

The inventory of plant species composition resulted in 42 spe-
cies, and 12 of them were found in all treatments (Figure S5). The
highest number of species was found in fire + herbivory (32) and the
lowest in control (23; for a full species list, see Table S12). Treatment,
paddock and the interaction between these two factors all had a

significant effect on the plant species composition (Table $13). The
pairwise comparison showed a difference in plant species composi-
tion between the grazed (fire + herbivory and herbivory) and the un-
grazed subplots (fire and control) in Paddock 1, 2 and 4 (Table S14).
In Paddock 3, there was only a difference between herbivory and the
control (Table S14).

Grazing and fire also altered the cover of different life forms
(Table S15). Fire subplots had higher graminoid cover than the control
subplots but lower than the fire +herbivory and herbivory subplots
(Figure 7; Table S16). The cover of Rubus spp. was significantly higher
in the two ungrazed treatments (fire and control) than in the grazed
(fire + herbivory and herbivory) (Figure 7; Table $16).
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FIGURE 5 Logged pre-fire grass height (cm) measured in spring before the annual prescribed fires were conducted for each treatment
and paddock (1-4) over 6years (error bars represent +1 SE). 2015 measurement was conducted before any treatment was applied.
Significance between years within each treatment and paddock is indicated with letters (p <0.05; test statistics in Tables S7 and S8).

Treatment abbreviations: FH =fire + herbivory and H =herbivory.
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FIGURE 6 Proportion of subplot burned in fire + herbivory for each paddock over éyears (2015-2020; error bars represent +1 SE). 2015
fire was conducted before the herbivory treatment started. Significance between years within each paddock is indicated with letters

(p <0.05; test statistics in Tables S10 and S11).

4 | DISCUSSION

4.1 | Pyric herbivory in a temperate European
ecosystem

The combination of fire and herbivory, that is, pyric herbivory, has
received much attention in North America, Africa and Australia
(Bond, 2005; Bowman et al., 2011; Kirkpatrick et al., 2011; Reid
etal., 2023). Despite some studies on pyric herbivory in the southern,
Mediterranean, parts of Europe (e.g., see San Emeterio et al., 2023),
we are not aware of similar studies in the northern temperate parts
of Europe. In this pioneering study, we showed that the process of

pyric herbivory under temperate European conditions behaves in
ways comparable to systems elsewhere in the world, both in terms
of burned areas attracting further herbivory and this herbivory influ-
encing future fire behaviour.

We saw the strongest signs of pyric herbivory in Paddock 1.
In this paddock, cattle spent more time grazing in the burned than
in the unburned treatment (Figure 2). Overall, we found that cat-
tle spent more time grazing in subplots where a higher proportion
of the subplot burned (Figure 3). This is in line with the findings by
Archibald and Bond (2004), who found that larger burns attracted
herbivores more strongly than smaller burns. We did not see an in-
crease in overall cattle visitation to burned plots, probably because
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FIGURE 7 Coverage rate of five different plant life forms in each treatment in September 2020, after six seasons of treatment (error
bars represent +1 SE). Significance within each life form is indicated with letters (p <0.05; test statistics can be found in Tables S15 and S16).
Treatment abbreviations: FH =fire + herbivory, H=herbivory, F =fire and C=control.

our burned patches were much smaller than most other areas where
this has been studied (49 m? compared with, e.g., >8000ha in
Archibald & Bond, 2004).

In Paddock 1, over 6years (2015-2020), grass height decreased
and it decreased more strongly in the fire + herbivory than in the her-
bivory treatment (Figure 5). The combination of fire and grazing in
this paddock thus decreased grass biomass more than grazing alone,
confirming findings from other studies (Donaldson et al., 2018;
Fuhlendorf et al., 2009; Starns et al., 2019; Young et al., 2022). In the
other paddocks, we did not find this temporal change in grass height.
In Paddock 1, the proportion of a plot burned declined dramatically
in the fire + herbivory treatment (Figure 6), from almost 70% at the
start of the experiment to less than 20% at the end. This pattern
matches the decrease in grass height in the fire + herbivory treatment
of Paddock 1. There was no consistent change in proportion burned
in the other paddocks (Figure 6).

One of the more striking findings of our study is the large differ-
ence in responses among the four paddocks, with Paddock 1 show-
ing the strongest interaction between fire and cattle grazing. There
may be multiple reasons for this difference among the paddocks. A
likely driver is the difference in grass productivity among the pad-
docks, which was highest in Paddock 1 from the start (Figure S1).
This increased productivity in Paddock 1 is likely due to the increased
water availability through rainwater fed from the cliff bordering the
plots in Paddock 1. This higher grass productivity led to higher initial
fuel load in Paddock 1 at the start of the experiment, leading to a
much higher proportion of subplot area burned during the first fire
in 2015 (Figure 6). This then led to a larger attraction of cattle graz-
ing. Augustine and Derner (2014) described a similar role of plant
productivity in determining the preference of herbivores for burned
patches, with higher productivity leading to higher fuel loads and
more intense fires, which in turn attracted more herbivores. In this

respect, it is relevant to stress that we found indications of a possible

threshold at approximately 10cm in grass height above which it is
more likely that a subplot burns (Figure 4). Below 10cm grass height,
the proportion of a subplot burned was minimal, whereas the area
burned increased markedly above 10cm. Donaldson et al. (2018)
showed a similar threshold effect with grass shorter than 10cm
limiting fire in an African savanna. Notably, the initial average grass
height in Paddock 1, where on average 70% of a subplot burned,
was clearly above the threshold (24.7 +1.8 (SE) cm), while the grass
height in Paddock 2-4, where less than 20% of a plot burned, was
below the threshold with 4.9-9.3cm (Figure 6; Figure S1).

In addition to the variation in grass productivity, cattle density
and distance to drinking water also varied among the paddocks. As
seen in Table S1, Paddock 1 had the lowest number of ‘cattle days’
(defined as the number of individual cattle multiplied by the number
of days of grazing). The distance to drinking water also varied, with
Paddock 1 having a natural stream flowing through the paddock,
while the other paddocks had a water tank. This meant that, on av-
erage, treatment plots were closer to water in Paddock 1. Proximity
to a water source may affect the strength of pyric herbivory, with a
further distance to water decreasing the attraction to burned areas
(Augustine & Derner, 2014). Due to the pilot nature of our experi-
ment and the lack of replication with respect to these factors, we
were unable to formally test for the effects of cattle density and
distance to water in our study. Still, we suggest that these factors
should be included in future research on pyric herbivory in a tem-

perate European context.
4.2 | Pyric herbivory as a management tool to
improve heterogeneity in vegetation

Patch-burn grazing has been suggested as a way to incorporate
pyric herbivory in grazing management regimes (Fuhlendorf &
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Engle, 2001, 2004), as a form of rotational grazing without fencing.
Patch-burn management can increase heterogeneity in vegetation
structure (Leis et al., 2013; McGranahan & Kirkman, 2013; Starns
et al., 2020) and also the variability in functional groups in plants
(McGranahan et al., 2012). Until now, the common idea of conserva-
tion management practices has been to allow an intermediate level
of grazing, which is often applied to entire areas creating uniform
and homogenised ecosystems (Briske et al., 2003; Fuhlendorf &
Engle, 2001). However, these traditional management methods ig-
nore the spatiotemporal changes and patterns resulting from pyric
herbivory, that is, the creation of a shifting mosaic landscape (Briske
etal., 2003; Fuhlendorf & Engle, 2001). Fire and herbivory as strongly
interacting processes can therefore be considered as potential tools
in conservation management to create or increase heterogeneity in
vegetation structure and composition in grasslands and other po-
tentially flammable ecosystems (Bowman et al., 2021; Fuhlendorf
et al., 2012; McGranahan & Kirkman, 2013; Wilcox et al., 2021).

We showed that cattle preferred to graze in the burned patches
during the first year of the study. Since we only monitored the cattle
behaviour during the first year, we were not able to test whether
the effect of fire on grazing preference was maintained during the
annual burns over the course of our experiment (Ranglack & Du
Toit, 2015). However, we showed that both grass height and propor-
tion burned continued to decrease 5years after the initial fire similar
to what Donaldson et al. (2018) showed in a study in a South African
savanna with annual burnings. Similar to our findings, they showed
that repeated burnings led to long-term attraction of herbivores, re-
sulting in a reduction in grass height to levels that excluded fires.
The continued attraction of cattle to the burned patches during the
later years of our experiment, when only a small part of the subplots
burned, can be explained by grazing-induced vegetation regrowth
(Cromsigt & OIff, 2008). In our study, we burned and grazed the
same patches of similar size (study plots) every year, similar to the
study by Donaldson et al. (2018). We used annual burning to mimic
the most recent fire regime in the area, which were human-induced
annual fires to improve pastures for livestock (Atlestam, 1942). We
acknowledge that natural, non-human-induced, fires will occur much
less frequently than once a year. It remains unknown what fire fre-
quency, but also fire size, would be optimal to restore biodiversity
and ecosystem functioning in temperate European systems. We,
therefore, strongly recommend future studies to specifically test the
effect of varying fire sizes and intervals on fire behaviour, fire-herbi-
vore interactions, and the effects of pyric herbivory on biodiversity
and ecosystem functioning.

We found that fire and herbivory affected plant species compo-
sition and the relative cover of plant life forms (Figure 7). The species
composition differed between the treatments, especially between
the grazed and ungrazed subplots. In all paddocks, except Paddock
3, there was a difference in species composition between grazed and
the ungrazed treatments (Table S14). Most striking was the strong
negative impact of grazing on the two Rubus spp. Rubus idaeus was
completely absent from the grazed treatments while it was present
in 22 out of 48 quadrants in the fire subplots and 16 in the control

subplots without fire and grazing. Rubus fruticosus also frequently
occurred in the ungrazed treatments (in 15 of the fire and 22 of the
control quadrants), while it only occurred in two of the fire + herbivory
and five of the herbivory quadrants. This confirms previous studies
that showed that Rubus spp. are readily eaten by herbivores and
are quickly reduced in presence in grazed areas (e.g., see Horsley
et al., 2003). Cattle grazing also altered the vegetation structure
by promoting graminoids and restricting shrubs (in our case Rubus
spp.) (Figure 7). Interestingly, fire did not reduce the shrub cover as
has been seen in previous studies (e.g. see Pekin et al., 2012). This
can probably be linked to the ability of Rubus to re-sprout after fires
(Ainsworth & Mahr, 2004). Fire did not have a significant effect on
species composition in our study after six seasons compared with
the control without fire or herbivory (Table S14), although fire in-
creased the amount of graminoids compared with the control
(Figure 7; Table S16). Changes in plant life-form composition point
not only to structural, but also functional changes in plant communi-
ties in response to pyric herbivory (Taylor et al., 2023).

5 | CONCLUSIONS

Our study provides some of the first insights into the potential use
of pyric herbivory as a conservation management tool in temperate
European grasslands. We show that fire can attract cattle grazing
in a temperate wood pasture and that increased grazing on burned
areas can reduce the fuel and thereby the extent of future fires. We
also show that this effect may be stronger under more productive
(wetter) conditions. Furthermore, we show that fire and herbivory
may alter plant species composition and the relative cover of differ-
ent plant life forms. These combined effects of fire and herbivory
created heterogeneity in the plant species composition and struc-
ture in the landscape, similar to what has been shown in other parts
of the world. Today, the need to restore and maintain open habitat
biodiversity is greater than ever and, at the same time, we need to
identify cost-efficient and sustainable management methods. Pyric
herbivory-based management has been shown to maintain cattle
stocking rates and provide high-quality forage throughout the whole
season and still increase biodiversity (Limb et al., 2011) and could
therefore be considered as an alternative to traditional conservation
management methods also in Europe. This study is a first step in re-
incorporating fire-herbivore interactions into contemporary nature
management techniques in Northern Europe as a potential tool to
increase both heterogeneity and diversity. We recommend further
studies on the combined effects of different grazing and fire regimes
and their effects on long-term temperate ecosystem structure and
functioning.
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SUPPORTING INFORMATION

Additional supporting information can be found online in the

Supporting Information section at the end of this article.

Table S1: Grazing period and animal density in the four paddocks.

Table S2: Settings for the 24 camera traps.

Table S3: Details on all the analyses in the study.

Table S4: Analysis of deviance explaining the variation in (a) time

cattle spent visiting and (b) time cattle spent grazing.

Table S5: Multiple pairwise comparisons test of time spent grazing

between treatments.

Table Sé6: Analysis of deviance explaining the variation in grass

height.

Table S7: Multiple pairwise comparisons test of logged pre-fire grass

height between years.

Table S8: Multiple pairwise comparisons test of logged pre-fire grass

height between treatments.

Table S9: Analysis of deviance explaining the variation in proportion

burned in fire+herbivory.

Table $S10: Multiple pairwise comparisons test of proportion burned

in fire+herbivory between years for each paddock.

Table S11: Multiple pairwise comparisons test of proportion burned

in fire+herbivory between paddocks for each year.

Table S12: Full list of determined wild herbaceous species found in

fall 2020.

Table S13: Analysis of variance explaining the variation in plant
species composition (cover).

Table S14: Pairwise comparison with Permutational Multivariate
Analysis of Variance of plant species.

Table S15: Analysis of deviance explaining the variation in coverage
of different life forms.

Table S16: Multiple pairwise comparisons test of life form coverage
between treatments for each life form.

Figure S1: Logged initial mean fuel heights.

Figure S2: View of the camera trap and example of determination
of video events.

Figure S3: Example of a photo template of a plot.

Figure S4: Examples of two different fire+herbivory subplots in
spring 2015.

Figure S5: Venn chart over the number of unique species found in

the four treatments.
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