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Abstract

Context There are no estimations of herbivory base-
lines in Spain. Due to the bioclimatic conditions,
ungulates have maintained Open Ecosystems until the
Holocene. Pastoral tradition later fulfilled the niche of
wild grazers, but this role is not considered in envi-
ronmental assessments of grazing livestock.
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Objectives We attempted to better understand the
scale of herbivory in Spain. We aimed to estimate the
weight of current wild herbivory and evaluate the role
of domestic herbivory in these baselines. We applied
them to improve the allocation of environmental
impacts and emissions from grazing livestock.
Methods We inferred an equation relating Net Pri-
mary Productivity (NPP) with ungulate biomass and
enteric CH, with data from 11 Spanish Protected
Areas. We estimated theoretical baselines in Spain
using other literature sources. We applied the equa-
tions to the Spanish open ecosystems that are cur-
rently grazable. We also estimated the proportion of
grazing livestock that would be part of such baseline.
Results We found relationships between NPP and
ungulate biomass and enteric CH, emissions. How-
ever, current abundances are several times below the
estimated baselines and the carrying capacity. There
are major constraints for herbivore populations to
reach their baseline state, particularly the absence of
migration and the extinction of grazers among wild
herbivores. Structural maintenance of Open Ecosys-
tems should therefore be complemented by domestic
grazers that cannot be replaced by the extant wild,
mostly browser, ungulates.

Conclusions We concluded that Spain is widely
susceptible to being populated by herbivores that
generate Open Ecosystems as baseline landscapes.
Current grazing livestock accounts for a significant
part of them, so baselines must be included in their
environmental assessments. For the case of Spain,
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we propose a minimum baseline equivalent to 36%
of current grazing livestock biomass and 23% of their
enteric CH, emissions.

Keywords Open Ecosystems - Herbivory
baselines - Environmental assessment - Land
abandonment - Carrying capacity

Introduction

Ecological baselines can be defined as the natural
impacts of biotic interactions in absence of human
activity (Jenkins and Brian Bedford 1973; Arcese
and Sinclair 1997). In landscape ecology, factors that
shape ecosystem structure are still unclear (Adie and
Lawes 2023). The traditional approach conceptual-
izes closed forests as a baseline, or climax state, of
most ecosystems (Pausas and Bond 2019). However,
research in the last decades is tending to geographi-
cally and climatically expand the consideration of
Open Ecosystems as alternative climactic landscapes
(Bond 2005; Archibald et al. 2019; Ellis et al. 2020).
In Open Ecosystems, top-down biomass regulators
like herbivory and fire shape the landscapes in large
areas, such as the Eurasian temperate forest (Vera
2000; Bond 2005; Karp et al. 2021; Adie and Lawes
2023). Alternate states between Open and Close
Landscapes are natural (Adie and Lawes 2023), dis-
carding a fix, unique state across time (Moncrieff
et al. 2016). However, with intrinsic spacious-tem-
poral variability and a long human activity, it is dif-
ficult to define herbivory baselines of potential Open
Ecosystems (Hempson et al. 2017). The dynamics of
herbivory and fire have been discussed theoretically,
but there are limitations to quantifying them (Hemp-
son et al. 2017; Manzano and White 2019; Archibald
et al. 2019; Adie and Lawes 2023).

Spain is largely suitable to be populated by wild
megaherbivores such as ungulates, linked to baselines
for landscape configuration (Acevedo et al. 2012;
Ellis et al. 2020; Adie and Lawes 2023). Megaher-
bivores have been abundant since at least the Pleis-
tocene (Alvarez-Lao and Garcia 2011), and possibly
for the last 15 million years (Bond 2019). During
the last millennia, when most megaherbivores have
already disappeared, the Spanish landscape has
remained largely Open (Ellis et al. 2020). This may
include structural alternate states of Open and Close
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canopies, being especially relevant in areas with
more significant rainfall (approximately>800 mm/
yr) where fire is a more important regulator than
herbivory (Archibald et al. 2019; Adie and Lawes
2023). Currently, most of Spain has the environ-
mental conditions to be a temperate savanna (Bond
2005; Archibald et al. 2019; Launchbaugh and Strand
2021), and its potential landscape is structurally simi-
lar to that (Johnsen et al. 2019). Phenotypical charac-
teristics of Spanish dominant trees like Quercus spp.
are indeed adapted to top-down regulation, i.e., an
open landscape (Adie and Lawes 2023). With human
expansion, livestock progressively replaced wild her-
bivores, maintaining high densities that fulfil part of
megafauna’s previous ecological role (Smith et al.
2016; Manzano et al. 2023a). Therefore, baseline her-
bivory intensities at landscape level in Spain can be
very significant.

In Open Ecosystems, some natural and anthropic
processes linked to both wild and domestic herbi-
vores are, to a large extent, mutually equivalent. This
includes, among others, the configuration of the land-
scape and the vegetation structure, and GHG fluxes
(Smith et al. 2010; Hristov 2012; Kim et al. 2013;
Smith et al. 2016; Manzano and White 2019). Her-
bivore densities have hence great implications for
burning environmental questions such as biodiversity
maintenance or climate change. For the latter, estima-
tions indicate that about 14.5% of the global anthro-
pogenic greenhouse gas (GHG) emissions could be
allocated to livestock, from which 39% is attributed
to enteric fermentation (Gerber et al. 2013)—most
of them linked with grazed systems (Opio et al.
2013). Understanding ecological herbivory baselines
and their wide-ranging implications can disentan-
gle how much of the herbivore disturbances could
be associated to man-made impacts, and how much
to natural ecological processes. They are, however,
more difficult to establish in managed, yet semi-nat-
ural ecosystems (i.e., those combining natural and
human elements), as e.g. pastoralist systems, than in
anthropized landscapes that are more decoupled from
natural ecological dynamics (Manzano et al. 2021). In
both cases, though, assuming an ecological baseline
with widespread closed-canopy forests and reduced
herbivory levels can distort the perception of current
landscapes and the understanding of past and future
scenarios, negatively affecting land management
strategies (Moncrieff et al. 2016), with implications
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for climate change (Malhi et al. 2022). Although not
currently considered, herbivory baselines could have
an important role in the ongoing debate on grassland-
based animal food systems (Manzano et al. 2023b;
Thompson et al. 2023), a hot research topic that still
has no clear or easy solutions (Opio et al. 2013).

Discussions on the best livestock systems
are highly influenced by the methodologies and
assumptions used to assess the impacts of live-
stock activity (O’Brien et al. 2012; Curran 2014;
McAuliffe et al. 2018; Manzano et al. 2023b). It
has conventionally been assumed that wild her-
bivory numbers have always been much lower than
current livestock ones—i.e., wild emissions being
negligible when compared with those from live-
stock. Environmental accounting tools applied to
agricultural systems have therefore regarded all
environmental impacts from livestock as anthro-
pogenic, leading to a high direct impact attribution
of GHG emissions per kg of product (Gerber et al.
2011). But domestic grazing herbivores can indeed
fulfil ecological roles that are equivalent to wild
herbivores, and their densities can also be equiva-
lent (Manzano et al. 2023a). At the same time,
some authors have demanded that the considera-
tion of baselines can be important in environmental
assessment (Pardo et al. 2023) and policy-making
(Moncrieff et al. 2016), for example, when support-
ing or limiting pastoralism (Manzano et al. 2023a).
In sum, new methodological approaches demand
delving into a specific framework for Open Ecosys-
tems that explicitly includes and quantifies baseline
values (Manzano and White 2019).

In this study, our main overall objective is to
understand the weight of the Spanish herbivory in
an ecological baseline scenario, given the natural
status of Open Ecosystems in the country. Addi-
tionally, we aim to better understand the ecological
state of current Protected Areas (PAs) in relation to
wild herbivory and apply baseline values to refine
GHG assessments of livestock systems that include
herbivory processes, i.e. grazing livestock produc-
ing enteric methane (CH,).

Methods
The baseline concept and assumptions involved

Interpretations of ecological baselines vary, since
landscapes are very heterogeneous and evolve over
time (Moncrieff et al. 2016). Most baselines are either
based on the Pleistocene or the Holocene period.
Whereas the Pleistocenic approach goes back to the
presence of mostly extinct megaherbivores, which
eventually got substituted by domestic animals, the
Holocenic approach considers animal domestica-
tion as a potential part of the baseline (Corson et al.
2022; Fraanje and Garnett 2022). Considering that
pastoral tradition in Spain has played an important
role in social, ecological and economic terms for, at
least, 2500 years (Garzén 1992; San Miguel et al.
2017) and that most landscapes could be defined as
the Open Ecosystems that pastoralism contributes
to shaping, both baseline approaches (i.e., Pleisto-
cenic and Holocenic) could be relevant in Spain. In
this study, we use current wild herbivore biomass
as a proxy for wild herbivory baselines in a Holoce-
nic approach. To do so, and since PAs are a proxy
for ecological baselines (Jenkins and Brian Bedford
1973; Arcese and Sinclair 1997), we use wild her-
bivore biomass of different PAs in Spain to estimate
baselines for herbivory.

Estimations of current wild herbivore biomass
density in Spanish PAs

Data from ungulate abundances (individuals/km?) in
Spanish PAs were collected from multiple sources
(see Supplementary Information). Beyond review-
ing literature, technicians from PAs were directly
contacted in cases when data were not easily avail-
able. Ungulates present in each PA were extracted
from Cétedra de Parques Nacionales (2019). In this
study, we included all National Parks in peninsular
Spain, excluding Sierra de las Nieves because of
its recent gazetting as a National Park (BOE 2021)
(Table 1). We also included three Natural Parks,
which limit human intervention in the regulation of
wild populations through their legal status: Sierras
de Cazorla, Segura y Las Villas (BOJA 2017), Los
Alcornocales (BOJA 2012), and Capgaleres del Ter
i Freser. Due to their strict protection status, and
their relative distance to, or isolation from, densely
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Table 1 Site conditions of
the studied PAs

Protected area

Aigiiestortes i Estany de Sant Maurici 144 1,9 1443

Cabaifieros

Capgaleres del Ter i Freser

Dofiana

Guadarrama
Variables: A Area (km?),
MAT Mean Annual
Temperature (°C), P Annual
rainfall (mm/yr), Bio
Biome, Dom Competition
with domestic livestock,
Mig Enabling conditions for
seasonal migration

Los Alcornocales
Monfragiie

Ordesa y Monte Perdido
Picos de Europa

Sierra Nevada

Sierras de Cazorla, Segura y Las Villas 2104 12,0 505

A MAT P Bio Dom Mig
Alpine Yes No

415 13,6 466  Mediterranean  No Yes
147 3,6 1372 Alpine Yes No
545 18,0 514 Mediterranean  Yes No
1670 7,2 1037  Alpine Yes No
179 16,5 781 Mediterranean  Yes No
159 15,6 511 Mediterranean No No
624 4,2 1281  Alpine Yes No
351 7,6 1064  Alpine Yes No
867 7.5 789  Alpine Yes No

Mediterranean  Yes No

populated areas, most National Parks and many PAs
in Spain are currently the areas closest to a theo-
retical climax state. They are subjected to represent
the landscapes with least human intervention coun-
trywide (only occasional animal supplementation,
restricted to scarcity periods, and occasional popu-
lation controls due to the absence of predators).

Population densities (individuals/km?) were con-
verted into biomass densities (kg/km?). For this
purpose, Typical Animal Mass (TAM) was used,
as proposed by Gavrilova et al. (2019) in the lat-
est IPCC (2019) report on Guidelines for National
Greenhouse Gas Inventories. This approach is use-
ful to avoid overestimating the biomass by assum-
ing the Adult Mass (AM) as the average body
weight, which ignores that young individuals make
up an important proportion of the population.
Therefore, TAM data were collected for domestic
species that could be considered similar in weight
and digestive systems to wild species (Gavrilova
et al. 2019). Data for AM for wild and domes-
tic species were extracted from literature for both
ruminants (Pérez-Barberia 2017) and monogastrics
(Jones et al. 2009). TAM of the domestic equiva-
lent was then scaled by the ratio between AM of the
wild and domestic species (Eq. 1). Detailed calcula-
tions and TAMs are available in the Supplementary
Information.

Equation 1 Arithmetic equations to calculate
wild Typical Animal Mass (TAM) using Adult Mass
(Jones et al. 2009; Pérez-Barberia 2017) and TAM
from similar domestic animals (Gavrilova et al.
2019).

@ Springer

Male AM + Female AM

AM(wild and domestic) = 5
Wild TAM = Domestic TAM M
Domestic AM

Establishing the relationship between NPP and
herbivore biomass in PAs

In low anthropized Open Ecosystems (e.g. PAs), large
herbivore abundance can be modelled from biocli-
matic parameters such as mean temperature and pre-
cipitation (Rodriguez et al. 2014) or NPP (Zhu et al
2018). NPP is just significantly correlated with her-
bivory biomass under correct ecosystem functioning,
i.e., with complete herbivore guilds including grazers,
intermediate feeders and browsers (Coe et al. 1976;
Hofmann 1989; Kiffner & Lee 2019; Flgjgaard et al.
2022).

Net primary productivity values (NPP, expressed
in kg C/m?-year) were hence extracted for the areas
occupied by the PAs used in this study, using data
from the MOD17A3HGF product of Terra MODIS
NPP over Peninsular and Balearic Spain, for the
2000-2021 period (Running and Zhao 2021). Mean
NPP for this period was estimated using QGIS, ver-
sion 3.22.1. We then correlated the local NPP values
at each PA with the herbivore biomass density of each
PA—calculated according to the previous Methods
subsection above. We obtained a descriptive equa-
tion of the relationship through Least Square linear
regressions.
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Comparison of NPP-herbivore biomass density in
PAs with previous studies

Comparing different methods to estimate herbivory
baselines can be useful to understand the optimal
state of Open Ecosystems, to discuss the current
state of PAs in relation to the baselines, and to bet-
ter understand the drivers of herbivore densities.
In order to compare our approach with other stud-
ies, we applied two simple models (Rodriguez et al.
2014; Zhu et al. 2018) to estimate the wild her-
bivory baselines of the PAs.

Zhu et al. (2018) provides a theoretical rela-
tion between grass NPP and grazing biomass. We
deduced the equation: Biomass=9038.1 - NPP
— 77.23 (units are kg/km? for biomass and kg C /
km? for NPP). The model of Rodriguez et al. (2014)
(Eq. 2) uses mean annual temperature (MAT) and
annual rainfall (P), extracted from Fick and Hijmans
(2017). It is constructed from worldwide empirical
megaherbivore abundances in Open Ecosystems,
mainly feeding on African savannas that are warmer
than usual Spanish conditions, posing limitations
to its use in the present work. The model climatic
range was P: 93—1612 mm/yr; MAT: 13.4—
29.1 °C. All alpine parks were excluded for falling
out of this climatic range, with lower MATS, i.e.,
Aigiiestortes i Estany de Sant Maurici, Capgaleres
del Ter i Freser, Guadarrama, Ordesa y Monte Per-
dido, Picos de Europa, Sierra Nevada and Sierras
de Cazorla, Segura y Las Villas. The model was
run with those PAs that fitted into the P and MAT
range. The yielded herbivore carrying capacity, or
maximum theoretical wild herbivore biomass, was
correlated with the NPP of each PA that fitted in
the model’s climatic range. The resulting equation
was compared with the equations from the previous
section.

Equation 2 Climate-based model based on
Rodriguez et al. (2014) to estimate ungulate carry-
ing capacity of Open Ecosystems. CC=carrying
capacity (kg/km?); P=Annual rainfall (mm/yr);
MAT =Mean Annual Temperature (°C).

CC = Min(18.3 - P — 3993, 1634 - MAT — 12502)

Apart from these two relations, we compared
Spanish wild biomass with data provided by Flgj-
gaard et al. (2022) and Pedersen et al. (2023). The

results were used to contextualize the Spanish
baseline, and two different approaches were conse-
quently proposed: current ecosystem functioning,
and theoretical levels (or baseline)—with two equa-
tions relating NPP and potential wild ungulate bio-
mass density. In light of the results, an equation of
current ecosystem functioning was built through all
PAs with similar ecological conditions (i.e., exclud-
ing Cabafieros and Monfragiie), and theoretical
levels were represented by the model by Zhu et al.
(2018). See results sections for further details.

Scaling up wild herbivore biomass to grazeable areas
in Spain

We estimated potential wild herbivore biomass for
grazeable areas in Spain using, again, NPP data from
Terra MODIS NPP (see above) and equations from
both scenarios obtained in the previous step. Graze-
able areas are defined as potential open landscapes
(Bond et al. 2005) under current land use suitable for
herbivory (Diaz Gaona et al. 2014).

Land use information was obtained from European
Union (2018). In order to avoid distortions in estimat-
ing NPP from anthropogenic land uses, we removed
agriculture and intensive monospecific forestry. Vast
inner sedimentary basins created by Spain’s largest
rivers are dominated by agricultural use, where cur-
rent NPP is generally low (mean 0.406+0.154 kg C/
m?/yr). Due to the massive use of some plantations
in the twentieth century, some mountain areas were
filtered according to their dominating tree species
(MTERD 2020). Excluded coniferous species were:
Eucalyptus spp, Pinus radiata, P. pinea, P. halepen-
sis in all the country and P. pinaster in the Atlantic
region.

Land uses included in the modelling were:
broad-leaved forest, mixed forest, natural grassland,
moor- and heathland, sclerophyllous vegetation, and
sparsely vegetated areas. Coniferous forest not pre-
viously excluded, and transitional woodland/shrub,
were also considered. Mountain areas are overrepre-
sented, as they are usually covered by rangelands or
autochthonous forests. Overrepresentation of other
plantations of Pinus sylvestris, P. nigra, P. uncinata
or P. pinaster in the Mediterranean area is greatly
compensated by the underrepresentation of autoch-
thonous presence for the excluded coniferous spe-
cies. The Canary Islands were also excluded from
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this study. The area considered as grazable constitutes
1.48-10° km?, or 29.9% of the total Spanish national
territory, excluding the Canary Islands (Fig. 1).

Estimations of enteric CH, from wild herbivory

Clauss et al. (2020) (Eq. 3) was used to estimate
enteric CH, from herbivore densities observed in
PAs. In that work, scaling relationships in mamma-
lian species are developed between CH, (I/d) and
body mass (kg) according to different groups—rumi-
nants and hindgut fermenters, among other herbivore
groups not considered in our study. CH, output was
converted into mass units applying density of the gas
phase (0.716 kg/m?).

Equation 3 Equations to estimate CH, emissions
(E) from Clauss et al. (2020). Units: TAM = kg; E =
1 CH/yr.

E = 0.539 - TAM"% for ruminants

E = 0.512 - TAM®” for hindguts

After estimating emissions in PAs, we obtained
a descriptive equation of the current relationship
between NPP and CH,, following the same approach
as with biomass. The baseline was calculated by mul-
tiplying current emissions through the factor between
baseline and current biomass (5 in average). These
equations were applied to grazeable areas at country-
wide level to get a baseline of enteric CH, emission
in Spain.

Estimation of enteric CH, emissions from current
grazing-based livestock in Spain

A selection of enteric CH, emissions data was
extracted from the Spanish guidelines for reporting
GHG inventories (MAPA 2023). These reports show
detailed information on how Spain calculates direct
GHG emissions for UNFCCC reporting in its national
inventory. They comprehensively indicate how the
IPCC (2019) methodology framework is carried out
to estimate N and P excretion and CH, output from
enteric fermentation, which originates from the main
livestock species in Spain.

Within the cattle, sheep, goats and pigs’ species,
we extracted the emissions data and the body mass
that were allocated to animals that have been under
grazing management. For simplicity purposes, we did
not include horses. Within these documents and for
each province in Spain, there are assumptions based
on literature and expert opinion on how many ani-
mals of the total population and type (e.g. disaggre-
gated by age) graze for each year of the time series
(1990-2020), and what % of the annual dry matter of
feed is consumed under grazing. Considering these
feeding management and animal type characteristics,
emissions from enteric CH, and N, P excretion were
calculated and body mass is indicated per animal of
each type and management.

r < f;Axguesmnests« de Sant Mauric:
/'~ Capgaleres del Ter | del Fresefer

cagMonfragiie 3
E {5, Cabarieros % & < &
¢ = S € i

£

& [ Protected Areas (PAs)

~& > PP
Dofianall N 2,053659
3 ¢ ™~ 0,143964

Los Alcornoda

Fig. 1 Areas potentially populated by large wild herbivores, given current land uses in potentially open areas. A is an orthophoto
(USGS 2006) and B represents NPP (kg C/km?). PAs are drawn in red
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Results

Current and potential ungulate biomass and enteric
CH, emissions in Spanish PAs

Current animal biomass densities in Spanish PAs
range from 304 kg/km? in Aigiiestortes i Estany de
Sant Maurici, to 4222 kg/km2 in Cabaiferos, while
NPPs range from 0.340 kg C/m%yr in Aigiiestortes
to 1.117 kg C/m*yr in Los Alcornocales (Table 2).
A lower herbivore biomass is linked to mountain
locations, with an abundance of rocky outcrops and
limited availability of forage in winter. Meanwhile,
higher biomass is related to Open Ecosystem areas
sensu (Bond (2019), with an important presence of
Quercus spp. As expected, enteric CH, emissions,
ranging from 36 kg CH,/km>yr to 615.6 kg CH,/
km?.yr, are generally proportional to biomass, influ-
enced by the predominant forage digestion type of the
herbivores. For example, at PAs with a higher pro-
portion of ruminants, emissions are proportionally
higher. It is the case of Sierras de Cazorla, Segura y
Las Villas, where the biomass value is 6.6 times the
one for CH,, while in Sierra Nevada, with a high pro-
portion of wild boar (a hindgut fermenter), this ratio
was 15.3.

Neither biomass nor emissions were related
with NPP when all PAs are considered together
(R?=-0.085, p=0.649 and R>=— 0.094, p=0.716).
However, two PAs stand out due to their high her-
bivory rates: Monfragiie and Cabaiieros. Their outlier
character can be explained by their differential eco-
logical functioning in relation to the rest of the PAs.

Contrary to the rest of the PAs, Monfragiie has practi-
cally no livestock grazing inside its limits, so compe-
tition for forage with domestic ungulates is negligi-
ble. Cabaifieros does not host livestock grazing either,
and allows for seasonal migration of wild herbivores,
accommodating higher herbivory levels. This is made
possible by two marked, distinct landscape units con-
formed by (i) an extensive flat valley at an altitude of
between 600 and 700 m.a.s.l. dominated by grassy
vegetation, which constitutes an optimal forage base
in winter but dries up in summer, and (ii) a steeper,
shrubby area ranging from 700 to 1400 m.a.s.l.
that provides suboptimal foraging resources during
summer time (ESA 2022). Differential ecological
conditions are hence important in Monfragiie and
Cabaifieros when contextualizing herbivory at the
national level. When these two cases are excluded, a
significant relation was found between NPP and bio-
mass (R2=0.523; p=0.017; Fig. 2A), similar to the
relation between NPP and enteric CH, (R*=0.619,
p=0.007; Fig. 2B).

Comparison of NPP-herbivore biomass density in
PAs with previous studies

We compared our empirical data with the theoretical
model by Zhu et al. (2018), and the empirical model
by Rodriguez et al. (2014) applied to the PAs that
climatically fitted in its range of conditions (Fig. 3).
The resulting regression line from Rodriguez
et al. (2014) was: Biomass (kg/km2)= 8957.92 -
NPP—33.82 (kg C/km?); p=0.04261; R?=0.8749).
Both equations highly overlap, but contrast with

Table 2 Biomgss, enteric Protected Area Biomass (kg/km?)  Enteric CH, NPP (kg C/m*-yr)

CH, .and NPP in selected (ke/km2yr)

Spanish PAs
Aigiiestortes i Estany de Sant Maurici 304.2 47.0 0.340
Cabaifieros 4222.6 615.6 0.533
Capgaleres del Ter i Freser 1172.2 267.4 0.588
Doiiana 1214.5 143.2 0.710
Guadarrama 1653.8 142.4 0.561
Los Alcornocales 1940.8 266.4 1.117
Monfragiie 2419.6 321.8 0.503
Ordesa y Monte Perdido 412.1 36.0 0.528
Picos de Europa 1715.1 142.7 0.706
Sierra Nevada 963.2 63.6 0.672
Sierras de Cazorla, Segura y Las Villas 939.7 142.8 0.519
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Fig. 2 Relationship between NPP and herbivory in differ-
ent PAs, measured in terms of biomass and enteric CH,.
Cabaiieros and Monfragiie are considered as outliers. Equa-
tions are: Biomass=2017.22 - NPP—140.8; and Enteric emis-

a current low wild herbivory biomass from most
Spanish PAs. However, current wild herbivory in
Cabafieros—4222 kg/km’>—is very close to densi-
ties expected from Zhu et al. (2018) (4740 kg/kmz)
and Rodriguez et al. 2014 (4451 kg/km?). The rest
of PAs, such as Monfragiie, Doflana or Los Alcor-
nocales, display current wild herbivore densities
that are well below such estimations. These latter
values are closer to further Pleistocene baselines
reported for Open Ecosystems worldwide, which
are at the range of 10 t/km? (Manzano et al. 2023a).
In light of these results, the ecological conditions
of Cabafieros could be the best available wild base-
line in Spain, thanks to a lack of competition with
pastoralism, and to the possibilities for herbivore
migration that its biophysical configuration offers.
This would mean that current densities in most PAs
are around 80% lower than natural baselines, close
to estimations of Pedersen et al. (2023), suggest-
ing that the current vegetation consumption rate in
Spain is between 50 and 75% lower than the base-
line. Such reductions are observed in most regions
worldwide due to anthropic factors, with a diverse
casuistic that prevents a thorough relation between
NPP and herbivore biomass. However, the capacity
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sions =273.07 - NPP—51.83, respectively. Standard error of
the estimates and correlation indexes were, respectively, 390
and 0.523 for Biomass and 44.0 and 0.620 for Enteric emis-
sions

to sustain larger herbivory baselines all across
Europe is proven by many rewilding experiments
hosting herbivore biomasses close to African and
Asian sites, suggesting that actual baselines are
some orders of magnitude above currently observed
densities in PAs (Flgjgaard et al. 2022) (Fig. 4).

Scaling up wild herbivore biomass and enteric
emissions to grazeable areas in Spain

According to the both approaches previously pre-
sented, wild herbivore biomass in grazable Spanish
areas would be 1.68x 10® kg under current condi-
tions and 8.33x 10% kg under baseline conditions.
This means that, under natural conditions such as
seasonal migration and lack of competition with
livestock, wild herbivores could be almost 5 times
more abundant. Baseline equation for enteric emis-
sions was 1313 - NPP—234.6. Thus, when relating
NPP with enteric CH,, the total values for Spain
result in 1.78x 107 kg /yr and 8.79x 107 kg/yr,
respectively.



Landsc Ecol (2023) 38:3713-3729

3721

10000+
Current PAs e
Zhu et al. 2018 s
. Rodriguez et al. 2014 P *
< 7500+ .
IS
<
(o] M
<
o 5000+
7]
o]
IS
Ke] .
@ 2500+ g
01 Aistestor

0.0 03 06 09
NPP (kg C -m2-yr’")

Fig. 3 Potential ungulate biomass in current grazable Open
Ecosystems in Spain under different approaches. Blue: Poten-
tial biomass according to the ecological functioning in most
Current PAs excluding Monfragiie and Cabafieros, which were
considered outliers. Yellow: Baseline densities based on the
theoretical model from Zhu et al. (2018), using data from Afri-
can, Asia and North American PAs, built with NPPs between
0 and 0.6 kgC/m?*/yr. Pink: carrying capacities applying the
empirical model from Rodriguez et al. (2014) to Spanish PAs
that fit into its temperature and precipitation range. The equa-
tion derives from the linear regression of those carrying capac-
ities (Cabaiieros, Monfragiie, Dofiana and Los Alcornocales).
Equation for this model was: Biomass (kg) =8957.92 - NPP—
33.82 (kgC/m*/yr); p=0.04261; R?=0.8749. Note that the
equations from Zhu et al. (2018) and Rodriguez et al. (2014)
almost overlap

Proportion of herbivore baseline currently taken up
by grazing livestock

According to our estimates (see Supplementary
Information), Spanish grazing livestock system cur-
rently accounts for a biomass of 2.34x10° kg, pro-
ducing 3.87 x 10® kg CH,/yr (387 kt CH,/yr) (Fig. 5).
In terms of enteric CH, emissions, this represents
about 54% of the total enteric emissions reported by
Spain (MAPA 2023), i.e. implying that the rest, i.e.,
about 46%, would be allocated to confined livestock.
Within grazing livestock systems, cattle accounted for
most of the biomass and CH, emissions (68 and 70%,
respectively), followed by sheep (27 and 26%, respec-
tively), goats (3 and 3%, respectively), and Iberian
pigs (3 and 0.3%, respectively). Estimations on wild
herbivory compared to grazing livestock are shown at
Fig. 5, comparing the two approaches. In the baseline
scenario, natural CH, emissions in current grazable

areas represent more than 20% of the current Spanish
grazing livestock emissions.

Discussion
Current status of Spanish wild Open Ecosystems

In this study, we have related NPP and ungulate abun-
dances in PAs in Spain under two different ecological
scenarios with the aim to establish natural herbivory
baselines. Because of alternative closed-canopy vs.
tree-sparse states of Open Ecosystems that do not
depend on climatic parameters (Moncrieff et al. 2016;
Pausas and Bond 2019) and that condition forage
resources, there are many limitations for estimating
herbivory baselines. Moreover, due to coevolution,
such herbivore abundance has been subjected to con-
stant change through climate fluctuations and through
human presence (Alvarez—Lao and Garcia 2011; Rod-
riguez et al. 2014; Palmqvist et al. 2022). Unsurpris-
ingly, the literature reports difficulties to estimate
such baselines at a large scale in highly anthropized
countries (Flgjgaard et al. 2022). We have found
that such relations can be improved by contextualiz-
ing individual sampling points (in this case, PAs) by
key ecological conditions that affect wild herbivores,
namely competition with domestic livestock, and
capacity to migrate between feeding areas that offer
differential rangeland resources.

We confirm that current herbivore abundances in
anthropized areas are far from the baselines (Flgj-
gaard et al. 2022; Pedersen et al. 2023) represented
by the equation provided by Zhu et al. (2018) and
represented in Spain only by Cabaiieros PA, with
conditions enabling seasonal migration and preclud-
ing competition with livestock. Monfragiie PA also
shows intermediate abundances; without pastoralism
it is also closer to the baseline, but it lacks migra-
tion options in the surrounding areas. Even if rural
abandonment is making many landscapes optimal
for the extant wild species (Acevedo et al. 2011), this
is not translated into the recovery of baseline levels.
Anthropic determinants reduce the possibility of sur-
vival and proliferation (Flgjgaard et al. 2022). For
example, in the Mediterranean coast of Spain, ungu-
lates have gone almost extinct due to strong anthropi-
zation in the last couple of centuries (Pauné 2021).
In Quercus-dominated PAs, theoretically susceptible
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Fig. 4 Potential wild herbivory biomass and derived CH,
emissions, under approaches based on current abundances in
PAs compared to theoretical baselines (through the equation of

to wild herbivory, like Sant Lloreng, Garraf or Ports
de Tortosa y Beseit, current calculated densities
are well below the baseline, yielding values below
800 kg/kmz, and are consistent with mixed Quercus
and Pinus vegetation at Montgri and Montserrat PAs
(Pauné 2021), even though pastoralism has almost
disappeared. This is in line with densities from low
productive PAs in altitudes over 1000 m.a.s.l. such
as Ordesa y Monte Perdido, or Aigiiestortes i Estany
de Sant Maurici. It happens in spite of the high local
plant productivity (Running and Zhao 2021), with a
baseline above 5000 kg/km? in all of them.

Our results support the idea that wild herbivory
in Spain could be much higher than current levels.
Land fragmentation and the impossibility of migra-
tory dynamics are important drivers for this (Coffin
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Zhu et al. 2018). Current wild ungulate emissions (kg/krnz) in
PAs are also represented

et al. 2021; Johnson et al. 2023). In the Spanish pla-
teaus and mountain ranges (occupying most areas
of the country), migrations are particularly neces-
sary, because they are greatly affected by seasonally
extreme climatic conditions (dry and cold) that limit
plant growth (Garzén 1992; Manzano-Baena and
Casas 2010; San Miguel et al. 2017). Hence, carrying
capacities are significantly higher where migrations
are possible (Rodriguez et al. 2014; Flgjgaard et al.
2022; Manzano et al. 2023a; Pedersen et al. 2023),
similar to what we here describe for Cabafieros
National Park. In Spain, a great carrying capacity
was observed during periods of high livestock migra-
tory systems, like trashumancia (long distance) and
transterminancia (short-distance, i.e., <100 km). A
census from 1750 (Garcia Sanz 1994; San Miguel
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Fig. 5 Amount of current grazing livestock in Spain repre-
sented by the two different approaches, in terms of biomass
and enteric emissions. Absolute values are labelled on the bars.
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et al. 2017) shows grazing livestock biomass of 10.7
-10° kg/km2, a number closer to Pleistocenic abun-
dances than to current ones (Manzano et al. 2023a).
Such migration patterns following productive oppor-
tunities are logical in wild systems too (Garzén 1992;
Nandintsetseg et al. 2019) but anthropogenic influ-
ence greatly reduces daily animal mobility (Tucker
et al. 2018). Currently, the impossibility to migrate is
a challenge for the survival of most ungulate popu-
lations in the Mediterranean, a hazard exacerbated
by climate change (Pérez-Barberia et al. 2020). Yet,
migration patterns are very susceptible to other exter-
nal agents, such as to supplementary feeding, which is
often found in PAs with conservationist aims, as well
as in many hunting estates for economic exploitation
reasons (Laguna et al. 2021). The fragility of migra-
tion in anthropized landscapes, following a global
crisis for such phenomena (Berger 2004), is therefore
evident, as difficulties for self-regulation through eco-
logical dynamics arise.

A paradox for overgrazed landscapes below baseline
levels

Even if Cabafieros hosts densities that are below
the theoretical carrying capacity described by
Rodriguez et al. 2014 or Zhu et al. 2018, ungulate
impacts there are reported to be dangerous for eco-
logical conservation (Lopez-Séez et al. 2014; Perea

et al. 2014, 2015; Carpio et al. 2021). Such nega-
tive effects on vegetation have been attributed to an
herbivore overabundance linked to low densities of
carnivores, who would not exert enough top-down
regulation (Bueno et al. 2009; Perea et al. 2014).
While such pressure can be relevant, it may not be
a primary regulator when naturally diverse her-
bivory guilds—that include large ungulates—man-
age to escape predation through migration (Fryxell
& Sinclair 1988; Mduma et al. 1999; Sinclair et al.
2003; Creel et al. 2005; Nelson et al. 2012; Clark
and Hebblewhite 2021). In a natural baseline sce-
nario, the role of predator—prey dynamics as a pri-
mary determinant of potential herbivore biomass
is unclear, even if it does impact elements such as
grazing patterns and therefore, vegetation struc-
ture—mainly through landscapes of fear (Donadio
and Buskirk 2016; Kuijper et al. 2013; Tizzani et al.
2022).

If the potential carrying capacity of Cabafieros is
considered, there may be underlaying causes for the
observed symptoms attributed to overgrazing. Apart
from overall excessive vegetation removal, they can
derive from unbalanced grazing regimes, with cru-
cial factors such as grazing selectivity, driven by con-
sumption patterns (Augustine and McNaughton 1998;
Fernandez-Olalla et al. 2016; Velamazan et al. 2023)
and grazing seasonality, driven by migration pat-
terns (Abraham et al. 2022; Velamazéan et al. 2023)
(Table 3). Grazing selectivity is balanced in natural
Open Ecosystems, with grazers, browsers or interme-
diate feeders (Hofmann 1989) preventing overgrazing
of certain plant tissues. An excess of browser bio-
mass can lead to problems for tree renewal through
the removal of shrubby shelter structures and saplings
(Fernandez-Olalla et al. 2016). Conversely, grazer
excess and grass removal can favour landscape clo-
sure (Kiffner and Lee 2019), leading to plant biomass
accumulation that boosts other top-down regula-
tors such as fire (Madrigal et al. 2017; Varela et al.
2020). Grazing seasonality is relevant in Spain and
the Mediterranean biome in general, with contrasting
production peaks that need herbivore migrations to be
sustainably harvested (Garzéon 1992; Manzano-Baena
& Casas 2010; San Miguel et al. 2017). As discussed
above, effects attributed to overgrazing can also arise
from disrupted migration patterns.

In Spain, the nature of both grazing selectivity
and grazing seasonality merge with a long history of
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Table 3 Summary of the different approaches for ungulate baselines in Spain. Pleistocenic and Ungulate biomass in Pleistocenic
and Holocenic baselines should be similar, in case livestock is included as part of the baseline

Grazing selectivity

Grazing seasonality

Pleistocenic baseline Diverse herbivory guilds: graz-
ers, browsers and intermediate

feeders
Holocenic baseline  Extinction of wild grazing ungu-

lates, replaced by livestock

Diverse migratory guilds. Following production peaks
Predator influence through “landscapes of fear”

Migrations conducted by pastoralists following production peaks

Based on current PAs Abandonment of grazing livestock Obstacles to migration, absence of migratory wild species and predators

Unbalance: Browsers > > grazers

Simultaneous overgrazing and undergrazing effects

anthropic influence. Spanish wild herbivores belong-
ing to the grazer functional type (aurochs or tarpans)
went extinct as livestock expanded, so extant wild
ungulates are rather browser or intermediate feed-
ers, such as cervids. Grazers are only represented
by livestock, with cattle, horse and sheep standing
out (Hofmann 1989; Fernandez-Olalla et al. 2016).
With the ongoing rangeland abandonment process
(Lasanta et al. 2017), wild browser expansion has
been the dominant trend in the last decades in Spain
(San Miguel et al. 2017; Valente et al. 2020). Brows-
ers may thus be becoming overabundant while graz-
ers are dwindling, leading to a selective predation on
woody vegetation without depleting available forage
(Perea et al. 2014; Fernandez-Olalla et al. 2016).
Grazing seasonality is also affected by herbivore
guilds, as grazers tend to migrate longer distances
than browsers (Teitelbaum et al. 2015; Abraham et al.
2022), driving current systems dominated by extant
ungulates to have reduced mobility. Seasonal grazing
patterns are also promoted by predation on wild her-
bivores (Fryxell and Sinclair 1988; Grigg 2007; Nel-
son et al. 2012), or shepherds, in the case of domestic
herbivores (Manzano et al. 2020). All these charac-
teristics are currently missing in Cabaferos and many
other Spanish areas where land connectivity, preda-
tors and domestic herbivores have mostly disappeared
from the landscape.

In Cabafieros, there has been an important shift
in grazing patterns after it was made a protected
area, from the previous livestock grazing (tradition-
ally migratory) and anthropic land use for millen-
nia (Morales-Molino et al. 2018). The exclusion of
livestock in Cabafieros meant an important shift in
selectivity and seasonality, with the loss of the exclu-
sive grazing function and of long-distance migration.
Present ungulates here are mainly red deers (Cervus
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elaphus), i.e., intermediate feeders (Hofmann et al.
1989) that perform medium-distance migrations
(Jarnemo 2008; Bischof et al. 2012; Nelson et al.
2012). This implies a context of high selectivity and
medium seasonality context. Ecological imbalances
are therefore likely to happen, similar to what hap-
pened in other past ungulate extinctions (Davoli et al.
2023) or in similar contexts of low-density browser-
dominated PAs such as Guadarrama with Capra pyr-
enaica (Perea et al. 2015). A conclusion is that the
function of preserving Open Ecosystems is left to
grazing livestock (Fernidndez-Olalla et al. 2016; Las-
anta et al. 2021). Correct herbivore baseline and car-
rying capacity estimations should therefore consider
not only total biomass, but also the ecological func-
tionality and the feasibility of reaching an equilibrium
with the present herbivore species.

Including baselines in environmental assessments of
grazing livestock

Herbivory, as a necessary ecological component, is
often overlooked in environmental assessments and
in decision-making (Veldman et al. 2015; Thomp-
son et al. 2023). According to our results, a substan-
tial fraction of environmental effects attributed to
grazing livestock could be indeed part of the her-
bivory ecological baseline. A significant part of the
herbivore biomass, as well as the enteric anthropo-
genic CH, emissions currently attributed to grazing
livestock (36.2% and 22.72%, respectively), are part
of the herbivory baseline. This is not negligible,
considering that it represents about 13% of enteric
CH, emissions reported in the Spanish GHG inven-
tories. This means that these emissions should not
be considered part of anthropogenic emissions since
they would be unavoidable under ideal, correct
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ecosystem functioning conditions. Importantly,
these calculations are subject to large uncertainties
and therefore, careful consideration must be taken,
but they provide a first value estimate to a pro-
cess whose quantification is currently completely
missing.

An herbivory baseline implies that enteric herbi-
vore emissions have been part of the natural fluxes
in the past and have a degree of inevitability in the
future, because such emissions are consubstantial to
the grazing ecological niche that dominates Open
Ecosystems (Manzano and White 2019). Considering
a significant fraction of current herbivory as a natural
process, as done in the present study, as in Pardo et al.
(2023), contrasts from the conventional approach of
most studies. All livestock herbivory is usually con-
sidered as purely anthropic, and so are all enteric
emissions caused (e.g. Opio et al. (2013). Studies
quantifying emissions from wildlife, or taking place
in abandoned grazeable landscapes, consider them a
natural ecosystem flow disentangled from livestock
production, or from any emissions currently consid-
ered as anthropogenic (Fiala et al. 2020; Hayek et al.
2021). This conventional approach has been possibly
reached because of practical reasons. For example,
the guidelines of IPCC for national GHG invento-
ries since its first publications (IPCC 1996) consider
natural emissions on managed land as anthropogenic
on the basis that they are equal to those emissions on
unmanaged land, which are assumed negligible—but
this is something that our study puts into question.
IPCC also excludes emissions from natural sources in
national inventories. Semi-natural rangelands, how-
ever, are difficult to interpret. If human activity was
not present in them, emissions would not be zero.
There is evidence for wild ecosystem scenarios host-
ing very significant CH, emissions (Hristov 2012;
Smith et al. 2015; Manzano et al. 2023c). In sum-
mary, it is doubtful that all CH, emissions from semi-
natural rangelands can be catalogued as anthropo-
genic (Manzano et al. 2023b). At this point, herbivory
baselines, i.e. potential ecosystem effects from wild
herbivory, must be calculated to evaluate strategies
that aim to reduce either global warming, biodiversity
loss or other land-use-associated impacts (Manzano
and White 2019; Scoones 2022).

Challenges for estimating herbivore baselines

Our results are constrained by a significant degree
of uncertainty, and there is still room to refine
methodologies—e.g. for measuring wild ungulate
abundance on the field. In addition, fluctuations
across time are very common (Carpio Camargo
et al. 2021) and animal abundances are very suscep-
tible to disturbances, such as diseases (San Miguel
et al. 2017). There are also challenges to accurately
estimate grazing livestock biomass in Spain, due to
the complexity of different management systems at
inter-, but also at intra-farm level. Most grazing-
based management combines pastoralism with sup-
plementary feeding or the use of stubble or fallow
lands, especially during scarcity periods. In addi-
tion, much of the grazing livestock included in the
calculus is placed in ecosystem areas belonging to
natural closed canopy forest, following Bond et al.
(2005). Grazing livestock estimations may thus
probably be overestimated, showing a smaller pro-
portion of the baseline in relation to the total graz-
ing biomass.

There are also ecological limitations to correctly
envision natural herbivory baseline conditions in
Spanish Open Ecosystems. Grazers are only repre-
sented by livestock in Spain (Hofmann 1989), so
empirical Holocene baselines can just be simulated
by (1) rewilding with wild ungulates, but also includ-
ing new grazers (Cromsigt et al. 2018); (2) consid-
ering grazing livestock as part of the baselines. The
absence of such empirical situations can lead to a dis-
torted conception of baseline ecological implications.
For example, current CH, emissions are proportion-
ally lower than biomass when compared to current
grazing livestock. This is possibly due to an underes-
timation of CH, emissions in current PAs as a con-
sequence of the absence of wild grazer herbivores.
Higher body sizes lead to higher CH, emission rates
in grazers (Pérez-Barberia et al. 2017; Clauss et al.
2020), while grazers’ diets, richer in fibre, would
cause larger ingestion rates and a higher CH, emis-
sion per animal (Hofmann 1989; Hristov et al. 2013).
Considering more grazers in the baseline could hence
increase the estimations on CH, emissions.
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Conclusion

NPP is a predictor of ungulate abundance in Open
Ecosystems which share similar ecological function-
ing. Removing constraints such as obstacles to migra-
tion, or competition from pastoralism, from current
PAs could lead to a five-fold increase in wild ungu-
late biomass in the open ecosystems in current graz-
able areas in Spain. However, Spain is a country with
a pastoral tradition that has replaced wild grazers to
the point of extinction, and the browser expansion
due to land abandonment could lead to a situation of
browser overabundance in wild systems. We conclude
that wild herbivory baselines must incorporate an
important proportion of grazers, nowadays only rep-
resented by livestock. According to our estimations,
wild herbivory baselines are at the order of 36.2%
of the domestic grazing biomass, and 22.7% of their
enteric GHG emissions, but these numbers are prob-
ably underestimated due to current ecological and
methodological constraints.
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