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Abstract
1. Ungulates influence ecosystem services in important ways, including by altering
the amount of standing plant biomass and species composition. Browsing, for example, removes biomass and, in consequence, can decrease the risk of wildfires.
The influence of ungulates on carbon storage is more complicated. Browsers reduce carbon stocks directly by consuming biomass, but if browsing reduces fine
fuel loads, then long-term carbon storage may increase.
2. We investigated how wild ungulates mediate trade-offs between carbon stocks
and wildfire hazard in a Mediterranean oak woodland. We assessed the effects of
deer (Cervus elaphus and Dama dama) on the colonization by gum cistus (Cistus
ladanifer), a highly flammable Mediterranean shrub, through a long-term ungulate
exclusion experiment.
3. We established fenced (unbrowsed) and open (browsed) plots in areas where
shrubs were previously cleared, and compared shrub density, height, biomass, and
above-ground carbon stocks 6 and 14 years after fencing.
4. There were no significant differences in shrub density between treatments after
6 years of browsing exclusion but, by this point, height was already significantly
greater in fenced plots. At the end of the experiment, shrub density and height
were both significantly greater in fenced plots. Biomass and carbon stocks of gum
cistus increased and reached a plateau in fenced plots, while in open plots biomass
and carbon stocks increased initially but then decreased. Ungulates also prevented accumulation of litter carbon stocks, which was significantly higher in
fenced plots after 14 years of browsing exclusion.
5. We also modelled fire behaviour in fenced and open plots. Browsing reduced fine
fuel load, an important contributor to fire spread, by 80%. In browsed plots, modelled wildfire rate of spread, flame length, and fireline intensity decreased by 50%,
65%, and 90%, respectively, which also decreased the probability of canopy fire
and of oak mortality.
6. Synthesis and applications. By decreasing fire hazard and the probability of canopy
fire, ungulates may ultimately increase ecosystem carbon stocks through improved adult oak survival. These critical, indirect trade-offs need to be assessed
when addressing the effects of ungulates on ecosystems and the management of
their populations.
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1 | I NTRO D U C TI O N

alters the horizontal and vertical structure of shrublands and re-

Woody encroachment into grasslands has been increasingly doc-

Doran, & Nader, 2013; Nader, Henkin, Smith, Ingram, & Narvaez,

umented world-wide (Sala & Maestre, 2014) and associated with

2007; Strand, Launchbaugh, Limb, & Torell, 2014). This reduction

climate and land-use changes, including altered fire and grazing re-

decreases the probability of ignition, spread, and intensity of wild-

gimes (Briggs et al., 2005; D’Odorico, Okin, & Bestelmeyer, 2012;

fires (De Luis et al., 2004). Both wild and domestic ungulates, such as

Sankaran, Ratnam, & Hanan, 2008). Shrublands provide a wide range

deer or goats, have been shown to disrupt fuel ladders, breaking the

of ecosystem services, including carbon storage and sequestration,

vertical continuity of biomass between ground and tree canopy, and

and livestock forage (Janssens et al., 2003; McKinley et al., 2011;

decreasing litter depth and fine fuel loads (Hobbs, 2006; Lovreglio,

Pacala et al., 2001; Piao et al., 2009). Increased carbon stocks, how-

Meddour-Sahar, & Leone, 2014).

duces fine fuel loads (Davies, Boyd, Bates, & Hulet, 2016; Ingram,

ever, may increase wildfire hazard, particularly in Mediterranean

Here, we investigated how wild ungulates mediate trade-offs

environments (Fernandes, 2009). Although dependent on factors

between the ecosystem services of fire hazard mitigation and in-

such as precipitation (Jackson, Banner, Jobbagy, Pockman, & Wall,

creased carbon stocks in a Mediterranean oak ecosystem. As part of

2002), increased net primary productivity, biomass accumulation,

a 14-year exclusion experiment, we assessed the effects of red deer

and consequent increase in carbon stocks can be substantial in shrub

(Cervus elaphus) and fallow deer (Dama dama) in halting ecological

encroached ecosystems (Hughes et al., 2006). For example, above-

succession and the encroachment of gum cistus (Cistus ladanifer), a

ground carbon stocks in six shrublands along a climate gradient in

fire-prone Mediterranean shrub, into oak woodland areas that had

−1

(Beier et al., 2009)

been previously cleared from shrubs. Specifically, we compared

and in a dryland ecosystem, in northern Texas, USA, carbon stocks

carbon stocks and modelled wildfire behaviour in oak stands either

increased from 3.8 to 5 Mg carbon ha−1, during 60 years of Prosopis

browsed (open plots) or protected from ungulates (fenced plots) over

glandulosa encroachment (Archer & Predick, 2014; Asner, Archer,

the last 14 years. We hypothesized that protection from deer brows-

Hughes, Ansley, & Wessman, 2003). After soils, trees are a major

ing would increase (a) average plant height, volume, and density of C.

carbon stock component of the ecosystems (Pan et al., 2011; Zomer

ladanifer stands; (b) total above-ground biomass and carbon stocks,

et al., 2016). Mediterranean Basin oak woodlands, for example, with

namely of C. ladanifer; and (c) fine fuel load accumulation. Finally, we

a tree cover of 30%, may sequester up to 140 g C m−2 year−1 (Pereira

hypothesized that ungulates would decrease modelled fire spread,

et al., 2007), a value within the range of productive savannas in

intensity, and severity, as well as the probability of crown fires and

Europe ranged from 1.4 to 18.2 Mg carbon ha

California (Xu & Baldocchi, 2004). A decrease in shrub moisture con-

adult oak mortality. Ultimately, through prevention of severe wild-

tent during the warm and dry summer, (Dennison & Moritz, 2009;

fires, ungulates could potentially increase long-term ecosystem car-

Dennison et al., 2003; Pellizzaro, Duce, Ventura, & Zara, 2007), how-

bon stocks (Figure 1).

ever, increases shrub flammability and fire hazard in Mediterranean
shrublands (Keeley, 2013; Pausas & Bradstock, 2007; Rego & Silva,
2014). Additionally, the properties (e.g., proportion of fine fuels) and
structure of vegetation (e.g., plant density and height), also affect
fire behaviour. For example, the rate of fire spread and fire intensity

2 | M ATE R I A L S A N D M E TH O DS
2.1 | Site and species

both increase with shrub population height and density (Anderson

The experiment was conducted in Tapada Real de Vila Viçosa

et al., 2015; De Luis, Baeza, Raventos, & Gonzalez-Hidalgo, 2004;

(Tapada de Baixo), an enclosed estate of approximately 900 ha,

Fernandes, 2001).

located in southeast Portugal (38°49′N, 07°24′W). The study site

Woody plants are also important sources of forage for large ru-

was an open woodland of evergreen holm (Quercus rotundifolia) and

minant herbivores, especially in drylands, such as Mediterranean

cork oak (Quercus suber). Woodland understorey was dominated by

environments (Azorit, Tellado, Oya, & Moro, 2012; Bugalho & Milne,

C. ladanifer, a Mediterranean shrub species, and annual grasslands

2003; López-Díaz, Rolo, Benítez, & Moreno, 2015; Papanastasis,

primarily composed of grasses (e.g., Bromus madritensis, Gaudinia

Yiakoulaki, Decandia, & Dini-Papanastasi, 2008). Therefore,

fragilis), with smaller proportions of forbs (e.g., Andryala integrifolia,

fuel loads can be effectively reduced in fire-prone landscapes

Leontodon taraxacoides) and legumes (e.g., Vicia disperma, Ornithopus

through grazing and browsing (Briggs et al., 2005; Hobbs, 2006;

compressus). Cistus ladanifer is a highly flammable species because of

van Langevelde et al., 2003). By ingestion and trampling, livestock

the terpene-derived resin that impregnates its leaves and branches
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F I G U R E 1 Conceptual figure
illustrating trade-offs among aboveground C stocks, fuel loads, and fire
hazard in unbrowsed and browsed
oak ecosystems. Browsing decreases
understorey C stocks and fine fuel load,
potentially decreasing the probability
of crown fires and of oak mortality.
Ultimately, ungulates may enhance longterm ecosystem C stocks, but trade-offs
need to be assessed against potential
negative effects on oak regeneration
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Unbrowsed ecosystem

Browsed ecosystem

(Núnez-Regueira, Rodríguez-Anón, Proupín, Mourino, & Artiaga-

volume for all tagged individuals, assuming an elliptical cone shape

Diaz, 2005), which may also lessen litter decomposition and acceler-

for the species:

ate fine fuel accumulation (Horner, Gosz, & Cates, 1988). Population
densities of red and fallow deer, estimated at the beginning of the

V=

experiment, were 0.4 and 0.1 individuals per ha, respectively. The
climate is typically Mediterranean with warm and dry summers and

(
) (
)
( )
D1
D2
1
×𝜋×
×
×H
3
2
2

where V was the shrub volume (m3), D1 the maximum diameter of

cool and wet winters. The mean annual precipitation is 585 mm,

shrub canopy projection (m), D2 the diameter perpendicular to D1

mostly distributed between October and May, and the mean annual

(m), and H the maximum shrub height (m). We estimated dry above-

temperature is 15.9°C (maximum of 31.1°C in July and minimum of

ground shrub biomass by cutting to ground level 16 and 19 of the

5.8°C in January).

total tagged shrubs in the fenced and open plots respectively. We
oven-dried samples at 60°C to constant mass and weighed them

2.2 | Experimental design and sampling

(e.g., Lecomte et al., 2016).
Because of a high number of juvenile plants of C. ladanifer ob-

We established five blocks of paired fenced and open (control) plots

served in the fenced plots in 2015, we estimated C. ladanifer above-

of 25 × 25 m in July 2001. Plots were fenced with a 2.20 m tall fence,

ground biomass in a stratified manner in that year. We randomly

to exclude browsing by deer, and established in homogeneous grass-

selected 6–10 C. ladanifer living individuals per plot (30 shrubs per

land areas, where C. ladanifer was cleared through tillage. There were

treatment) according to 10-mm stem diameter classes (between 6

between two and four cork oak trees and two and four holm oak

and 86 mm). We then estimated total above-ground biomass of each

trees in each open and fenced plot. Tree density was 98 ± 6 trees/

measured individual shrub using allometric equations considering

ha, within the range of other Iberian oak woodlands (Caldeira et al.,

class stem diameters. We estimated biomass of dead shrubs in a

2015; Moreno & Pulido, 2008) which can go up to 120 trees/ha

similar way, excluding leaves, as the branch structure and volume of

(Pinto-Correia & Godinho, 2013). Each 25 × 25 m plot was further

dead C. ladanifer individuals were similar to that of living individuals

divided into 40 subplots of 2 × 4 m. Eighteen of these subplots were

without leaves.

then randomly selected for C. ladanifer measurements. In July 2004,

To assess C. ladanifer fuel load and modelling fire behaviour, we

one open plot was lost; hence, only the remaining four pairs of plots

separated shrub biomass into dead and living components by stem

were used in data analysis.

diameter classes (Anderson, 1982) as: live woody fuel, that is, living components of shrubs including the foliage and very fine stems

2.2.1 | Shrub layer structure and biomass

<0.64 cm in diameter; 1-hr fuel, that is, dead components including
leaves and fine dead stems <0.64 cm in diameter; 10-hr fuel, that is,

In March 2007 and 2015, we counted all live and dead C. ladanifer

dead components with 0.64–2.54 cm in diameter; and 100-hr fuel,

individuals in the 18 randomized subplots and measured maximum

that is, dead components with diameters of 2.54–7.62 cm.

height of 10–19 randomly selected individuals per plot, for a total of
40 shrubs per treatment. Furthermore, in 2015, we also measured
the basal stem diameter of all C. ladanifer individuals occurring in the

2.2.2 | Herb and litter biomass

subplots. To estimate above-ground biomass of C. ladanifer stands,

We estimated biomass of herbs during the first week of June 2007

we used plant biomass–volume allometric equations as follows. In

and 2015, the peak of grassland production in the study area. We

2007, we randomly tagged 15 C. ladanifer individuals per plot (60

randomly selected four subplots within each of the fenced and

individuals per browsing treatment). We then estimated C. ladanifer

open plots and clipped to ground level all above-ground herb plant
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material within a 50 × 25 cm quadrat. For estimating litter bio-

Roig, 2013), 0.50 g of carbon per dry biomass for herbs and litter

mass, we collected all dead plant material within the 50 × 25 cm

(Fonseca, de Figueiredo, & Bompastor Ramos, 2012), and 0.47 g

quadrat that was located in eight randomly selected subplots per

of carbon per dry biomass for oaks (Gil, Blanco, Carballo, & Calvo,

plot. For modelling fire behaviour, we separated the litter sam-

2011).

ples by diameter class, as described for shrub biomass (see Section
2.3). These samples were oven-dried at 60°C to constant mass and
weighed.

2.3 | Fire behaviour modelling
We modelled fire behaviour using the SURFACE, CROWN, and

2.2.3 | Tree layer structure and biomass

SCORCH models of BehavePlus 5.0.5 fire modeling software
(Andrews, 2009). BehavePlus estimates fire behaviour using as data

In 2015, we measured tree diameter at breast height, maximum tree

input, vegetation fuel characteristics, weather, and topographic

height, and height of the tree canopy base of all individual oak trees

slope (Andrews, 2014). In our case, for fire modelling purposes, we

occurring in fenced and open plots. In the case of cork oak, because

used shrub and tree cover and heights, and total dead fuel load, from

its bark (cork) is fire resistant, we also measured bark thickness of all

shrubs, herbs, and litter, separated by time-lag classes (i.e., 1, 10, and

trees using a bark gauge.

100 hr, see above) and live woody fuel load. Herbs were included in

We estimated tree canopy area by measuring the longest

the 1-hr class as most grassland species in the study area are annu-

(D1) axis of width and its perpendicular (D2) length projections

als that dry out during summer. We followed Burgan and Rothermel

on the ground and considering an elliptical canopy shape (canopy

(1984) recommendations and developed two fuel models: One for

area = π × (D1/2) × (D2/2)). We estimated canopy cover as the per-

the open and another for the fenced plots using respective vegeta-

centage of the plot occupied by the tree canopy projection using

tion fuel characteristics. We run simulations to compare predicted

ImageJ software (version 1.51p, NIH, Bethesda, MD, USA).

fire spread rates with those predicted by a reference empirical

For estimating total above-ground oak tree biomass, we used

shrubland model (Anderson et al., 2015). Then, we fine-tuned the

the equations of Ruiz-Peinado, Montero, and Del Rio (2012). Canopy

fuel models by adjusting fuel depth until obtaining agreement be-

bulk density, that is, the mass of available canopy fuel (diameter

tween the two model estimates.

<0.6 cm) per unit canopy volume, was determined for fire modelling

Fire behaviour simulation were run with fuel moisture contents

purposes (Scott & Reinhardt, 2001). We estimated cork and holm

values of 4%, 5%, and 6%, respectively, for 1-, 10-, and 100-hr dead

oak canopy bulk density in each of the plots as follows. First, we ran-

fuels, and 75% and 80% for live woody fuels, respectively, in the

domly clipped a thin branch (diameter smaller than 2 cm) at middle

understorey and in the overstorey (Chuvieco, González, Verdú,

height of each tree canopy from eight cork oak trees and eight holm

Aguado, & Yebra, 2009; Fernandes, 2009).

oak trees. All biomass with a diameter <0.6 cm (including leaves)

We set air temperature at 31°C as a baseline, as wildfires usually

and biomass with diameter between 0.6 and 2 cm was separated

occur in summer in Mediterranean regions, and varied wind speed

from these thin branches, oven-dried at 60°C to constant mass and

from 0 to 30 km/h, at 5 km/h steps, aligned with a 5° slope, which is

weighed. Finally, for estimating canopy bulk density, we used the

within the range of slopes for our plots (M ± SEM: 4.6 ± 0.5°, range:

equation of Ruiz-Peinado et al. (2012), to determine the total bio-

1.4–7.5°). Fire modelling outputs were flame length (m), surface rate

mass of thin branches per oak species, based on tree diameter at

of spread (m/min), and fireline intensity (MW/m).

breast height and total tree height, and using the equation relating

We estimated the probability of oak tree mortality using the re-

biomass of thin branches and total biomass with a diameter <0.6 cm

sults of fire behaviour simulations, along with tree biometric char-

(and leaves) that we had determined.

acteristics and existing fire-effects models for cork and holm oaks

We measured biometric parameters of 49 oak trees (28 cork and

(Catry et al., 2012; Catry, Pausas, Moreira, Fernandes, & Rego, 2013;

21 holm oaks) in all plots. There were no significant differences in

Catry, Rego, Moreira, Fernandes, & Pausas, 2010). These models are

biometric parameters for each oak species and also at the whole

based on tree biometrics (DBH, height, bark thickness) and fire se-

tree layer between fenced and open plots (Supporting Information

verity descriptors (maximum char height expressed as percentage

Appendices S1 and S2). For the overall oak population canopy cover,

of total tree height). To estimate fire severity, we considered char

canopy height, canopy base height, canopy bulk density, and di-

height as flame length plus the height of the fuel bed. Additionally,

ameter at breast height were, respectively, (M ± SEM): 59.9 ± 3.3%,

when flame length was over 50% of tree height indicating a transi-

8.0 ± 0.2 m, 2.30 ± 0.09 m, 0.11 ± 0.02 kg m−3, and 42.4 ± 1.4 cm.

tion to crown fire and crown torching, we assumed that char height

For cork oak trees, the mean bark thickness was 3.50 ± 0.02 cm.

was 100%.

2.2.4 | Carbon stocks estimates

2.4 | Statistical analysis

We estimated above-ground carbon stocks of C. ladanifer using the

We used GLMMs to compare C. ladanifer population density, height,

conversion factor of 0.51 g of carbon per g of dry biomass deter-

and carbon stocks as well as herb and litter biomass, between fenced

mined for C. ladanifer (Ruiz-Peinado, Moreno, Juarez, Montero, &

and open plots. Due to the high number of zero values in C. ladanifer

Journal of Applied Ecology

LECOMTE ET aL.

|

703

counts for shrub density, we used a negative binomial error and log-

Moreover, while living C. ladanifer plant density and height increased

link function (see Lecomte et al., 2016). For shrub height and above-

between 2007 and 2015 in fenced plots (F2,142 = 27.494, p < 0.001;

ground carbon stocks, herbaceous carbon stocks, litter carbon stocks,

F2,78 = 216.21, p < 0.001, respectively), it decreased in open plots

and shrub fuel load, we specified a normal error and identity-link func-

over the same period (F2,143 = 3.463, p = 0.034 and F2,78 = 127.03,

tion. Ungulate exclusion was specified in the models as a fixed effect,

p < 0.001 for shrub density and shrub height respectively) (Figure 2).

as well as year and interaction between ungulate exclusion and year.

These results emphasize the ability of wild ungulates to halt ecologi-

Plot and replicate (nested within plot) were included as random fac-

cal succession and hamper C. ladanifer encroachment into the system.

tors. We fitted nonlinear regression models to determine the best relationship between volume and biomass (i.e., dry weight) of C. ladanifer.
We used t tests for data collected in 2015 to compare tree canopy cover, tree canopy height, tree canopy bulk density, tree diame-

3.2 | Effects of ungulates on above-ground
carbon stocks

ter at breast height, as well as biomass of herbs and litter (1-hr dead

Ungulate exclusion had a strong effect on above-ground carbon

fuel load) between browsing treatments. We used a Mann–Whitney

stocks of C. ladanifer. Such an effect was already observed in 2007,

U test to compare litter (10-hr dead fuel load) because of the lack

6 years after the beginning of the experiment, with significant dif-

of normality of distribution and homogeneity of variance. We con-

ferences between browsing treatments (F2,118 = 266.98, p < 0.001)

ducted statistical analyses in SPSS

®

software package (PASW

Statistics, v. 23.0.0.0, 2015).

and accentuated in 2015 (F2,142 = 38.88, p < 0.001) (Figure 3a).
Moreover, there was a significant interaction between ungulate exclusion and year (F1,260 = 5.52, p = 0.020) showing that carbon stocks

3 | R E S U LT S
3.1 | Effects of ungulates on the structure of
C. ladanifer understorey

of C. ladanifer increased in fenced plots but decreased in open plots
between 2007 and 2015.
Although there was a tendency for higher biomass of herbs, and
therefore higher herb carbon stocks, within fenced plots, these differences were not significant neither in 2007 or 2015 (Figure 3b).

Ungulates substantially altered the structure and affected the pat-

Biomass of herbs and above-ground carbon stocks, however, varied

terns of the C. ladanifer colonization of the plots. In fenced plots,

significantly between 2007 and 2015 (F1,60 = 142.92, p < 0.001) sug-

C. ladanifer continuously increased, seeming to have reached a pla-

gesting that the annual grasslands in our study are mainly respond-

teau by the end of the experiment. Conversely, in open plots and

ing to climatic variability between years (Figure 3b).

after a first period of C. ladanifer increase, ungulates were able to halt

Litter biomass and carbon stocks were significantly higher

and revert encroachment (Figure 2a). Results substantiate this inter-

within fenced plots both in 2007 (F2,62 = 45.70, p < 0.001) and 2015

pretation: shrub colonization of the plots started in 2001, at the be-

(F2,62 = 41.85, p < 0.001) (Figure 3c).

ginning of the experiment, but in 2007 there were no differences in

Ungulates, therefore, strongly affected the overall understorey

C. ladanifer plant density between browsing treatments (F2,142 = 1.736,

above-ground carbon stocks, that is, total carbon stocks of shrubs, herbs,

p = 0.180) (Figure 2a). Shrub height, however, was already signifi-

and litter, which was already significantly different between browsing

cantly higher in fenced plots (F2,78 = 1441,02, p < 0.001) highlight-

treatments in 2007 (i.e., 2007; F2,6 = 9.03, p = 0.015) and which differ-

ing a strong effect of ungulates on the vertical structure of the

ences accentuated in 2015 (i.e., 2015; F2,6 = 55.99, p < 0.001; Figure 4).

C. ladanifer stands (Figure 2b).

Moreover, carbon stocks of shrubs, herbs, and litter significantly in-

Between 2007 and 2015, ungulates substantially altered both the

creased within the fenced plots between 2007 and 2015 (F2,6 = 21.47,

horizontal and the vertical structure of the C. ladanifer understorey.

p = 0.002) but decreased within the open plots during the same period

Plant density (F2,142 = 4.765, p = 0.010) and height (F2,78 = 109.55,

(F2,6 = 55.42, p < 0.001), as shown by a significant interaction between

p < 0.001) were significantly higher in the fenced plots in 2015.

ungulate exclusion and year (F1,12 = 8.32, p = 0.014).

F I G U R E 2 Change in (a) density and (b)
height of living Cistus ladanifer in fenced
and open plots between 2001 and 2015
(M ± SEM)
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There were no significant differences, between browsing treat-

and 0.21 ± 0.02 Mg carbon (t(26) = 1.386, p = 0.177) and of holm oak

ments, in relation to above-ground carbon stocks of oak trees esti-

trees were 0.43 ± 0.07 and 0.44 ± 0.07 Mg carbon (t(19) = 0.086,

mated in 2015. The carbon stocks of cork oak trees were 0.27 ± 0.04

P = 0.933) in fenced and open plots, respectively. Considering oak tree
species density per plot and carbon stocks, the average tree aboveground carbon stock was estimated as 31.8 ± 4.1 Mg carbon ha−1,
that is, 67% and 94% of the total above-ground carbon stocks (i.e.,
oak trees, shrubs, herbs, and litter), in fenced and open plots respectively. After 14 years of browsing exclusion, total above-ground carbon stock was 40% higher in the fenced plots compared to open plots
(M ± SEM = 47.3 ± 2.2 and 33.7 ± 0.2 Mg carbon ha−1 respectively).

3.3 | Long-term effects of ungulates on fuel loads
Ungulate exclusion altered fuel load characteristics in a number of
ways, namely through halting of ecological succession and C. ladanifer encroachment. Therefore, in 2015, at the end of the experiment,
live woody fuel load of C. ladanifer in fenced plots was significantly
and dramatically higher than in open plots (F2,142 = 19.35, p < 0.001).
Concomitantly, 1-hr (F2,142 = 26.43, p < 0.001), 10-hr (F2,142 = 21.82,
p < 0.001), and 100-hr (F2,142 = 20.67, p < 0.001) fuel loads were also
significantly higher in fenced plots (Figure 5).
Contrastingly, browsing exclusion did not significantly alter herb
fuel load (i.e., 1-hr dead fuel load) or litter 10-hr fuel loads (M ± SEM:
0.40 ± 0.10 vs. 0.30 ± 0.05 t/ha and 0.18 ± 0.08 vs. 0.19 ± 0.07 t/ha in
fenced and open plots respectively). However, ungulate exclusion did
have a significant effect on litter 1-hr fuel load, which was significantly
higher in fenced plots (5.49 ± 0.78 vs. 2.66 ± 0.48 t/ha; Mann–Whitney
U test, U = 751, p = 0.01). No 100-hr litter fuels occurred in open plots.

3.4 | Modelled fire behaviour and tree survival
Fire modelling shows that ungulate exclusion causes a strong increase
in potential flame length, that exceeded 1.3 m, a critical threshold implying surface-to-crown fire transition and crown torching, regardless
of the wind speed considered (Figure 6a). In open plots, in contrast,
modelled flame length required a wind speed >20 km/h to surpass the
critical flame length threshold (Figure 6a). In the fenced plots, modelled surface rate of fire spread and fireline intensity are 2- and 10-fold
higher, respectively, as compared to open plots (Figure 6b,c).
The probability of oak tree mortality varied between 3% and
6% and between 0% and 2%, in fenced and open plots, respectively, as estimated from combining tree and fire characteristics,
with the models of post-fire tree responses (e.g., Catry et al.,
2013). The maximum char height on trees was estimated to be
100% in fenced plots and 20% in open plots. Moreover, in the
case of cork oak trees, which are harvested every 9–12 years for
their bark (cork), the probability of mortality decreased significantly with cork regrowth after harvesting (Figure 7). Our cork
oak tree modelled mortality estimates considered a bark thickness
F I G U R E 3 Above-ground C stocks in fenced and open plots in 2007
and 2015 (M ± SEM): (a) Cistus ladanifer, (b) herbs, and (c) litter. Different
letters indicate significantly (GLMM, p < 0.05) different values between
treatments. Note that the scale range differs between graphs

of 3.5 cm, measured in 2015, which corresponds to the end of the
bark growing cycle, immediately before cork harvest. For recently
debarked trees, the probability of tree mortality would increase to
45% in open plots and to 65% in fenced plots (Figure 7).
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carbon stocks have been observed in other ecosystems browsed by
wild ungulates in North America (e.g., mule deer Odocoileus hemio-

4.1 | Effects of ungulates on ecosystem structure
and carbon stocks

nus (Huffman & Moore, 2003); wapiti Cervus canadensis, pronghorn

Our study revealed substantial effects of ungulate browsing on the
plant density and height of the C. ladanifer understorey. Ungulates
hampered ecological succession, halted shrub encroachment and
consequently affected negatively above-ground carbon stocks of
the shrub understorey. Reductions in shrub biomass and in shrub

F I G U R E 4 Above-ground C stocks of shrubs, herbs, and litter
in fenced and open plots, in 2007 and 2015 (M ± SEM). Different
letters indicate significantly different (GLMM, p < 0.05) values
between treatments for total C stocks

F I G U R E 5 Fuel load of Cistus ladanifer by size class in fenced
and open plots in 2015 (M ± SEM), after 14 years of browsing
exclusion. ***All differences in fuel load size classes between
treatments were highly significant (GLMM, p < 0.001). Data on
herbs and litter are not presented here

F I G U R E 6 Fire behaviour characteristics in fenced and open
plots under increasing wind speed and constant slope of 5° as
estimated with BehavePlus fire modelling system: (a) flame length,
(b) surface rate of spread, and (c) fireline intensity
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Antilocapra americana, and mule deer Odocoileus hemionus (Singer &

of above-ground carbon inputs into the ecosystem, as shown by

Renkin, 1995)) and Europe (e.g., reindeer Rangifer tarandus; Vowles,

other authors (Knapp, 2008; Throop & Archer, 2007; Zhou, Brandle,

Molau, Lindstein, Molau, & Björk, 2016); roe deer Capreolus capreo-

Schoeneberger, & Awada, 2007). Conversely, ungulates reduced

lus, and red deer Cervus elaphus (González Hernández & Silva-Pando,

above-ground carbon stocks and litter accumulation, which nega-

1996). Our results also showed that ungulate browsing significantly

tively affected this regulating ecosystem service (sensu Millenium

reduced the accumulation of twigs and leaves in litter, and there-

Ecosystem Assessment, 2005). Carbon stocks of oak trees, however,

fore litter carbon stocks. Reduction in biomass and in rates of ac-

were not affected by ungulate exclusion. Although in our study we

cumulation of litter by ungulates has been reported by other authors

focused on the above-ground carbon, from a whole ecosystem car-

(Pajunen, Virtanen, & Roininen, 2012). Consumption of plant mate-

bon balance perspective, adding to the soil carbon, the emission of

rial (leaves and twigs) and animal trampling contribute to explain

greenhouse gases from ungulates (e.g., Perez-Barberia, 2017) should

reduction in litter accumulation, which can potentially decrease car-

also be considered in the future.

bon stocks (Hughes et al., 2006).
In our sites, browsing had a strong negative effect on shrub and
litter above-ground carbon stocks, as observed in other studies (e.g.,

4.2 | Effects of ungulates on fire behaviour

Tanentzap & Coomes, 2012). By feeding selectively on plants and by

Our results demonstrated a strong fuel load reduction by ungulates,

avoiding the less palatable plant parts, ungulate herbivores may also

namely of fine fuels. Domestic and wild ungulates, such as deer,

induce a more recalcitrant litter, which may indirectly slow down

may effectively be used as management tools for reducing fuel load

plant matter composition and therefore affect soil carbon stocks

(Davies, Bates, Svejcar, & Boyd, 2010; Hobbs, 2006; Ingram et al.,

(Tanentzap & Coomes, 2012). Future research, therefore, should

2013). Although the effects likely vary with animal and plant spe-

address how decomposition of such dead plant material affects

cies and with population densities, ungulates can contribute to de-

estimates of long-term balance of carbon stocks (Keith, Mackey,

crease fire hazard in Mediterranean regions (Ingram et al., 2013). For

& Lindenmayer, 2009). Although in our work we did not consider

example, domestic ungulates, such as goats, can disrupt the verti-

below-ground carbon, other studies have shown that encroachment

cal continuity and accumulation of biomass of grasses and shrubs

by C. ladanifer can increase soil organic carbon (SOC) (Gomez-Rey,

(Lovreglio et al., 2014). In Spain, goats were found to reduce the

Madeira, Gonzalez-Prieto, & Coutinho, 2013). Trade-offs resulting

volume of C. ladanifer by 45%, over a period of 24 months (Mancilla-

from shrub encroachment and potential increase in SOC and re-

Leytón & Vicente, 2012) and decreased understorey flammability

calcitrant but lower litter accumulation in areas browsed by wild

by 25% after 4 years (Mancilla-Leytón, Mejias, & Vicente, 2013). In

ungulates, need to be considered when addressing the effects of

California, goats reduced shrub understorey height between 40%

browsing in carbon stocks. Moreover, the increased density and

and 82% and decreased 1- and 10-hr fuel load by 33% and 58%, re-

above-ground biomass of C. ladanifer in fenced plots is likely asso-

spectively (Tsiouvaras, Havlik, & Bartolome, 1989). There is a dearth

ciated with an increase of carbon stocks in the shrub roots (Barger

of information on the effects of wild ungulates on fire behaviour,

et al., 2011). Conversely, in browsed and grazed areas, ungulates

although Kramer, Groen, and van Wieren (2003) showed, through

may reduce below-ground carbon stocks. For example, in a study

modelling, that both wild (red and row deer and wild boar Sus scrofa)

in eastern Australian in a semi-arid woodland of mulga Acacia an-

and domestic (cattle and horses) ungulates reduced fuel load and the

eura, 20 years of grazing by sheep reduced below-ground carbon

occurrence of wildfires.

stocks (Daryanto, Eldridge, & Throop, 2013). In our study, shrub

Our fire modelling results also showed a clear reduction in po-

encroachment, through browsing exclusion, led to an increment

tential fire spread rate and intensity (50% and 90%, respectively) in
the open plots. In particular, browsing decreased the flame length
and the likelihood of crown fire. Crown fires are severe fires that are
more likely to induce tree mortality, in contrast to the lower intensity
surface fires (Agee & Skinner, 2005). Numerous studies have shown
a negative impact of high-intensity fire on tree survival (Hoffmann
& Solbrig, 2003; Ritchie, Skinner, & Hamilton, 2007; Williams, Cook,
Gill, & Moore, 1999). We show that severe crown fires can thus be
hindered in areas browsed by ungulates, which may ultimately favour adult tree survival. Our estimates indicated that fire-induced
tree mortality can be up to threefold greater in fenced plots. In the
case of recently debarked cork oak trees, however, tree mortality
will likely increase in both fenced and open plots (Catry et al., 2012),
impacting tree and ecosystem above-ground carbon storage.

F I G U R E 7 Probability of cork oak mortality (%) in relation to
bark thickness, based on Catry et al. (2012), model of effects of fire
on mortality of oak trees

Although soil is the main reservoir of carbon, contribution of
trees to both above- and below-ground carbon stocks is critical in
these ecosystems (Ruiz-Peinado et al., 2013). Fire-derived black
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carbon also contributes to the overall carbon balance of the ecosys-

in Mediterranean ecosystems, research on the effects of different

tems although in Mediterranean fire-prone ecosystems it may not

ungulate communities on ecosystem services trade-offs is clearly

be the dominant fraction in the soil organic carbon (Rovira, Duguy, &

needed in the future.

Vallejo, 2009). Nevertheless, in our study, we only addressed aboveground carbon stocks.
Indirect positive effects of ungulates on adult tree survival

AC K N OW L E D G E M E N T S

may be critical to maintain carbon stocks of trees. If ungulates

We are thankful to Fundação da Casa de Bragança for the logistic

reduce the likelihood of crown fires and therefore increase the

support to our work in Tapada Real de Vila Viçosa. We acknowl-

probability of tree survival during a wildfire event, than ungulates

edge the Portuguese Science Foundation (FCT) for funding the re-

may be ultimately contributing to the carbon balance of the eco-

search unit CEF—UID/AGR/00239/2013, project IF/00740/2014

system by enhancing reservoirs of carbon in trees. These effects

and financial support to X.L. (SFRH/BD/90753/2012), M.N.B.

need to be balanced with potential long-term negative effects of

(IF/01171/2014), and F.X.C. (SFRH/BPD/93373/2013). We are also

ungulates on tree regeneration (Bugalho, Ibáñez, & Clark, 2013) or

grateful to Alícia Horta, Joaquim Mendes, Madalena Barreira, and

adult trees (e.g., Ramos, Bugalho, Cortez, & Iason, 2006; White,

Lurdes Marçal for help during field and laboratory work.

2012). However, while management practices such as fencing
may be used to protect tree seedlings and saplings from ungulate
browsing, protection of tree regeneration from wildfire may prove

AU T H O R S ’ C O N T R I B U T I O N S

more challenging (Díaz-Delgado, Lloret, Pons, & Terradas, 2002).

M.N.B. and M.C.C. conceived and designed methodology; X.L. and

Paradoxically, in this study, we show that ungulates, which are

M.N.B. collected the data; X.L. analysed the data; X.L., F.X.C., and

usually associated with negative effects on trees, may also con-

P.M.F. performed fire simulations; X.L., M.C.C., and M.N.B. led the

tribute positively to oak tree survival and to the sustainability of

writing of the manuscript. R.B.J., F.X.C., and P.M.F. contributed criti-

the system.

cally to the conception and writing of the manuscript. All authors

The effects of land abandonment, with subsequent encroach-

gave final approval for publication.

ment by flammable shrubs and increased stand tree densities,
associated with lack of forest management such as thinning, are
implicated in the fire regime changes observed in Mediterranean
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act as effective tools for fuel reduction and maintenance of longterm carbon stocks.

5 | I M PLI C ATI O N S FO R ECOS YS TE M
PRO PE RTI E S A N D M A N AG E M E NT
Our study, based on a 14-year browsing exclusion experiment
showed that ungulate browsing mediates carbon storage and wildfire severity trade-offs. Ungulates may halt ecological succession
and reduce rates of shrub encroachment. Mainly through the effects on shrub plant biomass and litter, ungulates may prevent sudden carbon losses resulting from severe wildfires and death of adult
trees, induced by canopy fires. Within the context of climate change
scenarios, with predicted increased frequency of severe wildfires

REFERENCES
Agee, J. K., & Skinner, C. N. (2005). Basic principles of forest fuel reduction treatments. Forest Ecology and Management, 211, 83–96. https://
doi.org/10.1016/j.foreco.2005.01.034
Anderson, H. E. (1982). Aids to determining fuel models for estimating fire behavior. General technical report INT-122. USDA Forest
Service. Ogden, UT, 22p.
Anderson, W. R., Cruz, M. G., Fernandes, P. M., McCaw, L., Vega, J. A.,
Bradstock, R. A., … van Wilgen, B. W. (2015). A generic, empiricalbased model for predicting rate of fire spread in shrublands.
International Journal of Wildland Fire, 24, 443–460. https://doi.
org/10.1071/WF14130
Andrews, P. L. (2009). BehavePlus fire modeling system, version 5.0:
Variables. General technical report RMRS-GTR-213WWW revised.
USDA Forest Service General. Ogden, UT, 111p.

708

|

Journal of Applied Ecology

Andrews, P. L. (2014). Current status and future needs of the BehavePlus
Fire Modeling System. International Journal of Wildland Fire, 23, 21–
33. https://doi.org/10.1071/WF12167
Archer, S. R., & Predick, K. I. (2014). An ecosystem services perspective on brush management research priorities for competing landuse objectives. Journal of Ecology, 102, 1394–1407. https://doi.
org/10.1111/1365-2745.12314
Asner, G. P., Archer, S., Hughes, R. F., Ansley, R. J., & Wessman, C. A.
(2003). Net changes in regional woody vegetation cover and carbon
storage in Texas drylands, 1937–1999. Global Change Biology, 9, 316–
335. https://doi.org/10.1046/j.1365-2486.2003.00594.x
Azorit, C., Tellado, S., Oya, A., & Moro, J. (2012). Seasonal and specific
diet variations in sympatric red and fallow deer of southern Spain:
A preliminary approach to feeding behaviour. Animal Production
Science, 52, 720–727. https://doi.org/10.1071/AN12016
Barger, N. N., Archer, S. R., Campbell, J. L., Huang, C., Morton, J. A., &
Knapp, A. K. (2011). Woody plant proliferation in North American
drylands: A synthesis of impacts on ecosystem carbon balance.
Journal of Geophysical Research, 116, G00K07.
Beier, C., Emmett, B. A., Tietema, A., Schmidt, I. K., Peñuelas, J., Láng, E.
K., … Spano, D. (2009). Carbon and nitrogen balances for six shrublands across Europe. Global Biogeochemical Cycles, 23, GB4008.
Briggs, J. M., Knapp, A. K., Blair, J. M., Heisler, J. L., Hoch, G. A., Lett, M.
S., & McCarron, J. K. (2005). An ecosystem in transition: Causes and
consequences of the conversion of Mesic Grassland to Shrubland.
BioScience, 55, 243–254. https://doi.org/10.1641/0006-3568(2005
)055[0243:AEITCA]2.0.CO;2
Bugalho, M. N., Ibáñez, I., & Clark, J. S. (2013). The effects of deer herbivory and forest type on tree recruitment vary with plant growth
stage. Forest Ecology and Management, 308, 90–100. https://doi.
org/10.1016/j.foreco.2013.07.036
Bugalho, M. N., & Milne, J. A. (2003). The composition of the diet of red
deer (Cervus elaphus) in a Mediterranean environment: A case of
summer nutritional constraint? Forest Ecology and Management, 181,
23–29. https://doi.org/10.1016/S0378-1127(03)00125-7
Burgan, R. E., & Rothermel, R. C. (1984). BEHAVE: Fire behavior prediction and fuel modeling system – FUEL subsystem. General technical
report INT-167. USDA Forest Service General. Ogden, UT. 126p.
Caldeira, M. C., Lecomte, X., David, T. S., Pinto, J. G., Bugalho, M. N.,
& Werner, C. (2015). Synergy of extreme drought and shrub invasion reduce ecosystem functioning and resilience in water-limited
climates. Scientific Reports, 5, 15110. https://doi.org/10.1038/
srep15110
Catry, F. X., Moreira, F., Pausas, J.G., Fernandes, P.M., Rego, F.C., Cardillo,
E. & Curt, T. (2012). Cork oak vulnerability to fire: The role of bark
harvesting, tree characteristics and abiotic factors. PLoS ONE, 7,
e39810. https://doi.org/10.1371/journal.pone.0039810
Catry, F. X., Pausas, J. G., Moreira, F., Fernandes, P. M., & Rego, F. C.
(2013). Post-fire response variability in Mediterranean Basin tree
species in Portugal. International Journal of Wildland Fire, 22, 919–
932. https://doi.org/10.1071/WF12215
Catry, F. X., Rego, F., Moreira, F., Fernandes, P. M., & Pausas, J. G. (2010).
Post-fire tree mortality in mixed forests of central Portugal. Forest
Ecology and Management, 260, 1184–1192. https://doi.org/10.1016/j.
foreco.2010.07.010
Chuvieco, E., González, I., Verdú, F., Aguado, I., & Yebra, M. (2009).
Prediction of fire occurrence from live fuel moisture content measurements in a Mediterranean ecosystem. International Journal of
Wildland Fire, 18, 430–441. https://doi.org/10.1071/WF08020
Daryanto, S., Eldridge, D. J., & Throop, H. L. (2013). Managing semi-arid
woodlands for carbon storage: Grazing and shrub effects on aboveand below-ground carbon. Agriculture, Ecosystems and Environment,
169, 1–11. https://doi.org/10.1016/j.agee.2013.02.001
Davies, K. W., Bates, J. D., Svejcar, T. J., & Boyd, C. S. (2010).
Effects of long-term livestock grazing on fuel characteristics in

LECOMTE ET aL.

Rangelands: An example from the Sagebrush steppe. Rangeland
Ecology and Management, 63, 662–669. https://doi.org/10.2111/
REM-D-10-00006.1
Davies, K. W., Boyd, C. S., Bates, J. D., & Hulet, A. (2016). Winter grazing can reduce wildfire size, intensity and behaviour in a shrubgrassland. International Journal of Wildland Fire, 25, 191–199. https://
doi.org/10.1071/WF15055
De Luis, M., Baeza, M. J., Raventos, J., & Gonzalez-Hidalgo, J. C. (2004).
Fuel characteristics and fire behaviour in mature Mediterranean
gorse shrublands. International Journal of Wildland Fire, 13, 79–87.
https://doi.org/10.1071/WF03005
Dennison, P. E., & Moritz, M. A. (2009). Critical live fuel moisture in chaparral ecosystems: A threshold for fire activity and its relationship to
antecedent precipitation. International Journal of Wildland Fire, 18,
1021–1027. https://doi.org/10.1071/WF08055
Dennison, P. E., Roberts, D. A., Thorgusen, S. R., Regelbrugge, J. C.,
Weise, D., & Lee, C. (2003). Modeling seasonal changes in live fuel
moisture and equivalent water thickness using a cumulative water
balance index. Remote Sensing of Environment, 88, 442–452. https://
doi.org/10.1016/j.rse.2003.08.015
Díaz-Delgado, R., Lloret, F., Pons, X., & Terradas, J. (2002). Satellite evidence of decreasing resilience in Mediterranean plant communities after recurrent wildfires. Ecology, 83, 2293–2303. https://doi.
org/10.2307/3072060
D’Odorico, P., Okin, G. S., & Bestelmeyer, B. T. (2012). A synthetic review
of feedbacks and drivers of shrub encroachment in arid grasslands.
Ecohydrology, 5, 520–530. https://doi.org/10.1002/eco.259
Fernandes, P. M. (2001). Fire spread prediction in shrub fuels in Portugal.
Forest Ecology and Management, 144, 67–74. https://doi.org/10.1016/
S0378-1127(00)00363-7
Fernandes, P. M. (2009). Combining forest structure data and fuel modelling to classify fire hazard in Portugal. Annals of Forest Science, 66,
415–415. https://doi.org/10.1051/forest/2009013
Fernandes, P. M., Loureiro, C., Guiomar, N., Pezzatti, G. B., Manso, F. T.,
& Lopes, L. (2014). The dynamics and drivers of fuel and fire in the
Portuguese public forest. Journal of Environmental Management, 146,
373–382. https://doi.org/10.1016/j.jenvman.2014.07.049
Fonseca, F., de Figueiredo, T., & Bompastor Ramos, M. A. (2012).
Carbon storage in the Mediterranean upland shrub communities
of Montesinho Natural Park, northeast of Portugal. Agroforestry
Systems, 86, 463–475. https://doi.org/10.1007/s10457-012-9509-5
Gil, M. V., Blanco, D., Carballo, M. T., & Calvo, L. F. (2011). Carbon stock
estimates for forests in the Castilla y León region, Spain. A GIS
based method for evaluating spatial distribution of residual biomass
for bio-energy. Biomass and Bioenergy, 35, 243–252. https://doi.
org/10.1016/j.biombioe.2010.08.004
Gomez-Rey, M. X., Madeira, M., Gonzalez-Prieto, S. J., & Coutinho, J.
(2013). Soil C and N dynamics in a Mediterranean oak woodland
with shrub encroachment. Plant and Soil, 371, 339–354. https://doi.
org/10.1007/s11104-013-1695-z
González Hernández, M. P., & Silva-Pando, F. J. (1996). Grazing effects of ungulates in a Galician oak forest (northwest Spain). Forest
Ecology and Management, 88, 65–70. https://doi.org/10.1016/
S0378-1127(96)03810-8
Hobbs, N. T. (2006). Large herbivores as sources of disturbance in ecosystems. In K. Danell, R. Bergström, P. Duncan, & J. Pastor (Eds.),
Large herbivore ecology, ecosystem dynamics and conservation (pp.
261–288). New York, NY: Cambridge University Press. https://doi.
org/10.1017/CBO9780511617461
Hoffmann, W. A., & Solbrig, O. T. (2003). The role of top-kill in the
differential response of savanna woody species to fire. Forest
Ecology and Management, 180, 273–286. https://doi.org/10.1016/
S0378-1127(02)00566-2
Horner, J. D., Gosz, J. R., & Cates, R. G. (1988). The role of carbonbased plant secondary metabolites in decomposition in terrestrial

LECOMTE ET aL.

ecosystems. The American Naturalist, 132, 869–883. https://doi.
org/10.1086/284894
Huffman, D. W., & Moore, M. M. (2003). Ungulate herbivory on
buckbrush in an Arizona ponderosa pine forest. Journal of Range
Management, 56, 358–363. https://doi.org/10.2307/4004039
Hughes, R. F., Archer, S. R., Asner, G. P., Wessman, C. A., McMurtry,
C., Nelson, J. I. M., & Ansley, R. J. (2006). Changes in aboveground primary production and carbon and nitrogen pools
accompanying woody plant encroachment in a temperate savanna. Global Change Biology, 12, 1733–1747. https://doi.
org/10.1111/j.1365-2486.2006.01210.x
Ingram, R. S., Doran, M. P., & Nader, G. (2013). Planned herbivory in the
management of wildfire fuels. In B. Barros, & M. E. B. Fernandes
(Eds.), Herbivory (pp. 61–76). Rijeka, Croatia: InTech.
IPCC. (2013). Climate change 2013: The physical science basis. Cambridge,
UK: Cambridge University Press.
Jackson, R. B., Banner, J. L., Jobbagy, E. G., Pockman, W. T., & Wall, D. H.
(2002). Ecosystem carbon loss with woody plant invasion of grasslands. Nature, 418, 623–626. https://doi.org/10.1038/nature00910
Janssens, I. A., Freibauer, A., Ciais, P., Smith, P., Nabuurs, G. J., Folberth,
G., … Dolman, A. J. (2003). Europe’s terrestrial biosphere absorbs
7 to 12% of European anthropogenic CO2 emissions. Science, 300,
1538–1542. https://doi.org/10.1126/science.1083592
Keeley, J. E. (2013). Fire in Mediterranean climate ecosystems – A comparative overview. Israel Journal of Ecology and Evolution, 58, 123–135.
Keith, H., Mackey, B. G., & Lindenmayer, D. B. (2009). Re-evaluation
of forest biomass carbon stocks and lessons from the world’s
most carbon-dense forests. Proceedings of the National Academy of
Sciences of the United States of America, 106, 11635–11640. https://
doi.org/10.1073/pnas.0901970106
Knapp, A. K. (2008). Ecological consequences of the replacement of native grassland by Juniperus virginiana and other woody plants. In O.
W. Van Auken (Ed.), Western North American Juniperus communities.
A dynamic vegetation type (pp. 156–169). New York, NY: Springer.
https://doi.org/10.1007/978-0-387-34003-6
Kramer, K., Groen, T. A., & van Wieren, S. E. (2003). The interacting effects of ungulates and fire on forest dynamics: An analysis using the
model FORSPACE. Forest Ecology and Management, 181, 205–222.
https://doi.org/10.1016/S0378-1127(03)00134-8
van Langevelde, F., van de Vijver, C. A. D. M., Kumar, L., van de Koppel, J., de
Ridder, N., van Andel, J., … Rietkerk, M. (2003). Effects of fire and herbivory on the stability of savanna ecosystems. Ecology, 84, 337–350. https://
doi.org/10.1890/0012-9658(2003)084[0337:EOFAHO]2.0.CO;2
Lecomte, X., Caldeira, M. C., Catry, F. X., Fernandes, P. M., Jackson, R.
B., & Bugalho, M. N. (2018). Data from: Ungulates mediate tradeoffs
between C storage and wildfire hazard in Mediterranean oak woodlands. Zenodo, https://doi.org/10.5281/zenodo.1481953
Lecomte, X., Fedriani, J. M., Caldeira, M. C., Clemente, A. S., Olmi, A.,
& Bugalho, M. N. (2016). Too many is too bad: Long-term net negative effects of high density ungulate populations on a dominant Mediterranean shrub. PLoS ONE, 11, e0158139. https://doi.
org/10.1371/journal.pone.0158139
López-Díaz, M. L., Rolo, V., Benítez, R., & Moreno, G. (2015). Shrub encroachment of Iberian dehesas: Implications on total forage productivity. Agroforestry Systems, 89(4), 587–598. https://doi.org/10.1007/
s10457-015-9793-y
Lovreglio, R., Meddour-Sahar, O., & Leone, V. (2014). Goat grazing as a
wildfire prevention tool: A basic review. iForest – Biogeosciences and
Forestry, 7, 260–268. https://doi.org/10.3832/ifor1112-007
Mancilla-Leytón, J. M., Mejias, R. P., & Vicente, A. M. (2013). Do goats
preserve the forest? Evaluating the effects of grazing goats on combustible Mediterranean scrub. Applied Vegetation Science, 16, 63–73.
https://doi.org/10.1111/j.1654-109X.2012.01214.x
Mancilla-Leytón, J. M., & Vicente, A. M. (2012). Biological fire prevention method: Evaluating the effects of goat grazing on the fire-prone

Journal of Applied Ecology

|

709

Mediterranean scrub. Forest Systems, 21, 199–204. https://doi.
org/10.5424/fs/2012212-02289
McKinley, D. C., Ryan, M. G., Birdsey, R. A., Giardina, C. P., Harmon, M.
E., Heath, L. S., … Skog, K. E. (2011). A synthesis of current knowledge on forests and carbon storage in the United States. Ecological
Applications, 21, 1902–1924. https://doi.org/10.1890/10-0697.1
MEA, Millenium Ecosystem Assessment. (2005). Ecosystems and
human well-being: Desertification synthesis. Washington, DC: World
Resources Institute.
Moreno, G., & Pulido, F. J. (2009). The functioning, management and
persistence of dehesas. In A. Rigueiro-Rodróguez, J. McAdam, &
R. Mosquera-Losada (Eds.), Agroforestry in Europe: Current status and
future prospects (pp. 127–160). Dordrecht, Netherlands: Springer.
Nader, G., Henkin, Z., Smith, E., Ingram, R., & Narvaez, N. (2007). Planned
herbivory in the management of wildfire fuels. Rangelands, 29, 18–24.
https://doi.org/10.2111/1551-501X(2007)29[18:PHITMO]2.0.CO;2
Núnez-Regueira, L., Rodríguez-Anón, J. A., Proupín, J., Mourino, B.,
& Artiaga-Diaz, R. (2005). Energetic study of residual forest biomass using calorimetry and thermal analysis. Journal of Thermal
Analysis and Calorimetry, 80, 457–464. https://doi.org/10.1007/
s10973-005-0677-7
Pacala, S. W., Hurtt, G. C., Baker, D., Peylin, P., Houghton, R. A., Birdsey,
R. A., … Field, C. B. (2001). Consistent land- and atmosphere-based
U.S. carbon sink estimates. Science, 292, 2316–2320. https://doi.
org/10.1126/science.1057320
Pajunen, A., Virtanen, R., & Roininen, H. (2012). Browsing-mediated
shrub canopy changes drive composition and species richness in
forest-tundra ecosystems. Oikos, 121, 1544–1552. https://doi.
org/10.1111/j.1600-0706.2011.20115.x
Pan, Y., Birdsey, R. A., Fang, J., Houghton, R., Kauppi, P. E., Kurz, W.
A., … Hayes, D. (2011). A large and persistent carbon sink in the
World’s Forests. Science, 333, 988–993. https://doi.org/10.1126/
science.1201609
Papanastasis, V. P., Yiakoulaki, M. D., Decandia, M., & Dini-Papanastasi,
O. (2008). Integrating woody species into livestock feeding in the
Mediterranean areas of Europe. Animal Feed Science and Technology,
140, 1–17. https://doi.org/10.1016/j.anifeedsci.2007.03.012
Pausas, J. G., & Bradstock, R. A. (2007). Fire persistence traits of plants
along a productivity and disturbance gradient in Mediterranean
shrublands of south-east Australia. Global Ecology and Biogeography,
16, 330–340. https://doi.org/10.1111/j.1466-8238.2006.00283.x
Pausas, J. G., & Fernández-Muñoz, S. (2012). Fire regime changes in the
Western Mediterranean Basin: From fuel-limited to drought-driven
fire regime. Climatic Change, 110, 215–226.
Pellizzaro, G., Duce, P., Ventura, A., & Zara, P. (2007). Seasonal variations of live moisture content and ignitability in shrubs of the
Mediterranean Basin. International Journal of Wildland Fire, 16, 633–
641. https://doi.org/10.1071/WF05088
Pereira, J. S., Mateus, J. A., Aires, L., Pita, M. G., Pio, C., David, J. S.,
… Rodrigues, A. (2007). Net ecosystem carbon exchange in three
contrasting Mediterranean ecosystems – The effect of drought.
Biogeosciences, 4, 791–802. https://doi.org/10.5194/bg-4-791-2007
Perez-Barberia, F. J. (2017). Scaling methane emissions in ruminants and
global estimates in wild populations. Science of Total Environment,
579, 1572–1580. https://doi.org/10.1016/j.scitotenv.2016.11.175
Piao, S., Fang, J., Ciais, P., Peylin, P., Huang, Y., Sitch, S., & Wang, T. (2009).
The carbon balance of terrestrial ecosystems in China. Nature, 458,
1009–1013. https://doi.org/10.1038/nature07944
Pinto-Correia, T., & Godinho, S. (2013). Changing agriculture – Changing
landscapes: What is going on in the high valued montado landscapes
of southern Portugal. In D. Ortiz-Miranda, A. Moragues-Faus, & E.
Arnalte-Alegre (Eds.), Agriculture in Mediterranean Europe: Between
old and new paradigms. Research in Rural Sociology and Development
(pp. 75–90). Bingley, UK: Emerald Group Publishing Limited. https://
doi.org/10.1108/rrsd

710

|

Journal of Applied Ecology

Ramos, J., Bugalho, M. N., Cortez, P., & Iason, G. (2006). Selection of
trees for rubbing by red and roe deer in forest plantations. Forest
Ecology and Management, 222, 39–45. https://doi.org/10.1016/j.
foreco.2005.10.017
Rego, F. C., & Silva, J. S. (2014). Wildfires and landscape dynamics in
Portugal: A regional assessment and global implications. In J. C.
Azevedo, A. H. Perera, & M. A. Pinto (Eds.), Forest landscapes and
global change: Challenges for research and management (pp. 51–73).
New York, NY: Springer.
Ritchie, M. W., Skinner, C. N., & Hamilton, T. A. (2007). Probability
of tree survival after wildfire in an interior pine forest of northern California: Effects of thinning and prescribed fire. Forest
Ecology and Management, 247, 200–208. https://doi.org/10.1016/j.
foreco.2007.04.044
Rovira, P., Duguy, B., & Vallejo, R. (2009). Black carbon in wildfireaffected shrubland Mediterranean soils. Journal of Plant
Nutrition and Soil Science, 172, 43–52. https://doi.org/10.1002/
jpln.200700216
Ruiz-Peinado, R., Montero, G., & Del Rio, M. (2012). Biomass models to
estimate carbon stocks for hardwood tree species. Forest Systems,
21, 42–52. https://doi.org/10.5424/fs/2112211-02193
Ruiz-Peinado, R., Moreno, G., Juarez, E., Montero, G., & Roig, S.
(2013). The contribution of two common shrub species to aboveground and belowground carbon stock in Iberian dehesas.
Journal of Arid Environments, 91, 22–30. https://doi.org/10.1016/j.
jaridenv.2012.11.002
Sala, O. E., & Maestre, F. T. (2014). Grass–woodland transitions:
Determinants and consequences for ecosystem functioning and provisioning of services. Journal of Ecology, 102, 1357–1362. https://doi.
org/10.1111/1365-2745.12326
Sankaran, M., Ratnam, J., & Hanan, N. (2008). Woody cover in
African savannas: The role of resources, fire and herbivory. Global Ecology and Biogeography, 17, 236–245. https://doi.
org/10.1111/j.1466-8238.2007.00360.x
Scott, J. H., & Reinhardt, E. D. (2001). Assessing crown fire potential by
linking models of surface and crown fire behavior. Research Paper
RMRS-RP-29. USDA Forest Service. Fort Collins, CO. 59p.
Singer, F. J., & Renkin, R. A. (1995). Effects of browsing by native ungulates on the shrubs in big sagebush communities in Yellowstone
national park. Great Basin Naturalist, 55, 201–212.
Strand, E. K., Launchbaugh, K. L., Limb, R., & Torell, L. A. (2014).
Livestock grazing effects on fuel loads for wildland fire in sagebrush dominated ecosystems. Journal of Rangeland Applications, 1,
35–57.
Tanentzap, A. J., & Coomes, D. A. (2012). Carbon storage in terrestrial
ecosystems: Do browsing and grazing herbivores matter? Biological
Reviews, 87, 72–94. https://doi.org/10.1111/j.1469-185X.2011.00
185.x
Taylor, K. T., Maxwell, B. D., McWethy, D. B., Pauchard, A., Nuñez, M.
A., & Whitlock, C. (2017). Pinus contorta invasions increase wildfire
fuel loads and may create a positive feedback with fire. Ecology, 98,
678–687. https://doi.org/10.1002/ecy.1673
Throop, H. L., & Archer, S. R. (2007). Interrelationships among shrub
encroachment, land management and litter decomposition in a

LECOMTE ET aL.

semidesert grassland. Ecological Applications, 17, 1809–1823. https://
doi.org/10.1890/06-0889.1
Trigo, R. M., Pereira, J. M. C., Pereira, M. G., Mota, B., Calado, T. J.,
Dacamara, C. C., & Santo, F. E. (2006). Atmospheric conditions
associated with the exceptional fire season of 2003 in Portugal.
International Journal of Climatology, 26, 1741–1757. https://doi.
org/10.1002/(ISSN)1097-0088
Tsiouvaras, C. N., Havlik, N. A., & Bartolome, J. W. (1989). Effects of
goats on understory vegetation and fire hazard reduction in a coastal
forest in California. Forest Science, 35, 1125–1131.
Vowles, T., Molau, U., Lindstein, L., Molau, M., & Björk, R. G. (2016). The
impact of shrub browsing by mountain hare and reindeer in subarctic
Sweden. Plant Ecology and Diversity, 9, 421–428. https://doi.org/10.1
080/17550874.2016.1264017
White, M. A. (2012). Long-term effects of deer browsing: Composition,
structure and productivity in a northeastern Minnesota old-growth
forest. Forest Ecology and Management, 269, 222–228. https://doi.
org/10.1016/j.foreco.2011.12.043
Williams, R. J., Cook, G. D., Gill, A. M., & Moore, P. H. R. (1999). Fire
regime, fire intensity and tree survival in a tropical savanna in northern Australia. Australian Journal of Ecology, 25, 50–59. https://doi.
org/10.1046/j.1442-9993.1999.00946.x
Xu, L., & Baldocchi, D. D. (2004). Seasonal variation in carbon dioxide exchange over a Mediterranean annual grassland in California.
Agricultural and Forest Meteorology, 123, 79–96. https://doi.
org/10.1016/j.agrformet.2003.10.004
Zhou, X., Brandle, J. R., Schoeneberger, M. M., & Awada, T. (2007).
Developing above-ground woody biomass equations for opengrown, multiple-stemmed tree species: Shelterbelt-grown Russianolive. Ecological Modelling, 202, 311–323. https://doi.org/10.1016/j.
ecolmodel.2006.10.024
Zomer, R. J., Neufeldt, H., Xu, J., Ahrends, A., Bossio, D., Trabucco, A., …
Wang, M. (2016). Global tree cover and biomass carbon on agricultural land: The contribution of agroforestry to global and national
carbon budgets. Scientific Reports, 6, 29987. https://doi.org/10.1038/
srep29987

S U P P O R T I N G I N FO R M AT I O N
Additional supporting information may be found online in the
Supporting Information section at the end of the article.

How to cite this article: Lecomte X, Caldeira MC, Catry FX,
Fernandes PM, Jackson RB, Bugalho MN. Ungulates mediate
trade-offs between carbon storage and wildfire hazard in
Mediterranean oak woodlands. J Appl Ecol. 2019;56:699–
710. https://doi.org/10.1111/1365-2664.13310

