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Large herbivore carrying capacity, that is, the maximum biomass of large herbivorous mammals that an ecosys-
tem is able to sustain for the long term, is a key factor in ecosystems trophic dynamics. The carrying capacity of
Pleistocene ecosystems conditioned the survival opportunities and colonization capabilities of hominin popula-
tions in Europe. In this study, we use the amphibian and squamate record of two Early and Middle Pleistocene
sites from Sierra de Atapuerca (Spain) to obtain estimates of past temperature and rainfall values. A function
derived from the analysis of a wide set of recent mammalian communities is used to infer the large herbivore
carrying capacity of the Atapuerca ecosystems during the Pleistocene from those climatic variables. This function
provides reliable estimates of large herbivore carrying capacity in open environments but not in forest commu-
nities. The results presented in this study indicate that carrying capacity was higher at Atapuerca during most of
the sequence than in the present. Our data also suggest that in most Mediterranean ecosystems, large herbivore
biomass is currently below the carrying capacity of the environment due to the relatively low diversity of the
large herbivore guild in most recent communities. Although the carrying capacity was high at Atapuerca in the
periods the area was occupied by humans, it was also high in other periods for which no evidence of human
presence has been recorded. Thus, the relationship between human occupation of the territory and carrying ca-
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pacity does not appear to be simple.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Carrying capacity is a theoretical concept that represents the
maximum amount of biomass an ecosystem may support for the long
term. In a mammalian community, the biomass of secondary consumers
(carnivores) depends on the biomass of their prey, namely, the herbi-
vores, and this biomass, in turn, depends on primary production
(McNaughton et al., 1989; Oesterheld et al., 1992). Consequently, the
carrying capacity at all trophic levels is ultimately controlled by primary
production. Primary production is determined by a number of factors,
including soil fertility and plant community composition, but the main
determinants are temperature, water and solar radiation (Nemani
et al., 2003). Thus, before the development of complex computational
models fed with satellite data, such as the one presented in Sabbe and
Veroustraete (2009), Net Primary Productivity was reliably estimated
using simple climate variables, such as mean annual temperature
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(MAT) and annual rainfall (P) (Rosenzweigh, 1968; Lieth, 1973). Be-
cause the climate of the Earth, in particular temperature and humidity,
experienced intense oscillations during the Pleistocene (Williams
etal., 1988; Joannin et al., 2007), parallel fluctuations in ecosystems car-
rying capacity through time may be expected.

The European ecosystems in general, and the Mediterranean ones in
particular, supported much more rich and diverse large herbivore guilds
during the Pleistocene than in the present (Rodriguez, 2004; Kahlke
et al.,, 2011). Meloro and Clauss (2012) estimated large herbivore bio-
mass in Italian Pleistocene palaeocommunities based on the relation-
ship between population density and body mass in mammals and
found values between 1000 and 10,000 kg/km?. These values are in
general above the large herbivore biomass observed today in national
parks such as Dofiana, and Sierra de Cazorla in Spain (Escos and
Alados, 1988; Fernandez Llario, 1996; Anonymous, 2005a) or Casentini
and Castelporziano in Italy (Focardi et al., 2002; Mattioli et al., 2011).

Estimating the carrying capacity of Pleistocene ecosystems is a rele-
vant topic from a strictly palaeoecological viewpoint, as carrying capac-
ity played a key role in determining the trophic dynamics of past food
webs. In many respects, the Pleistocene mammalian palaeocommunities
of Europe lack recent analogues (Rodriguez, 2001, 2004, 2006). This lack
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of structural or compositional analogues also raises interesting ques-
tions about the functioning of those palaeocommunities. For example,
Rodriguez et al. (2012) demonstrated that the Early Pleistocene food
webs of southern Europe supported a very rich carnivore guild in
comparison with their recent counterparts, although these secondary
consumers relied on a relatively small number of prey species. High
predator/prey ratios among Early Pleistocene European fauna have
also been reported in other studies (Palombo and Mussi, 2006; Raia
et al,, 2007; Croitor and Brugal, 2010), leading to suggestions that it is
possible that carnivores occurred in Early Pleistocene European
communities at low population densities (Rodriguez et al., 2012;
Rodriguez-Gomez et al., in press). However, to estimate the sustainable
carnivore population density, or secondary consumer biomass, in a
palaesocommunity, an estimation of prey biomass is necessary. Meloro
and Clauss (2012) analysed the prey biomass—predator biomass ratio
in recent mammal communities and Italian Plio-Pleistocene fossil com-
munities and found similar values. Nevertheless, their biomass estima-
tions were based on population densities estimated from average body
mass and thus, they represent average values of biomass in several
communities from a large area, the Italian Peninsula, along wide time in-
tervals. Although this approach provides a general picture of the rela-
tionship between prey biomass and predator biomass in the past,
analyses at the local scale are required to obtain a deeper knowledge
of this relationship.

The carrying capacity of Pleistocene ecosystems, and its variation in
time and space, is also highly relevant to evaluate the role played by re-
source availability, a key constraint for hominin populations, in the
human settlement of Europe. Animal food is a key resource for most re-
cent hunter-gatherer populations from temperate and cold regions
(Cordain et al., 2000), and it is generally accepted that Palaeolithic
hunter-gatherers relied heavily on ungulates and other large herbivores
as food resources (Binford, 1981, 1985; Marean, 1989; Moigne and
Barsky, 1999; Gaudzinski and Roebroeks, 2000; Roebroeks, 2001;
Speth, 2010). The number of herbivore species is often taken as a
proxy for prey abundance when analysing the environmental con-
straints to human settlement in the past (Gamble, 1995; Palombo
et al., 2006; Rodriguez et al., 2012). However, prey abundance depends
not only on the number of species but also on the number of individuals
of each species the territory is able to sustain. Thus, estimating the car-
rying capacity of large herbivores in Pleistocene ecosystems is essential
for evaluating resource availability and its influence on the distribution
of hominin populations in time and space.

Amphibian and squamate remains have been proven to be reliable
indicators of past climatic conditions (Blain et al., 2009, 2012, 2013a,
b). Here, we use the amphibian and squamate record from two sites
from the Sierra de Atapuerca complex (Gran Dolina and Sima del
Elefante) to estimate ungulate carrying capacity and its variation
through time. Recent data regarding herbivore biomass, MAT and P in
several ecosystems are used to obtain a function that allows the predic-
tion of ungulate carrying capacity from these climate variables. MAT and
P values for the Pleistocene are estimated from the amphibian and squa-
mate fossil record, and subsequently employed to estimate past carry-
ing capacity using the function obtained in the previous step.

2. Material
2.1. Recent data

Data on ungulate biomass and climate were obtained from the liter-
ature for a set of 95 recent localities (Table 1, Fig. 1). In many cases, the
original source does not report ungulate biomasses but rather the pop-
ulation densities of the ungulate species present in the area. In these
cases, the biomass of each species was estimated by multiplying its pop-
ulation density by the average body weight of the species. Ungulate bio-
mass was obtained by adding the biomasses of all the species present in
the locality. Only natural areas were included in the database, mostly

national parks and other protected areas. However, in many parks, tra-
ditional pastoralism is allowed inside the protected areas. In these cases,
cattle consume a significant amount of primary production and contrib-
ute significantly to the total ungulate biomass. Consequently, wild un-
gulate biomass (B,,) and livestock biomass (Bp) were recorded
separately for each locality, and the total ungulate biomass was calculat-
ed as B = By, - B.. The dataset was divided into two subsets, one of
them including localities with both livestock and wild ungulates (17
cases) and a second one including localities where no livestock occurs
(78 cases). These 95 recent localities were classified as “Forest” or
“Open” ecosystems taking into account the information provided by
the original sources and land cover data obtained from the Global
Land Cover Characteristics Database created by the USGS EROS Data
Center and provided with the Idrisi 16.05 Taiga software (ClarkLabs©).
The “Forest” category includes temperate and tropical evergreen and
deciduous forests and dense woodlands, whereas savannahs, open
woodlands, grasslands and drylands were included in the “Open” cate-
gory. Climate data were obtained from the United Nations Environmen-
tal Programme GRID dataset (Deichmann and Eklundh, 1991). Annual
rainfall in mm/yr (P) was computed as the sum of monthly rainfall
throughout the year, and mean annual temperature in °C was obtained
as the mean of the average temperature for each month. Maps of P and
MAT were computed using Idrisi 16.05 Taiga.

2.2. The Atapuerca record

The Sierra de Atapuerca (Atapuerca Hill), is situated in northern
Spain 15 km east of Burgos. It is a highly karstified hill that includes sev-
eral caves and karstic openings that yield several archaeological and pa-
leontological sites of Pleistocene and Holocene age. The Atapuerca area
known as Trinchera del Ferrocarril, or Railway Trench, includes several
Pleistocene cave infillings, described in detail in Rodriguez et al.
(2011), Ortega et al. (2013) and references therein. One of these sites
is Sima del Elefante (TE), a 19 m-thick cave infill that has been divided
into 16 stratigraphic units, named TE7 to TE21 from bottom to top
(Rosas et al., 2006). The ten lowermost stratigraphic units (TE7 to
TE16) are dated as Early Pleistocene on the basis of their faunal content,
reversed polarity and radioactive decay of cosmogenic 2°Al and °Be
dating (Parés et al., 2006; Carbonell et al., 2008; Cuenca-Bescoés et al.,
2013), whereas units TE17 to TE21 date to the Middle and Late Pleisto-
cene (Lopez-Garcia et al., 2011; Rodriguez et al., 2011). The normal
magnetic polarity short interval detected at the base of TE17 might cor-
respond to the Jaramillo Subchron, or even to the Cobb Mountain
(Cuenca-Bescos et al., 2013). A hominin mandible fragment and a pha-
lanx were found in 2008 and 2009, respectively, in the TE9 unit associ-
ated to a number of stone tools (Carbonell et al., 2008; Bermudez de
Castro et al., 2010). Furthermore, several lithic instruments were recov-
ered from units TE9, TE11, TE12, TE13 and TE14, suggesting a continu-
ous hominin presence during the late Early Pleistocene (Ollé et al.,
2013).

Gran Dolina (TD) is another cave infill located inside the Railway
Trench, some 200 m away from the Sima del Elefante site. The 18 m-
thick stratigraphic sequence of TD has been divided into 11 stratigraphic
units named TD1 to TD11 from bottom to top by Gil and Hoyos (1987)
and reviewed in Parés and Pérez-Gonzalez (1999). A polarity reversal,
interpreted as the Matuyama-Brunhes boundary, detected at the top
of TD7 unit (Parés and Pérez-Gonzélez, 1999), separates the lower strat-
igraphic units of Early Pleistocene age from the Middle Pleistocene
upper units (TD8-TD11). Several dates obtained by luminescence and
combined electronic spin resonance and uranium series (ESR/U-Th)
techniques confirm this interpretation (Falgueres et al., 1999, 2001;
Berger et al.,, 2008; Moreno, 2011; Duval et al,, 2012). In addition, a nor-
mal magnetic polarity short interval has been detected inside the TD7
unit by Parés et al. (2013) and interpreted as the Kamitsakura and
Santa Rosa short chrons. According to this interpretation, the lower
units of Gran Dolina (TD1 to TD6) are older than 0.94 Ma. The Gran



Table 1

Recent localities from where data on ungulate biomass were obtained. B total ungulate biomass in kg/km?, obtained as the sum of wild ungulate biomass (B,,) plus livestock biomass (By). The ecosystems have been classified as Forest or Open
(grasslands, savannahs, dryland, etc.) according to the dominant vegetation. Land cover data (Land Use) were obtained from the Global Land Cover Characteristics Database. Rainfall in mm/yr (P) and mean annual temperature in °C (MAT) were
obtained from the United Nations Environmental Programme GRID dataset (Deichmann and Eklundh, 1991).

el

Code Locality Country Long. Lat. P MAT  Br B. Bw Land Use Vegetation Reference

1 Umfolosi Game Reserve South Africa 31.80 —2829 720 19.7 8016 0 8016 Cropland/grassland mosaic Open Mentis (1970)

2 Kalakadu-Mundanthurai Tiger Reserve India 7733 8.75 1743 244 2614 0 2614 Evergreen broadleaf forests Forest Ramesh et al. (2012)

3 Taman Negara National Park Malaysia 102.40 455 2862 233 5814 0 5814 Evergreen broadleaf forest Forest Kawanishi and Sunquist (2004)

4 Akagera National Park Rwanda 3053 —1.58 950 20.7 10895 0 10895 Cropland/woodland mosaic Open Montfort (1972)

5 Katavi National Park Tanzania 31.04 —6.82 945 234 23,000 0 23,000 Cropland/woodland mosaic Open Caro (1999)

6 Sengwa Wildlife Research Area Rhodesia 2814 —18.10 680 227 4315 0 4315 Cropland/woodland mosaic Open Coe et al. (1976)

7 Dofiana NP Spain —646  37.06 540 181 1630 1300 330 Cropland/woodland mosaic Open Fernandez Llario (1996) Anonymous (2005a)
8 Aggteleki National Park Hungary 20.61 4852 853 5.4 190 0 190 Deciduous broadleaf forest Forest Lanszki et al. (2012)

9 Casentini national Park Italy 11.82 438 1290 9.0 740 0 740 Deciduous broadleaf forest Forest Mattioli et al. (2011)

10 Sierras de Cazorla y Segura Spain —2.68  38.18 1000 121 965 0 965 Deciduous broadleaf forest Forest Escos and Alados (1988)

11 Rabi Koumaga Gabon 978 —2.00 1770 275 795 0 795 Deciduous broadleaf forest Forest Prins and Reitsman (1989)

12 Pench National Park India 79.27 21.75 1401 260 6013 0 6013 Deciduous broadleaf forest Forest Biswas and Sankar (2002)

13 Selous Tanzania 3720 —865 1171 267 8975 0 8975 Deciduous broadleaf forest Forest East (1984)

14 Masai Mara Kenya 3507 —144 1612 19.2 14,676 0 14,676 Savanna Open Bhola et al. (2012)

15 Manyara National Park Tanzania 3578 —347 1131 184 15,288 0 15,288 Savanna Open Prins and Douglas-Hamilton (1990)
16 Petit Loango Gabon 959 —224 1362 268 3113 0 3113 Deciduous broadlead forest Forest Morgan (2007)

17 Bialowieza Primeval Forest Poland 23.86 52.68 608 6.7 1051 293 758 Deciduous broadleaf forest Forest Jedrzejewska et al. (1997)

18 Virungas Rwanda 2948 —1.48 1595 163 3100 0 3100 Tropical montane forest Forest Plumptre and Harris (1995)

19 Bunyoro North Uganda 31.30 1.57 1109 24,5 13,261 0 13,261 Dryland cropland and pasture ~ Open Laws (1970); Coe et al. (1976)

20 Gir Wildlife Sanctuary West India 7064 212 732 241 6380 4018 2362 Dryland cropland and pasture  Open Khan et al. (1996)

21 Ruaha National Park Tanzania 3457 —7.58 822 226 5209 0 5209 Dryland cropland and pasture ~ Open Barnes and Douglas-Hamilton (1982)
22 Rungwa and Kizigo Game Reserves Tanzania 3410 —6.97 837 21.7 2558 0 2558 Dryland cropland and pasture  Open Barnes and Douglas-Hamilton (1982)
23 Rwindi plain Albert National Park Zaire 2929 —0.78 1373 19.2 17,448 0 17,448 Dryland cropland and pasture ~ Open Coe et al. (1976)

24 Nairobi National Park Kenya 3685 —137 681 173 5534 159 5375 Dryland cropland and pasture ~ Open Foster and Coe (1968)

25 Serengeti Tanzania 3445 —2.76 1107 21.1 11,595 0 11,595 Dryland cropland and pasture  Open Robinson and Bennett (2004)

26 Kruger National Park, Northern section South Africa 3127 —2331 499 228 984 0 984 Dryland cropland and pasture ~ Open Coe et al. (1976)

27 Kruger National Park, Southern section South Africa 3065 —2393 570 226 3783 0 3783 Dryland cropland and pasture ~ Open Coe et al. (1976)

28 Bharatpur Wildlife Sanctuary India 77.52 27.16 706 25.7 1550 0 1550 Dryland cropland and pasture ~ Open Eisenberg and Seidensticker (1976)
29 Marahoué Ivory coast —5.90 7.07 1333 271 1478 0 1478 Dryland cropland and pasture  Open Hoppe-Dominik (1989); Bodendorfer et al. (2006)
30 Gal Oya National Park Sri Lanka 81.47 722 2107 254 886 0 886 Evergreen broadleaf forest Forest Eisenberg and Seidensticker (1976)
31 Wilpattu National Park Sri Lanka 80.00 843 1319 263 766 0 766 Evergreen broadleaf forest Forest Eisenberg and Seidensticker (1976)
32 Biligiri Rangaswamy Temple Wildlife Sanctuary ~ India 7713 11.94 1430 241 6423 0 6423 Evergreen broadleaf forest Forest Kumara et al. (2012)

33 Huai Kha Khaeng Wildlife Sanctuary Thailand 99.29 1546 2694 244 1451 0 1451 Evergreen broadleaf forest Forest Srikosamatara (1993)

34 Roraima (Brazilian Amazon) Brazil —61.71 341 1879 286 2396 0 2396 Evergreen broadleaf forest Forest Mendes Pontes (2004)

35 Royal Chitawan National Park Nepal 84.62 2743 1416 25.1 29,866 28,076 1790 Evergreen broadleaf forest Forest Eisenberg and Seidensticker (1976)
36 Kanha National Park India 80.62 2229 1454 232 6386 4678 1708 Evergreen broadleaf forest Forest Eisenberg and Seidensticker (1976)
37 Pendjari National Park Benin 11.22 154 2102 227 1118 0 1118 Evergreen broadleaf forest Forest Sinsin et al. (2002)

38 El Mirador-Rio Azul National Park Guatemala —89.62 1740 1907 25.0 518 0 518 Evergreen broadleaf forest Forest Novack et al. (2005)

39 Uauagu Lake Brazil —6242 —422 2452 26.6 144 0 144 Evergreen broadleaf forest Forest Haugaasen and Peres (2005)

40 Guatopo Venezuela —66.47 10.12 1460 255 270 0 270 Evergreen broadleaf forest Forest Eisenberg et al. (1979)

41 Nagarahole India 76.15 12.02 1200 248 15,094 350 14,744 Evergreen broadleaf forest Forest Karanth and Nichols (1998); Varma (2007)
42 Acurizal Ranch Brazil —57.62 —17.82 1221 252 4034 3750 284 Evergreen broadleaf forest Forest Schaller (1983)

43 Hato Pifieiro Venezuela —68.13 8.83 1431 270 8222 7988 234 Evergreen broadleaf forest Forest Polisar et al. (2003)

44 [taya Basin Perti —73.67 —429 2579 266 110 0 110 Evergreen broadleaf forest Forest Aquino et al. (2007)

45 Tauhayu (Tamshiyacu-Tahuayo Pert —73.08 —435 2698 264 267 0 267 Evergreen broadleaf forest Forest Bodmer et al. (1994)
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Dolina TD6 unit includes the subunit TD6-2, also known as “Aurora stra-
tum” (Bermidez de Castro et al., 2008), which yielded a remarkable col-
lection of human remains attributed to Homo antecessor associated to
numerous stone tools and abundant faunal remains (Carbonell et al.,
1995, 2005).

The palaesomagnetic reversal identified at TD7 in Gran Dolina and
TE17 in Sima del Elefante allows the correlation of the two sequences
(Fig. 2). Moreover, the faunal composition indicates that the early Pleis-
tocene stratigraphic units of Gran Dolina are younger than the lower
units of Sima del Elefante (TE7-TE16) (Cuenca-Bescos et al., 2013).
Units TE8-TE14 are included in the local bioestratigraphic unit FU1,
whereas TD3-4 corresponds to FU2, and TD5 and TD6 belong to FU3
(Cuenca-Bescés and Garcia, 2007; Cuenca-Bescos et al., 2010). A de-
tailed discussion of the correlation between the two stratigraphic se-
quences may be found in Rodriguez et al. (2011).

The small-vertebrate fossil remains used for this study consist of
disarticulated bone fragments collected by water screening each year
since 1992 during the field excavations in the two sites in Atapuerca.
The sediment was water screened using superimposed 0.5, 5 and
10 mm mesh screens and bagged by square, layer and excavation sub-
levels. In subsequent years, the microfossils were processed, sorted
and classed into large categories at the Palaeontology Section of the
Earth Sciences Department of the University of Zaragoza (Spain). The
systematic description and interpretation of the fossil amphibians and
reptiles from Atapuerca have been performed as part of a PhD thesis
(Blain, 2005) and published in various publications (Blain, 2005; Blain
et al., 2008; Blain, 2009; Blain et al., 2010, 2011; Cuenca-Bescoés et al.,
2011; Rodriguez et al,, 2011; Blain et al., 2012, 2013a).

3. Methods
3.1. Temperature and rainfall estimates

Palaeoclimatic interpretations are based on the presence of herpetile
species from each level. The mutual climatic range (MCR) method has
been used to quantify palaeotemperature and palaeoprecipitation
whereby we simply identify the geographic region (divided into
10 x 10 km Universal Transverse Mercator (UTM) squares) where all
the species present in a given locality and stratigraphical level currently
live (Blain et al., 2009). Careful attention is paid to ensure that the cur-
rent distribution corresponds to the potential ecological/climatic distri-
bution and is not strongly affected by other limiting or perturbing
parameters such as urban development, landscape anthropization, pre-
dation, competition with other species and other such factors. An anal-
ysis of the MCR in each level is based on the distribution atlases of the
Iberian herpetofauna (Godinho et al., 1999; Pleguezuelos et al., 2004)
divided into 10 x 10 km squares in the UTM coordinate system. Mean
annual temperature (MAT) and annual rainfall (P) have been estimated
for each 10 x 10 km UTM square, using climatic maps of the Iberian
Peninsula (Ninyerola et al., 2005).

3.2. Carrying capacity

The term carrying capacity is widely used in ecology and other disci-
plines. Its origin dates back to the 19th century to designate a fixed
quantity of X that some encompassing Y should carry in abstraction
from time or history (Sayre, 2008). In ecology carrying capacity is the
maximum number of individuals the environment is able to sustain in
the long term. It is assumed here that carrying capacity (CC) is deter-
mined by primary production (Coe et al., 1976; Pettorelli et al., 2009),
which, in turn, is determined by climate (mainly temperature and rain-
fall) and soil fertility (Rosenzweigh, 1968; Fritz and Duncan, 1994). Our
aim was to obtain a function to estimate carrying capacity from MAT
and P. Given that carrying capacity is defined as the maximum number
of animals that an area can support in approximate equilibrium
(McCullough, 1992), we must expect observed biomass to oscillate

below CC in most natural communities. Several factors such as compe-
tition, predation pressure, poaching, epidemics and climatic oscillations,
among others, may cause wild ungulate populations to be below carry-
ing capacity. In contrast, free-ranging cattle are protected from most of
those adverse factors by the care provided to them by pastoralists. The
best proxy for CC in natural communities is the maximum observed bio-
mass for a given value of MAT and P. As cattle make the most of primary
production, the observed ungulate biomass is expected to approach CC
in ecosystems with livestock. MAT and P are treated here as two inde-
pendent limiting factors, in a similar manner as was performed by
Lieth (1973) in the Miami model to estimate primary production. Linear
least square regression was used to model the relationships of Br with P
and MAT in localities with livestock. Eventually, these models were val-
idated against the sample of 78 recent localities with no livestock. The
carrying capacity is then estimated as the minimum of two values: the
maximum biomass sustainable under a given value of MAT and the
maximum biomass sustainable under a given value of P. Statistical anal-
yses were conducted with the Statistica 11 package (Statsoft©).

4. Results
4.1. Estimating CC

Forest and open ecosystems differ in the ungulate biomass they sus-
tain for a given value of P or MAT, as was previously observed by other
authors (Mandujano and Naranjo, 2010). Generally speaking, ungulate
biomass is higher in open environments than in forest communities
(Fig. 3) because of the different distribution of primary production
amongst plant organs and tissues in these ecosystems, which results in
different food availability for the large mammal herbivores. Linear func-
tions were fitted to predict the Total Biomass (Bt) from rainfall in open
and forest communities separately, including all localities with livestock
(Table 1). The relationship is non-significant for forest communities but
significant for open environments (Br = —3993.3164 + 18.3117 = P;
p = 0.0062 r = 0.79). This equation accurately predicts maximum un-
gulate biomass in natural communities without livestock (Fig. 3B). A lin-
ear regression line was also fitted to estimate By from MAT in localities
with livestock (Fig. 3C). However, in this case, only the five extreme
cases (maximum By for a given value of MAT) from either forest or
open environments were included. The equation is significant and the
correlation very high (Br = 1634 MAT — 12502; r = 0.98; p = 0.003;
N = 5). Note that this equation is only valid for localities with MAT
above 8 °C. Below this temperature, the equation predicts negative
values, likely because this temperature represents a threshold below
which only relatively small ungulate populations are sustainable.

According to these results, the annual rainfall limits large herbivore
biomass as described by the following equation:

maxB(P) = 18.3 P—3993 M
where maxB(P) is maximum ungulate biomass as limited by rainfall.

Similarly, the mean annual temperature limits maximum sustain-
able biomass as

maxB(T) = 1634 MAT-12502 ()

where maxB(T) is maximum ungulate biomass as limited by mean an-
nual temperature.

Thus, the ungulate carrying capacity in any given locality may be es-
timated as the minimum of the values predicted by Egs. (1) and (2).

CC = Min(maxB(P), max(BT) (3)

Fig. 4 shows the predicted CC from Eq. (3) against the observed un-
gulate biomass in the set of 78 recent localities with no livestock.
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Fig. 1. Map showing the location of the 95 recent localities sampled to obtain ungulate biomass data. Black triangles: forest communities with livestock; white triangles: forest commu-
nities without livestock; black squares: open communities with livestock; white squares: open communities without livestock.

4.2. CCin the Pleistocene Atapuerca similar to the CC estimated for the present. For the remaining levels,
the CC varies between 5766 kg/km? and 8021 kg/km? (Table 2).

The carrying capacity of the Atapuerca ecosystems was high during Excluding TE14, the general pattern at Atapuerca is a high CC, with
the Pleistocene in comparison to the present (Fig. 5 and Table 2). Only low variation, throughout a time sequence almost 1 Ma long. This ob-
the estimated CC for TE14 level, dated to approximately 1.1 Ma is servation is in agreement with the long-term environmental stability
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Fig. 2. Dates, magnetostratigraphy and correlation of the stratigraphic sections of Sima del Elefante and Gran Dolina. TL ages from Berger et al. (2008), ESR ages from Falguéres et al. (2001)
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and Parés et al. (2013). Stratigraphic columns from Carbonell et al. (2008), and Parés and Pérez-Gonzalez (1995).
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at Atapuerca already noted by Rodriguez (2004) and Rodriguez et al.
(2011).

The results reported in Table 2 also suggest that carrying capacity
was limited at Atapuerca by temperature, not by precipitation, because
maximum CC as limited by P is always higher than maximum CC limited
by MAT. Because CC ultimately depends on primary production, it may
be concluded that primary production was limited by available energy
and not by humidity.

CC is not related to ungulate species richness of the fossil assem-
blages (Spearman's rho = 0.05, p = 0.83). This may be partly ex-
plained by the fact that the number of species is largely affected by
several factors such as the number of fossils in the assemblage, the
size of the excavation area, and selection by the accumulation agents.
The excavation area and the number of fossils widely vary in the set of
assemblages analysed here and differences in the accumulation agents
also exist. Thus, though some assemblages, such as TD8, or TD6-2,
TD10-1 and TD10-2, may be considered a good representation of the
large herbivore guild living in the past, other assemblages such as
TE10, TE11 or TD7 are very poor in species and likely do not provide a
reliable picture of the past living community. The average carrying ca-
pacity per species is obtained dividing CC by the number of species in
the assemblage, and it is also reported in Table 2. The average CC is re-
ported for reference only, and it cannot be taken as a reliable estimate,
mainly for two reasons. First, population density varies in nature by
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one or two orders of magnitude in a single species. Second, the number
of large herbivore species is extremely low in some fossil assemblages,
e.g., TE11 or TE10, which cannot be taken as adequate samples of the
past living community.

5. Discussion
5.1. Reliability of the functions to estimate CC

Generally speaking, the total ungulate biomass is closer to estimated
carrying capacity in open than in forest recent communities (Fig. 4B).
Moreover, the ungulate biomass is far below the CC in tropical
rainforests, where the estimated CC is highest. These results are not sur-
prising, as it is well known that tropical rainforests are characterized by
low large herbivore richness in comparison with grasslands and savan-
nahs (Fritz and Loison, 2006). This phenomenon is likely explained by
two factors. First, a large amount of primary production is seized in all
types of forests in the form of non-edible plant tissues composed of cel-
lulose and lignin (Duvigneaud, 1971). Second, but not less important,
most primary production occurs in tropical forest in the canopy, far
away the reach of terrestrial ungulates, and it is consumed by primates,
small mammals and other vertebrates and a huge amount of inverte-
brate species (Bodmer, 1989). Thus, in tropical forests most of the bio-
mass of secondary consumers is not in the form of ungulates. In
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Fig. 3. Relationship between ungulate biomass and climate in recent ecosystems. A) Relationship between total ungulate biomass (Br) and rainfall (P) in forest (triangles) and open eco-
systems (circles) of the world containing livestock. The relationship is non-significant for forest ecosystems. B) The equation for open ecosystems (Br = —3993,3164 + 18,3117 = P;
p = 0.0062 r = 0.79) accurately describes the maximum observed wild ungulate biomass (B,y) for a given value of rainfall both in forest (triangles) and open communities (circles) with-
out livestock. C) The relationship between (Br) and mean annual temperature (MAT) in forest (triangles) and open communities (circles) with livestock. The regression line has been fitted
to the 5 cases with maximum By for a given value of MAT (By = — 1634 MAT-12502; r = 0.98; p = 0.003; N = 5). D) The relationship between Bw and MAT in forest (triangles) and
open ecosystems (circles) without livestock. The regression line is the predictive equation of maximum Bt from MAT shown in C).
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contrast, ungulates seize a large amount of primary production in open
environments, and they represent a large proportion of the biomass of
primary consumers in those ecosystems.

Eq. (3) is thus appropriate to estimate ungulate CC in open envi-
ronments only, which are characterized by a high ungulate richness.
Open landscapes were spread over Europe throughout the Pleistocene
and especially dominated the Mediterranean Peninsulas during the gla-
cial and glacial-interglacial transitions (Suc and Popescu, 2005; Kahlke
et al.,, 2011; Leroy et al., 2011). Though increased temperatures and
precipitations during the interglacials favored temperate tree species
and promoted the expansion of forests (Suc and Popescu, 2005), climate
is not the single factor determining vegetation structure. Large her-
bivores play a key role currently as ecosystem engineers, largely affect-
ing vegetation composition and structure (Danell et al., 2006; Levick
et al., 2009). The European large herbivore guild was relatively rich
during the Pleistocene, even in the interglacials, and was likely a key
factor in creating open vegetation (Svenning, 2002). Not surprisingly,
although pollen-based reconstructions often emphasize the expansion
of forests during the interglacials, most environmental reconstruc-
tions based on fossil mammals suggest landscapes dominated by open
woodlands and savannahs or mosaic landscapes (e.g., Kahlke et al.,
2011).

Concerning the Sierra de Atapuerca ecosystems, and taking into con-
sideration the combined evidence provided by pollen, micromammals,
herpetofauna and large mammals, the Pleistocene landscapes were
dominated by open woodlands, steppes and meadows (see Rodriguez
et al,, 2011 for a synthesis). In summary, Eq. (3) may be taken as a reli-
able predictor of CC in the ungulate dominated Pleistocene landscapes
of Sierra de Atapuerca.

5.2. CCin the Pleistocene

The carrying capacity inferred for the Pleistocene ecosystems of
Atapuerca is higher than the estimated value for the present except
for two cases, TE14 and TE19, although, as noted above, the estimate
for TE19 should be taken with caution. Moreover, most of the estimated
carrying capacities are in the range of 5750 kg/km? to 8000 kg/km?
(Table 2), far beyond the ungulate biomass observed in the present in
natural areas from Spain and Italy (Table 1). Differences in climate and
vegetation between the recent Mediterranean ecosystems included in
Table 1 and the Pleistocene ecosystems may partially explain these dif-
ferences. Nevertheless, it has been observed in recent African savannahs
that large herbivore biomass is positively correlated with species rich-
ness. Biomass is significantly higher, up to ten times, in richer commu-
nities at low and intermediate levels of primary productivity (Fritz
and Duncan, 1994), most likely due to a better resource use by function-
ally diverse communities. Recent large herbivore diversity is relatively
low in Europe, and this may help to explain the low biomass observed,
in comparison to the predicted values, in the two open environment

Mediterranean communities included in the sample: Doflana and
Castelporziano (Table 1). Only three large herbivores are present in
those communities, namely Sus scrofa, Dama dama and Cervus elaphus
in Dofiana (Fernandez Llario, 1996; Anonymous, 2005b) and S. scrofa,
Capreolus capreolus and D. dama in Castelporciano (Imperio et al.,
2012), although in Dofiana National Park, the large herbivore communi-
ty also includes a number of domestic horses and cattle. It may be
speculated that these low diversity large herbivore guilds are not able
to use primary production with maximum efficiency and approach car-
rying capacity. In contrast, the Pleistocene palaeocommunities display a
higher species richness and functional diversity (Rodriguez, 2001, 2004;
Palombo and Mussi, 2006), and their populations were likely more
prone to approach carrying capacity.

It is tempting to link the lower CC of the recent European ecosys-
tems with the extinction of the megafauna that occurred at the end of
the Pleistocene through the insufficiency of recent primary production
to sustain a rich and diverse large herbivore guild. However, estimated
carrying capacity for Sierra de Atapuerca today is close to 5000 kg/km?,
which is very similar to the large herbivore biomass observed in Ruaha
National Park (Barnes and Douglas-Hamilton, 1982). The Ruaha National
Park large herbivore guild, with a biomass of 5200 kg/km? is composed of
11 species, including elephant and rhino populations. Thus, the existence
of an impoverished large herbivore guild in the present cannot be ex-
plained by the inability of the Holocene Mediterranean ecosystems to
sustain a richer and more diverse mammalian community. Moreover,
European large herbivore guilds were also more diverse during the
last glacial period than in the present (Vereshchagin and Baryshnikov,
1992; Garcia and Arsuaga, 2003; Kahlke, in press), whereas a lower CC
may be expected for the last glacial than for the present. The functions
used here to estimate CC lack resolution for localities with MAT below
8 °C, a value likely higher than the MAT for most of Europe during OIS3
and OIS2 isotopic stages (Barron et al., 2003; Leroy and Arpe, 2007). How-
ever, based on the data shown in Fig. 3D, it may be speculated that the CC
was likely below 1000 kg/km? throughout the continent. Silva and
Downing (1994) provide allometric equations to estimate the minimum
viable population size from body weight in mammals. The minimum via-
ble population size for the species of a typical Last Glacial herbivore guild
may be estimated using Silva and Downing's equations. The faunal as-
semblage from Labeko Koba layer IX, located in Arrasate, northern
Spain (Altuna and Mariezkurrena, 2000) and dated to approximately
40,000 yr BP (Soto Barreiro, 2003) may be taken as representative
of a typical mammalian community of OIS3. It includes Bos/Bison sp.,
Rupicapra rupicapra, Capreolus capreolus, Cervus elaphus, Megaloceros
giganteus, Rangifer tarandus, Sus scrofa, Equus ferus, Coelodonta antiquitatis,
and Mammuthus primigenius. Based on the minimum viable population
sizes estimated from body mass, the minimum large herbivore biomass
of this typical and diverse OIS3 community may be estimated as some
600 kg/km?, which is not in conflict with the output of the model
presented here.
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5.3. Carrying capacity and human occupation

Human presence/absence appears not to be correlated with fluctua-
tions in ungulate carrying capacity at Atapuerca as a general pattern
(Fig. 5). The oldest human presence at Atapuerca dates back to
1.2 Ma, as evidenced by the lithic tools and human remains recovered
from the TE9 unit of Sima del Elefante (Carbonell et al.,2010), and it cor-
responds to a period of high CC. However, the lowest value of CC along
the entire Atapuerca sequence is recorded at TE14, although evidence of
human presence in the form of flint lithic objects has been recovered
from this unit (Ollé et al., 2013). Thus, apparently, the Atapuerca area
was inhabited by humans throughout the pre-Jaramillo period despite
variations in ungulate carrying capacity (Fig. 5). Ungulate CC was high
again 800 Kyr ago, when Homo antecessor produced the TD6 assem-
blage, and it remained high up to, at least, 400 Kyr ago. Based on the

TD sequence, Atapuerca was not inhabited by humans from the end of
the early Pleistocene up to 500 Kyr ago. This time interval is recorded
at Gran Dolina in the sediments of the units TD7 to TD9, all of them
with no evidence of human presence (Rodriguez et al,, 2011). Neverthe-
less, a date of 600 Kyr has been proposed on the basis of high-resolution
U-series dates for the nearby site Sima de los Huesos (Bischoff et al.,
2007).If such an old date for the SH human population were confirmed,
it would be roughly synchronous to the TD8 assemblage. Alternatively,
if the lack of evidence from Gran Dolina corresponds to an actual depop-
ulation of Atapuerca in the 800-500 Kyr interval, it occurred when car-
rying capacity was high. It should be acknowledged, however, that CC
represents only one criterion in the evaluation of the available resources
for a human population. The second criterion is the carnivore guild and
the competition between secondary consumers to access resources
(Rodriguez-Gémez et al., 2013). Thus, a high ungulate CC does not nec-
essary imply a high resource availability, as a rich carnivore guild with a
high intraguild competition may make it difficult for some secondary
consumers to obtain resources and, eventually, one or more species
may be expelled from the community through competitive exclusion.
To evaluate whether competitive exclusion played a role in the apparent
retraction of the human populations at the beginning of the Middle
Pleistocene, not only at Atapuerca but in Europe as a whole
(Doronichev, 2010; Palombo, 2010; Dennell et al., 2011; Jiménez-
Arenas et al., 2011; Mosquera et al., 2013), a good characterization of
the carnivore guild of this period and the human competitive abilities
are necessary. This aim is beyond the scope of the present paper, but
the estimated carrying capacities presented here may be taken as a
basis for future studies.

Another factor that may influence the complex relationship between
carrying capacity and resource availability is related to the optimal for-
aging theory (Pianka, 1978). Carrying capacity represents only a crude
approach to resource availability, as it represents the total amount of
biomass obtained adding the biomasses of all the primary consumer
populations in the area. However, not all the primary consumer species
are equally suitable as food resources, and it is likely that a large amount
of the biomass existing in their environment was not suitable for
hominins, just because they were not able to exploit those resources
with efficiency.

6. Conclusions

Ungulate carrying capacity in open environments may be estimated
from the data on mean annual temperature and annual rainfall. Using
this relationship, the carrying capacity of Pleistocene ecosystems may
be reliably estimated from inferred values of those climatic variables
in the past. The Atapuerca record indicates that the carrying capacity
in this Mediterranean locality was higher throughout most of the Pleis-
tocene than in the present. These relatively high values of CC during the
Pleistocene are in accordance with the rich and diverse large herbivore
guilds typical of most of the European Pleistocene mammalian commu-
nities. Although the Atapuerca archaeological record suggests the exis-
tence of discontinuities in the human occupation of this territory,
variations in human occupation cannot be easily related to oscillations
in ecosystems carrying capacity. Nevertheless, further research is need-
ed to integrate the ungulate carrying capacity of past ecosystems, the
competition among secondary consumers and the procurement strate-
gies and competing capacity of early Palaeolithic populations in a model
suitable to evaluate the ability of each of these three factors to explain
variations in the colonization success of ancient hominin populations.

Role of funding source

The funding source had no involvement neither in study design, nor
in the collection, analysis and interpretation of data.
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Table 2

Mean annual temperature (MAT) in °C and annual rainfall (P) in mm/yr at Atapuerca were estimated from amphibian and reptile assemblages and subsequently used to estimate
maximum sustainable ungulate biomass as limited by temperature and rainfall (maxBwT and maxBwP) in kg/km?. The carrying capacity (CC) in kg/km? is obtained as the minimum
of maxBwT and maxBwP. The CC is divided by the number of ungulate species in the fossil assemblage to obtain the average carrying capacity per individual species (Bsp) in kg/km?.

MAT (s.d.) P (s.d.) maxBwT (95% conf. int.) maxBwP (95% conf. int.) CcC N Bsp
Recent 10.70 (—) 762 (—) 4982 9952 4982 - -
TE19 10.30 (0.80) 667 (153) 4328 (1714-6943) 8213 (2613-13813) 4328 6 721
TD10-1 11.60 (1.83) 876 (153) 6452 (472-12433) 12038 (6438-17638) 6452 7 922
TD10-2 11.60 (1.83) 876 (153) 6452 (472-12433) 12038 (6438-17638) 6452 7 922
TD10-3 12.56 (1.18) 981 (46) 8021 (4165-11877) 13959 (12276-15643) 8021 5 1604
TD10-4 12,56 (1.18) 981 (46) 8021 (4165-11877) 13959 (12276-15643) 8021 - -
TDS 12.56 (1.18) 981 (46) 8021 (4165-11877) 13959 (12276-15643) 8021 9 891
TD7? 12.07 (1.08) 907 (169) 7220 (3691-10750) 12605 (6420-18791) 7220 4 1805
TD6-1 1256 (1.18) 981 (46) 8021 (4165-11877) 13959 (12276-15643) 8021 3 2674
TD6-2 12.56 (1.18) 981 (46) 8021 (4165-11877) 13959 (12276-15643) 8021 7 1146
TD6-3 12.56 (1.18) 981 (46) 8021 (4165-11877) 13959 (12276-15643) 8021 7 1146
TD5a 11.18 (1.92) 955 (116) 5766 (0-12041) 13484 (9238-17729) 5766 5 1153
TD5b 12.18 (0.96) 977 (117) 7400 (4263-10537) 13886 (9604-18168) 7400 5 1480
TD5c 12.15(1.25) 938 (160) 7351 (3266-11436) 13172 (7316-19028) 7351 5 1470
TE14 10.70 (1.50) 883 (76) 4982 (80-9884) 12166 (9384-14948) 4982 5 996
TE13 11.60 (1.90) 864 (133) 6452 (243-12662) 11818 (6950-16686) 6452 - -
TE11 12.10 (2.40) 687 (191) 7269 (0-15113) 8579 (1589-15570) 7269 1 7269
TE10 12.50 (1.30) 897 (111) 7923 (3675-12171) 12422 (8360-16485) 7923 2 3962
TE9a+ 11.60 (1.90) 864 (133) 6452 (243-12662) 11818 (6950-16686) 6452 5 1290
TE9a 12.50 (1.30) 897 (111) 7923 (3675-12171) 12422 (8360-16485) 7923 5 1585
TE9b 12.50 (1.30) 897 (111) 7923 (3675-12171) 12422 (8360-16485) 7923 5 1585
TESc 12.50 (1.30) 897 (111) 7923 (3675-12171) 12422 (8360-16485) 7923 5 1585
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