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Abstract
1. Large herbivores provide key ecosystem processes, but have experienced mas-

sive historical losses and are under intense pressure, leaving current ecosystems 
with dramatically simplified faunas relative to the long- term evolutionary norm. 
Hampered by a shifting baseline, natural levels of large- herbivore biomass are 
poorly understood and seldom targeted. This ‘Decade of ecosystem restoration’ 
calls for evidence- based targets for restoring the natural diversity and biomass of 
large herbivores.

2. We apply the scaling of the consumer– producer relationship to a global data-
set of large- herbivore density in natural areas. The analyses reveal that African 
ecosystems generally have much higher large- herbivore biomass and also the 
strongest consumer– producer relationship. For Europe, Asia and South America, 
there are no significant relationships with primary productivity indicative of im-
poverished faunas. Compared to expectations from the African scaling relation, 
large- herbivore biomass in ecosystems outside Africa is considerably lower than 
expected.

3. Synthesis and applications. Ecological restoration and rewilding entail restoration 
of a natural grazing process. Our findings indicate that many nature reserves 
are depleted in large- herbivore biomass, judged from their primary productivity. 
Meanwhile, overexploitation by seasonal livestock grazing takes place in other 
areas. It is thus difficult, but urgent, to reach scientific consensus regarding a natu-
ral baseline for large- herbivore biomass. Until such agreement has been reached, 
we recommend to manage, or rewild, large herbivores in year- round near- natural 
grazing and without predefined density targets, but following natural and fluc-
tuating resource availability with minimal management intervention. The estab-
lishment of experimental rewilding sites with reactive herbivore management is 
needed to further advance our understanding of natural grazing density.
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1  | INTRODUC TION

Large- herbivore grazing is widely recognized as an important pro-
cess for biodiversity, but there is considerable debate about appro-
priate densities of wild large herbivores and natural levels of grazing 
and browsing intensity. Perceptions of overabundance and unnat-
urally high densities of large herbivores (e.g. Gortázar et al., 2006; 
Ickes, 2001; Mosley & Mundinger, 2018) influence wildlife man-
agement, whereas meat or dairy production targets influence 
stock in agro- environmental schemes and specific species, habitat 
or landscape targets influence conservation grazing management. 
The continued global loss of biodiversity calls for an alternative ap-
proach to ecosystem grazing. Contrary, trophic rewilding (Bakker & 
Svenning, 2018) and ‘naturalistic grazing’ (Jepson et al., 2018) have 
no fixed herbivore density target, but allow fluctuations according 
to resource availability and with minimal management intervention. 
To avoid the danger of managing for preconceived conservation 
targets, notably when promoting natural processes and species in-
teractions for self- regulating biodiverse ecosystems, we consider a 
long- term natural baseline for large- herbivore biomass for ecosys-
tem restoration and biodiversity.

Most extant species evolved in prehistoric ecosystems shaped 
by natural processes and where large herbivores contributed by 
diversification of biotic resources and the abiotic environment to 
the benefit of other species (Galetti et al., 2018; MacFadden, 1997; 
Weil, 2005). Many terrestrial mammals, notably megafauna 
(≥44.5 kg), have gone extinct during the late- Quaternary, leaving 
depauperate assemblages in most areas (Ripple et al., 2015; Sandom 
et al., 2014). The remaining species have been displaced, hunted and 
eradicated, resulting in wild terrestrial mammals only accounting for 
4% of total mammal biomass today (Bar- On et al., 2018).

The historical legacy and contemporary high human influence on 
ecosystems makes it difficult to make even a qualified guess at a 
natural baseline for large- herbivore biomass. However, the close as-
sociation between consumer and producer biomass has been formu-
lated as a general scaling law in ecology (Cebrian, 2015), describing 
how energy flows between trophic levels, for example, predator– 
prey biomass relationships (Hatton et al., 2015). Hatton et al. (2015) 
reported that for ecosystems representing near- natural conditions, 
across trophic levels, ecosystems and ecosystem productivity, there 
is a strong correlation between producer and consumer biomass typ-
ically following a scaling law with an exponent close to ¾. Scaling 
laws have also been demonstrated for the relationships between 
consumer biomass and productivity typically with an exponent of c. 
1.5– 2 (Coe et al., 1976; East, 1984; Fritz & Duncan, 1994).

We expect large- herbivore biomass in intact (or near- intact) eco-
systems to follow a scaling relationship with primary productivity. 
Given the more intact terrestrial mammal faunas in protected areas 
in Africa (Sandom, Faurby, et al., 2014), we hypothesize that African 
ecosystems will express a strong relationship between productivity 
and large- herbivore biomass, whereas ecosystems from the conti-
nents more heavily influenced by humans, including past megafauna 
loss, are expected to show a poorer relationship and have lower 

herbivore biomass in general. Here, we use empirical global data on 
large- herbivore biomass and net primary production (NPP), and eco-
logical theory to explore the scaling relationship across continents 
and discuss a natural baseline for terrestrial large- herbivore biomass. 
We compare our findings to rewilding projects seeking to restore 
large herbivores and discuss implications for restoring ecosystems 
with both intact mammal assemblages and biomass.

2  | E XPLORING THE REL ATIONSHIP 
BET WEEN L ARGE-  HERBIVORE BIOMA SS 
AND PRIMARY PRODUC TIVIT Y

We collated published empirical data on large- herbivore biomass 
(kg/km2) from Hatton et al. (2015), Rodriguez et al. (2014) and from 
personal communication (Fløjgaard et al., 2021). Hatton et al. re-
port wild large- herbivore biomass (≥5 kg) for 73 protected areas. 
Opposite to Hatton et al., we included the biomass of megaherbi-
vores (i.e. herbivores ≥1,000 kg, e.g. elephants, rhinos and hippos) 
and migratory species (species with seasonal, long- distance move-
ment of individuals) weighted by the fraction of the year they spend 
in the ecosystem. Rodriguez et al. report contemporary ungulate 
biomass of all species in the orders Perissodactyla, Artiodactyla or 
Proboscidea for 95 natural areas (national parks and protected areas 
with some degree of traditional pastoralism). We ensured no data 
overlap between Rodriguez et al. and Hatton et al. From Rodriguez 
et al., we included the livestock biomass because grazing livestock 
in pastoralist systems also rely on the local primary production. 
In total, we included 289 data points from 146 ecosystems across 
Africa, Asia, Europe, North America and South America (Fløjgaard 
et al., 2021). GPS positions were checked using Google maps satellite 
images and place names. Doubtful positions were checked against 
primary literature and either placed accordingly or moved to reserve 
centres. We used data from the years 1926– 2009 as well as data 
from unknown years. There are temporal mismatches between some 
data points and the net primary productivity data because NPP has 
generally increased over the last decades (Nemani et al., 2003). The 
temporal mismatch is most pronounced for Africa with the oldest 
data points; wherefore, we do a sensitivity analysis to explore the 
effect of this mismatch on model fit and interpretation on a data sub-
set where only African biomass data from the same range of years as 
the NPP data are used (n = 14). As an additional sensitivity analysis, 
we analysed subsets of African data points including only herbivores 
larger than 20 kg (n = 21) and for ecosystems with megaherbivores 
present (n = 20) reported from Hatton et al. to investigate the role of 
large- bodied mammals.

Primary productivity was estimated using satellite- derived 
products (Zhao et al., 2005, 2006) (NPP retrieved from http://files.
ntsg.umt.edu/data/NTSG_Produ cts/MOD17/ GeoTI FF/MOD17 A3/
GeoTI FF_30arc sec/). These products give the average of yearly NPP 
from 2000 to 2015 in 30 arc seconds (global). As the exact size of 
the area pertaining to the biomass estimate is unknown, we explore 
model fits using mean and median NPP in 1, 5, 10, 50 and 100 km 

http://files.ntsg.umt.edu/data/NTSG_Products/MOD17/GeoTIFF/MOD17A3/GeoTIFF_30arcsec/
http://files.ntsg.umt.edu/data/NTSG_Products/MOD17/GeoTIFF/MOD17A3/GeoTIFF_30arcsec/
http://files.ntsg.umt.edu/data/NTSG_Products/MOD17/GeoTIFF/MOD17A3/GeoTIFF_30arcsec/
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buffers surrounding the given coordinate of the ecosystem as an in-
dication of the robustness of the patterns.

For ecosystems with the same name, we use the average biomass 
and NPP (the same ecosystem can have slightly different coordinates 
depending on the source). Consistent with Hatton et al., we use or-
dinary least squares (OLS) to fit the loge- transformed biomass and 
NPP data. The detailed analysis can be obtained from the available 
R- script (R Core Team, 2017) and data file in Fløjgaard et al. (2021). 
For comparison, we show the results of all models with the 1 km buf-
fer mean NPP as well as the best models (highest R2) for each conti-
nent and subset of data, but all model results can be seen in Table S1.

3  | EMPIRIC AL FINDINGS OF L ARGE- 
HERBIVORE BIOMA SS

There are orders of magnitude of differences in large- herbivore bio-
mass between ecosystems and continents (Figures 1 and 2). African 
and Asian ecosystems have the highest biomass, whereas North and 
South America have the lowest. European ecosystems are highly 
variable, with rewilding sites standing out with high large- herbivore 
biomass at intermediate NPP exceeding large- herbivore biomass 
even in most African and Asian ecosystems with equivalent NPP 
(Figure 2).

A regression fitted to log- transformed data records a signifi-
cant, but relatively poor relationship between large- herbivore bio-
mass and NPP using the global dataset (best- fit model: R2 = 0.10, 
n = 146, p < 0.001, Table 1). Across African ecosystems (Figure 1), 

large- herbivore biomass follows a much stronger relation-
ship to ecosystem NPP with the following scaling relationship: 
Biomass = 3.64E−04 × NPP1.23 (best- fit model: R2 = 0.44, n = 48, 
p < 0.001, Table 1). Subsetting the African data to either only ecosys-
tems with megaherbivores present or using only species with body 
mass ≥20 kg in the biomass estimates increases model fit (Table 1). 
Subsetting the African data to the years 2000– 2015 to increase tem-
poral matching with NPP reduces the dataset to n = 14 and reduces 
the slope, but hardly influences model fit (Table 1). For the other con-
tinents than Africa, a significant positive relationship between large- 
herbivore biomass and NPP was only recorded for North America, 
with a scaling pattern of Biomass = 4.49E−07 × NPP1.51 (R2 = 0.35, 
n = 32, p < 0.001, Table 1). Asia, Europe and South America do not 
have significant relationships between large- herbivore biomass and 
NPP, and South American large- herbivore biomass displays a consis-
tently negative relationship with NPP (Table S1; Figure 1).

4  | DISCUSSION

Our results confirm a strong scaling relationship between large- 
herbivore biomass and NPP in protected areas in Africa, and weaker 
or non- existing relationships outside Africa. Large- herbivore bio-
mass in Asian ecosystems is most similar to Africa, particularly at low- 
intermediate levels of NPP. The Pleistocene megafaunal attrition was 
least severe in Africa followed by Asia (Sandom, Faurby, et al., 2014) 
and these are the only continents to still host native megaherbivores. 
At intermediate- high NPP, there is a lower large- herbivore biomass 
in Asia than Africa, possibly attributed to higher contemporary an-
thropogenic pressures on large herbivores (Sanderson et al., 2002). 
Notably, suppressed fire regimes, causing a decrease in palatable 
forage in woodlands (Karanth & Sunquist, 1992), habitat contrac-
tion and species' persistence in less productive refuges (Suraprasit 
et al., 2020; Teng et al., 2020), and poaching (Srikosamatara, 1993) 
may contribute to lowered large- herbivore biomass in Asia.

Europe, North and South America suffered greater losses in the 
late- Quaternary megafauna extinction (Sandom, Faurby, et al., 2014) 
and extant faunas experience high contemporary human impacts 
in Europe and North America (Sanderson et al., 2002). The intro-
duction of livestock to rangelands in South America (where supple-
mentary feeding, irrigation and fertilization are rare) has increased 
large- herbivore biomass by an order of magnitude compared to 
surrounding unmanaged ecosystems (Oesterheld et al., 1992), in-
dicating that the biomass of wild large herbivores is well below 
carrying capacity. Dense forest cover in the most productive eco-
systems in South America could also be a contributing factor to 
the— seemingly— low biomass at high NPP. In North America, extant 
species may persist at low densities due to fragmented habitat, con-
tinued hunting and culling and recovery lag from past persecution. 
A simulation study showed that bison in Yellowstone NP has not yet 
reached the estimated mean food- limited carrying capacity of the 
area (Plumb et al., 2009). In all these cases, the lack of megaherbi-
vores on these continents means the remaining large herbivores are 

F I G U R E  1   The scaling relationship of large- herbivore biomass 
and NPP. Log– log linear regression lines of large- herbivore biomass 
as a function of primary productivity (mean NPP at 1 km buffer 
scale for all groups, see Table 1). The colours of points and lines 
show that the relationships and data for the global data and subset 
by continent. Grey shading shows the 95% CI and dashed lines are 
insignificant regressions (p > 0.05)
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more susceptible to predation, potentially limiting large- herbivore 
biomass (Hopcraft et al., 2012).

High large- herbivore biomass in European rewilding projects 
also suggests contemporary, limiting factors in other nature areas. 
European large- herbivore biomass ranges from a minimum of 
190 kg/km2 to 16,000 kg/km2 with a notable bimodal distribution 
between rewilding sites and other nature areas (see RewEu and 
Europe, respectively, in Figure 2). The high biomasses are found in 

rewilding areas that practice ‘naturalistic grazing’ or trophic rewilding. 
In practice, this approach leads to large- herbivore populations being 
primarily regulated by primary productivity. Interestingly, these re-
wilding sites reach large- herbivore biomasses exceeding the median, 
but within the maximum, observed in African and Asian ecosystems 
at intermediate NPP (Figure 2). This may reflect the lack of preda-
tion in rewilding areas; yet, it could also reflect that large herbivores 
are reduced to some extent even in African ecosystems through 

F I G U R E  2   Biomass of large herbivores across low (<500,000 kg C km−2 year−1 NPP), medium (500,000– 1,000,000 kg C km−2 year−1 NPP) 
and high (>1,000,000 kg C km−2 year−1 NPP) productivity (1 km mean NPP) ecosystems by continent. The European data are represented 
separate for rewilding sites (RewEu), that is, ecosystems practicing natural grazing, that is, animals in (often fenced) nature reserves are 
allowed to increase and are only regulated to avoid winter starvation, and Europe denoting data from national parks and other nature areas. 
The box plot visualizes the median, the first and third quartiles (hinges), 1.5 × IQR (Interquartile range, whiskers) and all data points
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TA B L E  1   Summary of ordinary least squares log– log models for large- herbivore biomass as a function of primary productivity (NPP). 
Rows represent geographical regions and the primary productivity (NPP) measure, that is, median or mean and the scale of the buffer (radius 
in km) surrounding the ecosystem centre coordinate. All models with 1 km buffer mean NPP and any other buffer scales yielding significant 
best- fit models (highest R2 in Table S1) are shown. Africa, mega denotes a subset of data including only ecosystems with megaherbivores 
(>1,000 kg) present, Africa, years ≥ 2,000 is a subset including only biomass data from the same time period as the NPP, and Africa ≥20 kg 
is a subset of data where only animals larger than 20 kg were included in the biomass estimates. Model significance is indicated by ns, 
non- significant, *p < 0.05, **p < 0.01 and ***p < 0.001. The intercept and slope can be used to formulate the scaling law according to 
Biomass = intercept × NPPslope. n denotes the number of data points in the model and current biomass gives the current mean and standard 
deviation of large- herbivore biomass within the regions

Continent
NPP calculation 
and buffer scale R2

Intercept 
(ln) Intercept Slope n

Current biomass, 
mean (kg/km2)

Current biomass, 
SD (kg/km2)

Global meanNPP1km 0.04* −0.44 6.43E−01 0.47 146 3,845 5,122

Global meanNPP100km 0.10*** −5.47 4.19E−03 0.96 146 3,845 5,122

Africa meanNPP1km 0.31*** −2.71 6.66E−02 0.84 48 6,528 5,487

Africa meanNPP100km 0.44*** −7.92 3.64E−04 1.23 48 6,528 5,487

Africa, years ≥ 2000 meanNPP1km 0.41* −4.05 1.74E−02 0.96 14 7,516 4,101

Africa, mega meanNPP1km 0.55*** −13.06 2.12E−06 1.62 20 6,839 5,154

Africa ≥ 20 kg meanNPP1km 0.63*** −11.44 1.08E−05 1.50 21 6,472 5,147

Asia meanNPP1km 0.02ns 5.86 3.51E+02 0.14 37 3,750 5,155

Europe meanNPP1km 0.00ns 9.82 1.84E+04 −0.17 17 4,760 5,617

North America meanNPP1km 0.17* −5.67 3.45E−03 0.82 32 227 215

North America medianNPP50km 0.35*** −14.62 4.49E−07 1.51 32 227 215

South America meanNPP1km 0.05ns 16.12 1.01E+07 −0.70 11 1,571 2,523
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regulatory hunting or poaching (e.g. Fayrer- Hosken et al., 2000; 
Robson et al., 2017). For historical reference, palaeoecological data 
from Europe and Asia reveal relatively high biomass estimates, for 
example, the mammoth steppe is estimated to have had a megafauna 
biomass of 10,500 kg/km2 (Zimov et al., 2012) and in Last intergla-
cial Britain an equivalent of ≥2.5 fallow deer/ha were estimated for 
half the study locations (Sandom et al., 2014), that is, ≥15,000 kg/
km2 assuming 60 kg individuals.

It has been argued that predation can reduce the densities of 
large herbivores and that reintroduction of predators may solve per-
ceived overabundance (e.g. Warren, 2011). Evidence that predators 
generally and substantially regulate total herbivore densities is at 
best equivocal and varies across ecosystems (Hopcraft et al., 2010; 
Jędrzejewski et al., 2002; Skogland, 1991) and probably depends 
on the presence of large-  and megaherbivores in those ecosystems. 
Work from Africa suggests that rather than reducing overall herbi-
vore biomass, predation causes it to shift from smaller herbivores 
to the largest species (le Roux et al., 2019). Our finding of a scaling 
relationship and generally high large- herbivore biomass in African 
ecosystems with generally fairly complete predator faunas also sug-
gests that predation does not reduce herbivore biomass to low levels 
in near- natural ecosystems (Table 1).

5  | PERSPEC TIVES FOR APPLYING A 
L ARGE-  HERBIVORE BIOMA SS BA SELINE IN 
RESTOR ATION

Our results clearly highlight that in many ecosystems outside Africa, 
large- herbivore biomass is far below long- term natural levels. 
Decision- makers and managers of large herbivores in nature areas 
designated to ecosystem restoration should reflect on the following: 
Current management actions to downregulate populations poten-
tially reflect a shifting baseline. At the other extreme, we see a risk 
of exceeding the natural baseline for large- herbivore biomass when 
practicing seasonal livestock grazing for agricultural purposes lead-
ing to suppression of pollinators and herbivore invertebrates. Both 
overgrazing and absence of grazing (whether by abandoned live-
stock grazing or suppressed large- herbivore biomass in nature areas) 
impose threats to biodiversity (Sartorello et al., 2020). We therefore 
recommend practicing year- round ‘naturalistic grazing’ with no spec-
ified large- herbivore density, but resource- limited populations with 
minimum management intervention. Despite a thorough scientific 
foundation (ICMO2, 2010), this practice is known to stir animal wel-
fare debates, and may over time jog our understanding of wild animal 
welfare (Capozzelli et al., 2020). A practical solution to this challenge 
may be that large herbivores are removed or culled in the event that 
they fall below predefined body condition or animal welfare criteria, 
notably in small, fenced nature areas. Reactive regulation (culling to 
avoid forthcoming starvation) comes closer to naturalistic grazing 
than proactive regulation (culling to a set population density well 
below carrying capacity) but the two may also be combined.

The consumer– producer relationships presented here, however 
useful for exploring a natural baseline, are limited by uncertainties 
in available data and the contingencies of long- term population 
management and should not be used for predicting or extrapolat-
ing large- herbivore biomass targets for specific areas. Instead, we 
recommend local experimental rewilding of sites with ‘naturalistic 
grazing’ which, in turn, can help informing targets of appropriate 
large- herbivore densities in agro- environmental schemes, where 
self- regulating populations are not possible.

We have presented a macroscale study and more attention is 
needed to address issues of spatial and temporal scale and eco-
system context. Further progress in establishing reliable baselines 
would strongly benefit from large- scale and open- ended field exper-
iments where diverse assemblages of large herbivores are allowed 
to respond to primary productivity, seasonality and other ecological 
conditions without population regulation according to predefined 
management targets.

ACKNOWLEDG EMENTS
We are grateful to donations to C.F. and R.E. from Klelund Deer Park 
and Aage V Jensens Fonde (DNI- project). J.C.S. considers this work 
a contribution to his Carlsberg Foundation Semper Ardens project 
MegaPast2Future (grant CF16- 0005) and VILLUM Investigator 
project ‘Biodiversity Dynamics in a Changing World’ (grant 16549). 
P.B.M.P. considers this work a contribution to her Carlsberg 
Foundation Internationalization Fellowship.

CONFLIC T OF INTERE S T
All authors declare no competing interests.

AUTHORS'  CONTRIBUTIONS
C.F. and R.E. conceived the idea; C.F. collated the data and carried 
out the statistical analyses. All authors contributed to developing 
the concept and writing.

DATA AVAIL ABILIT Y S TATEMENT
Data available via the Dryad Digital Repository https://doi.
org/10.5061/dryad.2rbnz s7pb (Fløjgaard et al., 2021).

ORCID
Camilla Fløjgaard  https://orcid.org/0000-0002-5829-8503 
Pil Birkefeldt Møller Pedersen  https://orcid.
org/0000-0002-8378-4677 
Christopher J. Sandom  https://orcid.org/0000-0003-2294-1648 
Jens- Christian Svenning  https://orcid.
org/0000-0002-3415-0862 
Rasmus Ejrnæs  https://orcid.org/0000-0003-2538-8606 

R E FE R E N C E S
Bakker, E. S., & Svenning, J.- C. (2018). Trophic rewilding: Impact on eco-

systems under global change. Philosophical Transactions of the Royal 
Society B: Biological Sciences, 373, 20170432.

https://doi.org/10.5061/dryad.2rbnzs7pb
https://doi.org/10.5061/dryad.2rbnzs7pb
https://orcid.org/0000-0002-5829-8503
https://orcid.org/0000-0002-5829-8503
https://orcid.org/0000-0002-8378-4677
https://orcid.org/0000-0002-8378-4677
https://orcid.org/0000-0002-8378-4677
https://orcid.org/0000-0003-2294-1648
https://orcid.org/0000-0003-2294-1648
https://orcid.org/0000-0002-3415-0862
https://orcid.org/0000-0002-3415-0862
https://orcid.org/0000-0002-3415-0862
https://orcid.org/0000-0003-2538-8606
https://orcid.org/0000-0003-2538-8606


6  |    Journal of Applied Ecology COMMENTARY

Bar- On, Y. M., Phillips, R., & Milo, R. (2018). The biomass distribution 
on Earth. Proceedings of the National Academy of Sciences of the 
United States of America, 115, 6506– 6511. https://doi.org/10.1073/
pnas.17118 42115

Capozzelli, J. F., Hecht, L., & Halsey, S. J. (2020). What is the value of 
wild animal welfare for restoration ecology? Restoration Ecology, 28, 
267– 270. https://doi.org/10.1111/rec.13114

Cebrian, J. (2015). Energy flows in ecosystems. Science, 349, 1053– 1054. 
https://doi.org/10.1126/scien ce.aad0684

Coe, M. J., Cumming, D. H., & Phillipson, J. (1976). Biomass and produc-
tion of large African herbivores in relation to rainfall and primary 
production. Oecologia, 22, 341– 354. https://doi.org/10.1007/
BF003 45312

East, R. (1984). Rainfall, soil nutrient status and biomass of large African 
savanna mammals. African Journal of Ecology, 22, 245– 270. https://
doi.org/10.1111/j.1365- 2028.1984.tb007 00.x

Fayrer- Hosken, R. A., Grobler, D., Van Altena, J. J., Bertschinger, H. J., 
& Kirkpatrick, J. F. (2000). Immunocontraception of African ele-
phants. Nature, 407, 149. https://doi.org/10.1038/35025136

Fløjgaard, C., Pedersen, P. B. M., Sandom, C., Svenning, J.- C., & Ejrnæs, 
R. (2021). Data from: Large- herbivore biomass in protected areas. 
Dryad Digital Repository, https://doi.org/10.5061/dryad.2rbnz s7pb

Fritz, H., & Duncan, P. (1994). On the carrying capacity for large un-
gulates of African savanna ecosystems. Proceedings of the Royal 
Society of London. Series B: Biological Sciences, 256, 77– 82.

Galetti, M., Moleón, M., Jordano, P., Pires, M. M., Guimarães Jr, P. R., 
Pape, T., Nichols, E., Hansen, D., Olesen, J. M., Munk, M., de Mattos, 
J. S., Schweiger, A. H., Owen- Smith, N., Johnson, C. N., Marquis, 
R. J., & Svenning, J.- C. (2018). Ecological and evolutionary legacy 
of megafauna extinctions. Biological Reviews, 93, 845– 862. https://
doi.org/10.1111/brv.12374

Gortázar, C., Acevedo, P., Ruiz- Fons, F., & Vicente, J. (2006). Disease 
risks and overabundance of game species. European Journal of 
Wildlife Research, 52, 81– 87. https://doi.org/10.1007/s1034 
4- 005- 0022- 2

Hatton, I. A., McCann, K. S., Fryxell, J. M., Davies, T. J., Smerlak, M., 
Sinclair, A. R. E., & Loreau, M. (2015). The predator- prey power law: 
Biomass scaling across terrestrial and aquatic biomes. Science, 349, 
aac6284. https://doi.org/10.1126/scien ce.aac6284

Hopcraft, J. G. C., Anderson, T. M., Pérez- Vila, S., Mayemba, E., & 
Olff, H. (2012). Body size and the division of niche space: Food 
and predation differentially shape the distribution of Serengeti 
grazers. Journal of Animal Ecology, 81, 201– 213. https://doi.
org/10.1111/j.1365- 2656.2011.01885.x

Hopcraft, J. G., Olff, H., & Sinclair, A. R. (2010). Herbivores, resources 
and risks: Alternating regulation along primary environmental 
gradients in savannas. Trends in Ecology & Evolution, 25, 119– 128. 
https://doi.org/10.1016/j.tree.2009.08.001

Ickes, K. (2001). Hyper- abundance of native wild pigs (Sus scrofa) in a low-
land dipterocarp rain forest of Peninsular Malaysia1. Biotropica, 33, 
682– 690. https://doi.org/10.1111/j.1744- 7429.2001.tb002 25.x

ICMO2. (2010). Natural processes, animal welfare, moral aspects and 
management of the Oostvaardersplassen: Report of the Second 
International Commission on Management of the Oostvaardersplassen 
(ICMO2). Wing rapport, The Hague/Wageningen, The Netherlands.

Jędrzejewski, W., Schmidt, K., Theuerkauf, J., Jędrzejewska, B., Selva, N., 
Zub, K., & Szymura, L. (2002). Kill rates and predation by wolves 
on ungulate populations in Białowieża primeval forest (Poland). 
Ecology, 83, 1341– 1356.

Jepson, P., Schepers, F., & Helmer, W. (2018). Governing with nature: A 
European perspective on putting rewilding principles into practice. 
Philosophical Transactions of the Royal Society B: Biological Sciences, 
373, 20170434.

Karanth, K. U., & Sunquist, M. E. (1992). Population structure, density and 
biomass of large herbivores in the tropical forests of Nagarahole, 

India. Journal of Tropical Ecology, 8, 21– 35. https://doi.org/10.1017/
S0266 46740 0006040

le Roux, E., Marneweck, D. G., Clinning, G., Druce, D. J., Kerley, G. I. H., 
& Cromsigt, J. P. G. M. (2019). Top– down limits on prey populations 
may be more severe in larger prey species, despite having fewer 
predators. Ecography, 42, 1115– 1123. https://doi.org/10.1111/
ecog.03791

MacFadden, B. J. (1997). Origin and evolution of the grazing guild in New 
World terrestrial mammals. Trends in Ecology & Evolution, 12, 182– 
187. https://doi.org/10.1016/S0169 - 5347(97)01049 - 5

Mosley, J. C., & Mundinger, J. G. (2018). History and status of wild ungu-
late populations on the Northern Yellowstone Range. Rangelands, 
40, 189– 201. https://doi.org/10.1016/j.rala.2018.10.006

Nemani, R. R., Keeling, C. D., Hashimoto, H., Jolly, W. M., Piper, S. C., 
Tucker, C. J., Myneni, R. B., & Running, S. W. (2003). Climate- driven 
increases in global terrestrial net primary production from 1982 
to 1999. Science, 300, 1560– 1563. https://doi.org/10.1126/scien 
ce.1082750

Oesterheld, M., Sala, O. E., & McNaughton, S. J. (1992). Effect of ani-
mal husbandry on herbivore- carrying capacity at a regional scale. 
Nature, 356, 234– 236. https://doi.org/10.1038/356234a0

Plumb, G. E., White, P. J., Coughenour, M. B., & Wallen, R. L. (2009). 
Carrying capacity, migration, and dispersal in Yellowstone bison. 
Biological Conservation, 142, 2377– 2387. https://doi.org/10.1016/j.
biocon.2009.05.019

R Core Team. (2017). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing.

Ripple, W. J., Newsome, T. M., Wolf, C., Dirzo, R., Everatt, K. T., Galetti, 
M., Hayward, M. W., Kerley, G. I. H., Levi, T., Lindsey, P. A., 
Macdonald, D. W., Malhi, Y., Painter, L. E., Sandom, C. J., Terborgh, 
J., & Van Valkenburgh, B. (2015). Collapse of the world's largest her-
bivores. Science Advances, 1, e1400103. https://doi.org/10.1126/
sciadv.1400103

Robson, A. S., Trimble, M. J., Purdon, A., Young- Overton, K. D., Pimm, S. 
L., & van Aarde, R. J. (2017). Savanna elephant numbers are only a 
quarter of their expected values. PLoS ONE, 12, e0175942. https://
doi.org/10.1371/journ al.pone.0175942

Rodriguez, J., Blain, H. A., Mateos, A., Martin- Gonzalez, J. A., Cuenca- 
Bescos, G., & Rodriguez- Gomez, G. (2014). Ungulate carrying ca-
pacity in Pleistocene Mediterranean ecosystems: Evidence from the 
Atapuerca sites. Palaeogeography Palaeoclimatology Palaeoecology, 
393, 122– 134. https://doi.org/10.1016/j.palaeo.2013.11.011

Sanderson, E. W., Jaiteh, M., Levy, M. A., Redford, K. H., Wannebo, 
A. V., & Woolmer, G. (2002). The human footprint and the last 
of the wild. BioScience, 52, 891. https://doi.org/10.1641/0006- 
3568(2002)052[0891:THFAT L]2.0.CO;2

Sandom, C. J., Ejrnæs, R., Hansen, M. D., & Svenning, J. C. (2014). High 
herbivore density associated with vegetation diversity in interglacial 
ecosystems. Proceedings of the National Academy of Sciences of the 
United States of America, 111, 4162– 4167. https://doi.org/10.1073/
pnas.13110 14111

Sandom, C., Faurby, S., Sandel, B., & Svenning, J.- C. (2014). Global late 
Quaternary megafauna extinctions linked to humans, not climate 
change. Proceedings of the Royal Society B: Biological Sciences, 281, 
20133254. https://doi.org/10.1098/rspb.2013.3254

Sartorello, Y., Pastorino, A., Bogliani, G., Ghidotti, S., Viterbi, R., & 
Cerrato, C. (2020). The impact of pastoral activities on animal bio-
diversity in Europe: A systematic review and meta- analysis. Journal 
for Nature Conservation, 56, 125863.

Skogland, T. (1991). What are the effects of predators on large ungulate 
populations? Oikos, 61, 401– 411. https://doi.org/10.2307/3545248

Srikosamatara, S. (1993). Density and biomass of large herbivores and 
other mammals in a dry tropical forest, western Thailand. Journal 
of Tropical Ecology, 9, 33– 43. https://doi.org/10.1017/S0266 46740 
000691X

https://doi.org/10.1073/pnas.1711842115
https://doi.org/10.1073/pnas.1711842115
https://doi.org/10.1111/rec.13114
https://doi.org/10.1126/science.aad0684
https://doi.org/10.1007/BF00345312
https://doi.org/10.1007/BF00345312
https://doi.org/10.1111/j.1365-2028.1984.tb00700.x
https://doi.org/10.1111/j.1365-2028.1984.tb00700.x
https://doi.org/10.1038/35025136
https://doi.org/10.5061/dryad.2rbnzs7pb
https://doi.org/10.1111/brv.12374
https://doi.org/10.1111/brv.12374
https://doi.org/10.1007/s10344-005-0022-2
https://doi.org/10.1007/s10344-005-0022-2
https://doi.org/10.1126/science.aac6284
https://doi.org/10.1111/j.1365-2656.2011.01885.x
https://doi.org/10.1111/j.1365-2656.2011.01885.x
https://doi.org/10.1016/j.tree.2009.08.001
https://doi.org/10.1111/j.1744-7429.2001.tb00225.x
https://doi.org/10.1017/S0266467400006040
https://doi.org/10.1017/S0266467400006040
https://doi.org/10.1111/ecog.03791
https://doi.org/10.1111/ecog.03791
https://doi.org/10.1016/S0169-5347(97)01049-5
https://doi.org/10.1016/j.rala.2018.10.006
https://doi.org/10.1126/science.1082750
https://doi.org/10.1126/science.1082750
https://doi.org/10.1038/356234a0
https://doi.org/10.1016/j.biocon.2009.05.019
https://doi.org/10.1016/j.biocon.2009.05.019
https://doi.org/10.1126/sciadv.1400103
https://doi.org/10.1126/sciadv.1400103
https://doi.org/10.1371/journal.pone.0175942
https://doi.org/10.1371/journal.pone.0175942
https://doi.org/10.1016/j.palaeo.2013.11.011
https://doi.org/10.1641/0006-3568(2002)052%5B0891:THFATL%5D2.0.CO;2
https://doi.org/10.1641/0006-3568(2002)052%5B0891:THFATL%5D2.0.CO;2
https://doi.org/10.1073/pnas.1311014111
https://doi.org/10.1073/pnas.1311014111
https://doi.org/10.1098/rspb.2013.3254
https://doi.org/10.2307/3545248
https://doi.org/10.1017/S026646740000691X
https://doi.org/10.1017/S026646740000691X


     |  7Journal of Applied EcologyCOMMENTARY

Suraprasit, K., Jaeger, J.- J., Shoocongdej, R., Chaimanee, Y., 
Wattanapituksakul, A., & Bocherens, H. (2020). Long- term iso-
tope evidence on the diet and habitat breadth of Pleistocene to 
Holocene caprines in Thailand: Implications for the extirpation and 
conservation of Himalayan gorals. Frontiers in Ecology and Evolution, 
8, 67. https://doi.org/10.3389/fevo.2020.00067

Teng, S. N., Xu, C., Teng, L., & Svenning, J.- C. (2020). Long- term effects of 
cultural filtering on megafauna species distributions across China. 
Proceedings of the National Academy of Sciences of the United States 
of America, 117, 486– 493. https://doi.org/10.1073/pnas.19098 
96116

Warren, R. J. (2011). Deer overabundance in the USA: Recent advances 
in population control. Animal Production Science, 51, 259– 266. 
https://doi.org/10.1071/AN10214

Weil, A. (2005). Mammalian palaeobiology: Living large in the Cretaceous. 
Nature, 433, 116. https://doi.org/10.1038/433116b

Zhao, M., Heinsch, F. A., Nemani, R. R., & Running, S. W. (2005). 
Improvements of the MODIS terrestrial gross and net primary 
production global data set. Remote Sensing of Environment, 95, 164– 
176. https://doi.org/10.1016/j.rse.2004.12.011

Zhao, M., Running, S. W., & Nemani, R. R. (2006). Sensitivity of Moderate 
Resolution Imaging Spectroradiometer (MODIS) terrestrial primary 

production to the accuracy of meteorological reanalyses. Journal 
of Geophysical Research: Biogeosciences, 111, G01002. https://doi.
org/10.1029/2004J G000004

Zimov, S. A., Zimov, N. S., Tikhonov, A. N., & Chapin, F. S. (2012). 
Mammoth steppe: A high- productivity phenomenon. Quaternary 
Science Reviews, 57, 26– 45. https://doi.org/10.1016/j.quasc 
irev.2012.10.005

SUPPORTING INFORMATION
Additional supporting information may be found in the online ver-
sion of the article at the publisher’s website.

How to cite this article: Fløjgaard, C., Pedersen, P. B. M., 
Sandom, C. J., Svenning, J.- C., & Ejrnæs, R. (2021). Exploring 
a natural baseline for large- herbivore biomass in ecological 
restoration. Journal of Applied Ecology, 00, 1– 7. https://doi.
org/10.1111/1365- 2664.14047

https://doi.org/10.3389/fevo.2020.00067
https://doi.org/10.1073/pnas.1909896116
https://doi.org/10.1073/pnas.1909896116
https://doi.org/10.1071/AN10214
https://doi.org/10.1038/433116b
https://doi.org/10.1016/j.rse.2004.12.011
https://doi.org/10.1029/2004JG000004
https://doi.org/10.1029/2004JG000004
https://doi.org/10.1016/j.quascirev.2012.10.005
https://doi.org/10.1016/j.quascirev.2012.10.005
https://doi.org/10.1111/1365-2664.14047
https://doi.org/10.1111/1365-2664.14047

