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Abstract

Arid and semi-arid regions around the world are inhabited by pastoralists
who depend on livestock rearing for their subsistence. Exogenous shocks like
droughts can cause regime shifts that threaten both ecological stability and
economic livelihoods. We incorporate pastoralist economic incentives and
preferences into an existing dynamic eco-hydrological grazing model exhibit-
ing bi-stability by coupling off-take decisions to a weighted utility function,
describing value generated by animal sales, ongoing benefits like milk and
herd size for status and insurance for future setbacks. We find that higher
prices, or equivalently, better market access for pastoralists, increases the
system’s resilience to irreversible shocks if pastoralists maximize their util-
ity. On the other hand, we find that higher prices do promote management
strategies with less resilience to shocks that are reversible. This means that
while damage to the ecosystem can be restored, economic livelihoods will
come under stress doing so, because herd size and/or off-take levels have to
be reduced during this process. In addition to these findings, we present a
mapping of the trade-off between utility and resilience by plotting the effi-
cient combinations on Pareto frontiers. Higher prices steepen these frontiers,
making resilience increasingly costly in terms of forgone utility. However,
different abiotic conditions such as rainfall and soil type also affect these
frontiers, which allows us to identify under which conditions it is attractive
to trade in utility for resilience. This paper adds both to the literature about
resilience in social-ecological systems in general and resilient management of
rangelands prone to irreversible collapse specifically.
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1. Introduction

Arid and semi-arid regions cover a substantial portion of the Earth’s
surface. Limited rainfall and high evapotranspiration make these drylands
largely unsuitable for crop agriculture. Instead, they consist of grasslands
whose inhabitants depend on livestock herding for their livelihoods. These
pastoral systems are vulnerable: drought, overgrazing, and poor land man-
agement can cause grasslands to degrade into an unwanted desert state
through a process known as desertification (D’Odorico et al., 2013). A key
question for these systems is how economic incentives affect these state tran-
sitions.

Regime shifts in bi-stable drylands have been shown to happen over the
span of decades and have been attributed to a multitude of factors. For exam-
ple, [Kelly and Walker| (1976) reported that by 1966, about half of the Tribal
Trust Lands in Rhodesia were overgrazed or had little grass cover. [Enfors
and Gordon (2007) demonstrated how institutional changes, deteriorating
climatic conditions, and population growth caused a shift from a productive
to a degraded state in Tanzania’s Makanya region. Wendling et al.| (2019)
showed that long-term precipitation changes induced regime shifts in North-
ern Mali. Helldén| (2008) calibrated a model over the duration of a century
in Sudan’s Kordofan region, showing that human pressure can drive deser-
tification that it is not necessarily irreversible. The decline of Mongolian
grasslands over the last decades has been attributed to overgrazing (Fang
and Wu, [2022; Hilker et al., 2014).

In this paper, we map the trade-off between economical payouts and eco-
logical resilience in arid and semi-arid grazing systems. Therefore, we use
the eco-hydrological model introduced by Walker et al.| (1981) and jvan de
Koppel et al. (1997) to describe the positive feedback between soil water and
vegetation that results in the typical bi-stability of these systems. Following
van de Koppel and Rietkerk| (2000), we include a dynamic population of her-
bivores that adapts to the available vegetation, but is additionally subject
to constant harvesting by a human manager. Our model is a predator-prey
model with the prey (vegetation) under critical depensation and with con-
stant harvesting on the predator (herbivores) population. By choosing the
extraction level, pastoralists indirectly decide on a stocking rate, that is the



herd size, as extraction directly affects the number of herbivores in equilib-
rium.

Pastoralist income primarily consists of a combination of animal sales,
which depend on off-take levels, and products such as milk, blood and wool,
which depend on the herd size. Commercially oriented pastoralists rely more
on the animal sales, while subsistence-oriented ones rather prefer the income
from large herd sizes (Nyariki and Amwata, 2019; Little et al., 2014; [Hauck
and Rubenstein, [2017; Heron and Gertel, 2011). Additionally, a larger herd
size serves as a means to preserve wealth and as an insurance to future shocks
(McCabe et al.,[2025). Apart from just having an economic purpose, in many
regions herd ownership also has a large cultural value. Cattle plays a role
in ritual or social ceremonies and can be an indicator of social status. Some
ethnic tribes view herd ownership as part of their identity (Adriansen, [2006;
Hauck and Rubenstein, 2017). A greater distance to markets or urban areas
also affects to which extend pastoralists engage in commercial sales, as it
requires effort, time as well as knowledge of markets to effectively make use of
them (Little et al., 2014). To which degree pastoralists interact with markets
and pastoral livestock strategies depend on prices is therefore determined by
a range of factors (Heron and Gertel, [2011).

We model this interaction by having pastoralists receive utility from both
selling animals and owning a herd. The importance of animals sales, relative
to the importance of herd size, is proxied by means of a relative livestock price
parameter, which reflects how a combination of degree of commercialisation,
cultural values, ease of market access and actual market prices influence
pastoral decisions about off-take.

High stocking rates have been identified to increase the vulnerability of
drylands to desertification (Zhao et al., 2005; Hein and Ridder, [2006). This
risk is prominent in the face of exogenous shocks such as droughts, which can
rapidly deplete the grass cover. The capacity of an ecosystem to remain in, or
return to, a desirable state when subjected to such disturbances is commonly
referred to as its resilience. Following |Holling (1973), we define resilience as
the magnitude of disturbance required to shift the system into an alternative
regime. We specifically differentiate resilience to shocks which are irreversible
— effecting degradation even if the off-take policy is subsequently changed
— and reversible by an adequate adjustment of the off-take policy. Still, to
recover from a reversible shock, herd size and off-take level might need to be
adjusted beyond what is feasible for a stable subsistence level. In practice
this may result in a prolonged famine. We refer to resilience to irreversible



shocks as irreversibility resilience, and to resilience to reversible shocks as
management resilience.

We examine how changes in the livestock price proxy, reflecting a combi-
nation of market access, market prices and pastoral commercialisation, influ-
ence the irreversibility and management resilience of dryland systems under
drought conditions, assuming utility-maximizing behavior by pastoralists. In
addition, we assess how these resilience measures vary with site-specific abi-
otic properties such as soil type and rainfall. We differentiate between clayey
soils, which are more prone to desertification as water infiltration is low with
low grass cover, and sandy soils which allow for some water infiltration even
if grass cover is low.

Our results show that irreversibility resilience increases with higher live-
stock prices, as pastoralists tend to raise off-take rates, resulting in lower
stocking densities and greater vegetation cover. This pattern is consistent
across a range of rainfall levels and soil types. Management resilience, by
contrast, declines with increasing prices and extraction intensity. This indi-
cates that systems exposed to stronger market incentives are more resilient
to regime-shifting shocks but less resilient to shocks that require adjustments
in extraction strategy. High off-take levels are difficult to sustain and, more
importantly, threaten economic livelihoods if pastoralists are unable or un-
willing to reduce off-take rapidly when drought occurs.

For systems with more rainfall, management resilience initially increases
with rising prices before declining again, exhibiting a non-monotonic re-
sponse. This relationship holds for both clayey soils with very low water
infiltration and sandy soils with higher water infiltration. In clayey soils
with substantial rainfall, increased extraction prevents herds from growing
too large and depleting the grass cover too much, which prevents sufficient
water infiltrating into the ground. As such extraction is actually necessary
to maintain a stable equilibrium in which grazing is possible. This implies
that under these conditions without anthropogenic off-take, herds cannot be
sustained.

Beyond investigating the resilience under the assumption that pastoralists
maximise their utility, we mapped the trade-off between utility and resilience
by finding the extraction levels that resulted in Pareto optimal combinations
of utility and resilience. We found that pastoralists can give up some utility
to increase the resilience of the system in a Pareto optimal way. Even more
strikingly, we found that under most conditions a small percentage decrease of
utility already greatly increases either or both irreversibility and management
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resilience. When livestock prices increase, this trade-off becomes sharper and
pastoralists have to give up more utility to increase resilience. We also found
that resilience and utility do not have to have a trade-off at all: under some
conditions they also reinforce each other.

Our analysis aligns with [Vignal et al. (2023), who examined how alterna-
tive extraction rules affect the resilience of a comparable dryland model. We
extend this line of research by explicitly integrating the two main pastoral ob-
jectives into the ecological model and by distinguishing between management
and irreversibility resilience. Whereas Vignal et al. focused on the ecologi-
cal consequences of different extraction strategies, our approach incorporates
the economic dimension by linking off-take decisions to livestock prices. This
allows us to provide deeper insight into how pastoralist behavior—and thus
the resilience of dryland systems—is shaped by market conditions.

As noted by |Anderies et al.| (2002), discounting is not required when
the analysis is restricted to long-term equilibrium profits. Constant off-take
is representative of a pastoral society that needs to sell or consume some
animals each period to maintain a viable subsistence level (Yatat-Djeumen
et al., [2025). It has also been argued that constant, conservative grazing
strategies often outperform opportunistic ones, even in variable environments
(Higgins et al., 2007).

Several comparable studies have been conducted on pastoralist decision-
making, using a wide range of ecological mechanisms and management strate-
gies. Stigter and Van Langevelde| (2004); [Perrings and Walker (2004); Crépin
and Lindahl (2009) all use a deterministic setting that allows for regime shifts,
while Hein and Weikard| (2008);|Weikard and Hein (2011); Quaas et al. (2007);
Janssen et al. (2004) use stochastic dynamics without explicitly modelled
regime shifts. Stochastic models capture the year-to-year variance in rainfall
observed in these areas, but regime shifts that happen over longer time scales
are well described by deterministic models that focus on long-term averages.
In Quaas et al.| (2007) and Janssen et al. (2004) pastoralists receive profits
by production of wool and milk, while in [Stigter and Van Langevelde (2004);
Perrings and Walker (2004)); Crépin and Lindahl (2009); |Weikard and Hein
(2011) just profits from animal sales are considered. One strand of papers lets
the herbivore population develop dynamically with the available vegetation,
whereas some studies allow them to be fully controlled by the pastoralists.

A similar separation of resilience and profit was employed by |Anderies
et al. (2002) in a fire-driven rangeland model; we extend that framework
by mapping the full Pareto-efficient frontier of resilience—profit trade-offs.



Economic valuations of resilience began with Maler (2008), who derived an
“accounting price” by linking resilience to a lower probability of regime shifts.
Subsequent studies have framed resilience as an insurance value: Baumgart-
ner and Strunz (2014) quantified the risk reduction provided by resilience
based on managers’ risk preferences, and Derissen et al. (2011) showed that
resilience can be necessary—though not always sufficient—for sustainable
exploitation.

However, these analyses typically assume equilibrium pay-off and re-
silience are independent. In contrast, we demonstrate that in dryland grazing
systems they are interdependent through grazing management choices. The
nature of this coupling depends on ecological parameters (e.g., soil water in-
filtration, rainfall) and economic parameters (e.g., market prices), allowing us
to quantify how economic factors affect resilience without explicit stochastic
modelling.

The remainder of the paper is organized as follows: Section 2 introduces
the ecological-economic model, Section 3 analyzes the system under man-
agement, Section 4 explores the resilience-utility trade-off, and Section 5
concludes with a discussion.

2. Model

Ecological dynamics. Our starting point is the ecological model of|[van de Kop-
pel and Rietkerk (2000), which describes the dynamics of a water-limited
dryland system grazed by herbivores. We extend this model by including an
extraction term in the herbivore dynamics. The plant and herbivore stock
variables are expressed as densities, which describes their average biomass
per unit of area. Dynamics are characterised by a positive feedback between
water and vegetation, and a predator-prey interaction between herbivores
and vegetation. Plant growth is limited by water availability, which in turn
is strongly dependent on plant density. The underlying mechanism is the fa-
cilitation of water infiltration by the plant roots. The water-plant dynamics
equilibrate on a faster time scale than the plant-herbivore dynamics, result-
ing in water availability being at its steady state value W*(P) which is a
function of the plant density P, of the form

P+ Kkl 1
(P) = Wi ) 1
wi(p) P+k uP+nry (1)

Here W,, is the precipitation, Iy the minimum water infiltration in the ab-
sence of plants, k a half saturation constant, u a coefficient relating specific




uptake of water by plants to water availability and ry is the rate of water
loss due to exogenous effects like evaporation.
Plant (P) and herbivore (H) densities evolve according to

P =hW*(P)P —mP — bHP (2a)

H =bgHP — dH — E. (2b)

Here m and d are the respective mortality rates of the plants and herbivores,
h relates the specific uptake of water by plants to water availability, b is the
per capita consumption of plants by herbivores and ¢ is a consumption-to-
growth conversion factor: the model assumes a linear relationship for the
consumption of plants by herbivores. The mortality rate for vegetation is
much higher than the one for herbivores, indicating that vegetation dynamics
operate faster than herbivore dynamics.

The values of these ecological parameters as they are used in this paper
are detailed in table Values are slightly modified from |[Rietkerk et al.
(1997a) and jvan de Koppel and Rietkerk (2000), who base them on earlier
experimental work done by van Wijngaarden (1985). Most parameters were
scaled in order to have plant and herbivore stocks in equilibrium similar
to those found in literature (Gebremedhn et al., 2023; Dixon et al., [2020;
Breman and de Wit, [1983).

We use the linear functional response bPH to model herbivore grazing.
Consumption by livestock is measured to be increasing almost linearly for
low plant densities while saturating at higher plant densities|Short| (1985). In
our areas of interest vegetation density stays within the linear regime, so it
is not necessary to use a saturating linear response function. The extraction
term E > 0 represents the off-take of animals for slaughter, self-consumption
or trade. Many rangeland models allow for negative extraction, that is, the
purchase of extra animals, but we assume this is not possible for subsistence
pastoralists with low savings and difficult access to markets.

Economic decisions. In the present paper, we model the pastoralists as a sin-
gle cooperative decision maker that aims at maximising a common objective.
This is not an unusual arrangement (Gulelat, |2002). We defer the analysis
of other decision structures to future work.

Our system is fully deterministic, and pastoralists are only able to set
constant extraction rates. This simplification allows us to look at the long-
term behavior of the system. In dryland systems, rainfall can be highly



Parameter | Description Value Unit Dimension
coefficient relating specific plant
h growth to water zfvalialabilit; 0.0015 | [m*mm™] [W%[T]
m specific loss of plant biomass 0.005 [d~1] ﬁ
er capita consumption b
b ierbivzres ! ' 0.0004 | [m*d~"g~"] [H]l[T]
consumption-to-growth 0.2 [gfl] [H]
conversion coefficient ’ [P]
d mortality rate of herbivores 0.002 [d~1] ﬁ
Win rainfall 0-3 [mm d~1] %
minimum water infiltration in
Iy the absence of plants, expressed 0-1 — I
as proportion of rainfall
coefficient relating specific
U uptake of water by plants to 0.002 — ﬁ
water availability
k half saturation constant 25 [gm?] [P]
T rate of water loss 0.1 [d™1] ﬁ

Table 1: Ecological parameters




variable from year to year, but averaged over decades it is relatively constant.
Given that we consider the dynamics over a long time period, as long as
disturbances are small enough to not cause a transition to another steady
state, the system has enough time to return to the original steady state.
Accordingly, we examine pastoralist benefits and utility in the steady-state
setting. We do, however, discuss the resilience of these steady states below.
We also note that in steady state, the dynamically optimal extraction rate
will be constant.

Pastoralists derive utility from two main sources: the sale of harvested
animals and ownership of a herd. The latter is generated by sale and con-
sumption of animal products such as milk, blood or wool, and the fact that
in many societies livestock ownership serves as a form of insurance and a
symbol of social status (Adriansen, 2006). Assuming utility to be linear
in both animal sales and herd ownership (Quaas et al., 2007; |Stigter and
Van Langevelde, 2004) yields

U:ch+qH, (3)

where U is the steady-state benefit stream. We omit discounting and more
complex utility structures as our analysis focuses on equilibrium outcomes
(Anderies et al. [2002). We also abstract from costs associated with either
harvesting or maintaining herds; pastoralists are constrained only by the eco-
logical capacity of the system. We normalize units by setting ¢, the marginal
utility gained by owning an extra unit of animals, equal to 1. The parame-
ter p. can be interpreted as the pastoralists’ valuation of monetary revenue
from selling animals on the livestock market relatively to keeping animals
for their ongoing products or social functions. Accordingly, p. serves as an
indicator of the degree of commercial orientation. Pastoralist groups that
primarily engage in commercial livestock production are characterised by
high values of p., while those who rely on herding for household subsistence
are described by lower values of p.. More commercial groups will produce
more if prices are higher, and some groups who are less commercially oriented
might still be convinced to sell some animals if the prices are high (Heron
and Gertel, 2011). An alternative interpretation of p, is ease of access to live-
stock markets. Pastoralists at large distances from markets will incur travel
costs; moreover, they are under more pressure making sales quickly and they
have fewer opportunities to acquire price information before travelling (Little
et al., 2014).



2.1. Nullclines and Steady States

The present section analyses the plant—herbivore system under time-
constant harvesting. For a full classification of the dynamics of the grazing
system without harvesting of the herd we refer tovan de Koppel and Rietkerk
(2000) and to |Langelaan et al. (2026). Without harvesting the model endoge-
nously generates cyclical behaviour between periods with an abundance of
plants and herbivores, and periods where the biomass of both is much re-
duced. We do not observe this behavior under constant harvesting, but we
do still observe bi-stability between multiple stable steady states, defining
qualitatively different ecological regimes.

First we give some general information about the nullclines and steady
states of the system before we discuss the full classification.

Steady states. We introduce the plant growth rate
rp(P) = hW*(P) —m.

The function rp(P) takes it maximum at a single point Py., > 0. We
only consider the parameter sets that allow for positive plant growth, i.e.
rp(Ppax) > 0. The plant growth rate in the absence of any plants, rp(0) =
w — m, determines whether the system can undergo irreversible or re-
versible changes. For the purpose of this paper, we call systems for which
rp(0) < 0 irreversible, as they have the possibility to irreversibly degrade
into a desert state where plants are unable to spread over barren soil. If
rp(0) > 0 plants can proliferate over barren soil and we call these systems
reversible. See figure [1]

-0.02

-0.04

Figure 1: Plant growth rate, arid grazing system

For irreversible systems, characterized by rp(0) < 0 < rp(Ppax), the
growth rate has a single zero P. in the interval between 0 and P,... The
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growth rate also has a single zero P, in the interval that runs from P,
to infinity: this is the carrying capacity of the grazing system, that is, the
steady state grass biomass if there are no herbivores.

Introducing the plant growth rate allows us to rewrite the plant dynamics

as: )
P =rp(P)P—bHP = (rp(P) — bH)P (4)

Plant biomass growth is zero, that is P = 0, if (P, H) is on the first nullcline
N, : P=0 or H=rp(P)/b. (5)

Similarly, the herbivore dynamics, given by equation (2b), implies that for
positive extraction, £ > 0, herbivore biomass growth is zero on the second
nullcline

E

Ny : H=—+—. 6
> boP —d (6)

Under positive extraction, there are therefore either two or no steady
states with positive plant and herbivore biomasses, depending on whether
nullclines N; and N, intersect or not: we denote these intersections as
(Pg, Hg) and (P,,, H,,), see figure[2l We find that the maximal grass biomass
state under extraction state (P,,, H,,) is always a saddle, while the grazing
state (Ppg, Hg) is either stable or unstable, depending on conditions and
choice of extraction.

1.0p
0.8F
0.6

0.4F

0.2}

Figure 2: Nullclines under Constant Extraction

A constant positive extraction rate £ > 0 cannot be sustained at the
boundary H = 0, as positive extraction is not possible from a depleted herd.
Therefore, we have to require £ = 0 if H = 0: at the boundary, the dynamics
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reduces to pure plant dynamics. This means that for irreversible systems,
the degraded state (P, H) = (0,0) is a stable steady state, as whenever the
plant population drops below P,., deterioration of the plant stock cannot
be prevented by fully removing the herds. Alleviating grazing pressure by
increasing the extraction does not prevent tipping in this case, as the plant
density is already too low to enable sufficient water infiltration for new plant
growth.

Mandating E = 0 at the boundary also means that if P. > 0 and Py; > 0,
the boundary points (P.,0) and (P, 0) are steady states, which are respec-
tively locally unstable and locally stable with respect to the plant-only dy-
namics. We repeat that only irreversible systems have positive critical points
P. > 0. Very dry systems have Py; < 0, which means only the desert steady
state exists.

3. Stability and Resilience

3.1. Classification

We outline the various equilibrium configurations of the system that arise
from differences in site-specific characteristics (e.g., soil type and rainfall)
and from alternative choices of the extraction level E. As seen in figure
2 internal equilibria only exist when nullclines N; and N, intersect. As
E increases, the nullcline Ny shifts upwards, until it no longer intersects
Njp: that is, if the level of extraction E is too high, there is no internal
equilibrium. The maximum extraction that still allows for a steady state is
the one that causes these nullclines to have exactly one common point, i.e.,
the nullclines are tangent. This extraction level is the maximum sustainable
yield (MSY), which has earlier been introduced for fishery models but has
also been applied to grazing systems (Barlow, [1987). For extraction levels
below the maximum sustainable yield there exist two internal steady states:
the grazing state (Pg, Hg) which is either an attractor or a repeller and the
maximum vegetation state (P,,, H,,) which is always a saddle. With regards
to the main issue, namely the existence and stability of the grazing steady
state, we therefore identify three main configurations.
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all trajectories converge to zero herd size, i.e. the boundary H = 0.
This happens when extraction is higher than the maximum viable yield.

e Non-resilient Extraction. The grazing state is locally unstable, so
theoretically long-term extraction is possible, but it can easily be dis-
rupted in which case the herd size converges to zero.

e Stable Extraction. The grazing steady state is locally stable. It is
not the sole attractor of the system: trajectories outside of its basin of
attraction converge to a zero herd size.

Figure [3| shows which levels of extraction and base water infiltration I
result in one of the three aforementioned configurations for a given level
of precipitation, in this case W;, = 5. Also indicated is for which base
infiltration levels the system is reversible or irreversible. Phase diagrams
with sample trajectories starting from various initial conditions illustrating
possible evolutions of the plant and herbivore stocks are shown for each
configuration in figure[5] The basin of attraction of the locally stable grazing
state is indicated by a dashed line. If the initial plant and herbivore stocks
are such that they are located within this basin of attraction, the chosen
extraction level will result in a trajectory towards the steady state. Outside
of this basin of attraction, all trajectories converge to the boundary H = 0.

When herds are completely depleted, extraction is no longer possible and
only the plant dynamics without grazing are relevant. For reversible systems,
this means that the plant density will recover to the maximal vegetation
steady state P, after the herds are gone, as plants can regrow even at low
densities. If the system is irreversible, whether the system fully degrades
depends on the state of the plant cover after the depletion of the herds. If
plants are less abundant than the critical density P., the system will degrade
to the desert equilibrium without any plants or herbivores, while if enough
plants are left, i.e. P > P., the plant population will recover to P, in
a similar way to reversible systems. The difference matters: if the system
ends up with a non-zero plant biomass, a herbivore population can always
be reintroduced at a later time by acquiring animals from outside the system
and economic viability could theoretically be restored. However if the system
is irreversibly degraded, no such restoration effort can be made.

The saddle equilibrium only attracts trajectories whose initial conditions
of plant and herbivore densities are located exactly on the stable saddle-
paths. Small variations on this path cause the trajectory to converge to a
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different state, so in practice it is unlikely the system will end up in the
saddle state.
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For dryland grazing systems, sandy soils allow for a higher water infiltra-
tion, while clayey soils allow for less water infiltration [Rietkerk et al.| (1997b).
Figure 4| shows the classification diagram when the soil type I is constant
and both extraction and rainfall are varied. We obtain the striking result
that for clayey soils, which are generally irreversible, a positive extraction is
necessary to even exhibit a stable grazing equilibrium. Without human man-
agement, the herbivore biomass is not stably viable, and high initial stocks
might even degrade the system irreversibly.

More sandy soils are reversible for a larger range of rainfall levels as can
be seen in the second panel of figure [4] If a grazing equilibrium is possible
under extraction, it is almost automatically also stable, as the non-resilient
extraction configuration only includes a small range of parameters.

|, Unsustainable Extraction Wiy = 1; Ty = 04; E = 0.01; |, Non-Resilient Extraction Wiy = 1; Ty = 0.15; E = 0.001;
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Figure 5: Phase Diagrams of the three configurations. Sample trajectories are indicated
with solid lines, nullclines with grey dash-dot lines and the vulnerability frontier with a
grey dotted line. For (c), the boundary of basin of attraction of the stable grazing state
is indicated with a dashed black line.
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3.2. Resilience

Now that we have mapped under which conditions grazing under extrac-
tion is stable, we aim to give some measure of the resilience of this stable
grazing state. We use the definition of ecological resilience as introduced
by Holling| (1973). This refers to the extent of a shock that a system can
absorb while still returning to its original steady state. For one-dimensional
systems this is the distance between the steady state and the boundary of its
basin of attraction. For systems with higher-dimensional state spaces, the
geometrical minimum distance to the boundary of the basin of attraction in
any direction has been used as a resilience measure Anderies et al.| (2002);
Krakovska et al.| (2024); |Dakos and Kéfi (2022).

In our context, we consider shocks that affect only one population —
either plant density or herbivore density — since we expect that ecological
shocks (such as diseases affecting cattle or droughts affecting vegetation)
typically impact only one of these populations at a time. Droughts generally
cause a collapse of both the the plant and herbivore stock, but the excess
mortality of herbivores is mostly because of malnutrition, which is already
endogenously captured in our model |Catley et al.| (2014). We call these
H-shocks and P-shocks respectively. Additionally, we focus on shocks that
affect the system in the negative direction, that is, shocks that reduce stock
levels. Our resilience measure is hence the distance between the steady state
stock level and the boundary of its basin of attraction in a single dimension,
in the negative direction. Additionally we make a distinction to what we
call Irreversibility Resilience and Management Resilience, which is explained
below.

P-shocks that bring the plant stock from the steady state to below the
critical plant cover P, will irreversibly degrade the system. We hence define
the difference of the steady state plant cover to the critical cover Ry = Pg— P,
as the Irreversibility Resilience. The system is resilient to irreversible change
as long as shocks are smaller or equal to its irreversibility resilience. See
figure [6]

If a P-shock shifts the state variables beyond the basin of attraction of
the steady state (Pg, Hg), yet the plant cover does not fall below P., an
appropriate policy change can return the system to the steady state. That
is, outside of the basin of attraction of the steady state, pastoralists could
apply a different extraction rate — possibly negative or time-varying — to
move the system back to the steady state. We hence call the distance in the
negative P-direction from the steady state to the boundary of its basin of
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attraction the management resilience of the chosen policy. The management
strategy, that is the chosen extraction level, is resilient to shocks up to this
value. For a shock larger than the management resilience, the policy has to
be changed for the system to sustainably allow economic activity, i.e. to have
a stable non-zero herbivore populationE]

H-shocks only affect the herbivore stock and do not affect the plant den-
sity directly. Consequently, H-shocks never cause the plant density to fall
below P. and hence never irreversibly degrade the system. H-shocks do cause
a depletion of the herd if pastoralists do not change their extraction rate, but
the plant density will converge to the maximal vegetation state Py;. As there
are no shocks to the herbivore population that can cause irreversible changes,
there exits no irreversibility resilience in the H-direction and we just consider
management resilience in the H-direction, as seen in figure [6]

The kinds of resilience we therefore consider are: irreversibility resilience
in the P-direction, management resilience in the P-direction and lastly man-
agement resilience in the H-direction. While our study focuses on resilience
with respect to shocks, we do not explicitly model the probability of different
shock sizes or their arrival rate. This is in line with the focus, in this paper,
on the asymptotic, rather than the transient, system behaviour. Figure [6]
visualizes the shocks and corresponding resiliencies that we consider in our
analysis. Future work could explore how shock probabilities interact with re-
silience measures to provide a more comprehensive understanding of system
vulnerability.

4. Pareto Optimal Resilience and Profits
4.1. Utility-Resilience trade-off

Figure [7] illustrates how management resilience and irreversibility re-
silience respond to changes in extraction level. Irreversibility resilience in-
creases with extraction, as higher extraction levels lead to equilibria with
fewer herbivores and consequently greater plant biomass, without altering the

!To be precise: if a shock brings the system in a state from which it then is on a
trajectory that would cause it to drop below P., pastoralists would increase the extraction
to alleviate the grazing pressure to boost plant growth, while later reducing the extraction
again to allow the herd to recover. If the system would be shocked to a state in which just
the herd would converge to zero, decreasing the extraction immediately should allow the
herd enough respite to regrow.
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Figure 6: Irreversibility Resilience and Management Resilience in an irreversible system.
The dashed line marks the boundary of the basin of attraction of the steady state G. The
grey region indicates the initial conditions that lead to desertification under any extraction
policy.

critical plant biomass at which irreversible systems collapse to a desert state.
The effect of extraction on management resilience, however, is site-specific.
We consider three representative cases: two irreversible systems—one with
low rainfall and medium water infiltration (a) and another with high rainfall
and low water infiltration (b)—and one reversible system characterized by
high rainfall and medium water infiltration (c).

For irreversible systems with low water infiltration (panel b, Figure ,
management resilience exhibits a non-monotonic response to extraction, with
an internal maximum. In systems with higher infiltration and lower rainfall
(panel a), management resilience declines monotonically with extraction. For
reversible systems (panel c¢), management resilience again displays a non-
monotonic profile with an internal maximum. These patterns indicate that,
if managers are aware of site-specific characteristics, extraction levels can be
adjusted to maximize system resilience. In all cases, increasing extraction to
the highest level that still supports a stable steady state results in minimal
management resilience.

Whether such an extraction strategy is economically optimal depends on
the aggregate benefit streams at that extraction level. Utility from livestock
sales increases linearly with extraction, whereas herd utility—which directly
reflects herd size—declines with extraction. Hence, herd utility is maximized
under minimal extraction, while extraction utility peaks at maximal extrac-
tion. The extraction level that maximizes total utility therefore depends on
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the normalized livestock price p., which governs the slope of the extraction
utility function.

As noted by [Perrings and Walker (2004), moderate levels of exploitation
can enhance the resilience of grazing systems. Comparable visualisations of
resilience—utility relationships have been used in other models, such as that
of |Anderies et al. (2002).
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Figure 7: P-resilience and utility as function of extraction.

21



Utility

Extraction trade-off; Wi, = 2; Iy = 0.1; p. = 300;

‘H—R(‘s‘ilium"v

(a) Io
soil).

0
0.01 0.03 0.06

Extraction

0.02 0.04 0.05

0.1, Irreversible system (clayey

Utility

Extraction trade-off; Wi, = 2; I = 0.3; p. = 300;

(b) Io
soil).

- 0
0.02 0.03 0.05 0.06

Extraction

0.04

0.3, Reversible system (sandy
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4.2. Resilience as function of price for utility maximizing pastoralists

Assuming that pastoralists choose the extraction level that maximizes
utility for a given livestock price, it is possible to infer a relationship between
resilience and price. Figure [J illustrates this relationship for P-resilience.
Higher livestock prices increase irreversibility P-resilience, making the sys-
tem more resistant to collapse-inducing shocks. In contrast, management
P-resilience tends to decline with increasing prices. However, in cases with
higher rainfall—illustrated in panels (b) and (c)—an increase in price can
initially enhance management resilience. This positive effect persists only up
to a threshold price level, beyond which resilience declines again.

Higher prices also widen the gap between irreversibility and management
resilience. Consequently, the ecological system itself becomes more resilient,
while the robustness of the extraction policy decreases. While irreversible
changes to the ecosystem are unwanted, reversible changes can also have
severe consequences. When herds disappear, due to a shock greater than
the management resilience, it can lead to famine, even if herbivores could
successfully be reintroduced at a later point in time. Therefore, for local
populations, management resilience can be as, if not more, important as
irreversibility resilience.

Figure [10| shows that moderate price increases, which incentivize higher
extraction, can enhances management H-resilience in irreversible systems.
In contrast, such price increases do not yield similar benefits for reversible
systems.
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4.3. Utility-Resilience Pareto Frontiers

In the previous subsection, we examined the relationship between re-
silience and livestock prices for utility-maximizing pastoralists. As shown in
Figure [7 a trade-off exists between different forms of resilience and utility.
Figure [11] plots utility versus resilience for all viable extraction levels. It be-
comes clear that some extraction levels result in combinations of utility and
resilience which are Pareto optimal, that is the values of utility and resilience
cannot both be increased at the same time by varying the extraction. The
extraction levels that yield Pareto-efficient combinations of resilience and
utility form a Pareto frontier. It is possible that only a single extraction level
is Pareto optimal, in that case the Pareto frontier consists of a single point,
see for example panel (c) of figure [l1] Any combinations with a lower re-
silience or utility than those on the Pareto frontier are minimally achievable,
see panels (b) and (d) of figure while any outside are not achievable at
all.

Figures[I2|and [I3|map Pareto frontiers for different site-specific properties
rainfall W, soil type [ and extraction utility factor p.. Dashed lines indicate
the maximum values of utility and resilience that can be achieved. For P-
resilience, both management and irreversibility resilience are shown.

Figure shows that at high prices, the Pareto front for management
P-resilience has a negative slope. This implies that managers can increase
management resilience only at the expense of utility—or equivalently, in-
crease utility by reducing resilience. Regardless of site-specific properties,
the slope of the Pareto front becomes steeper at higher prices, indicating
that managers must forgo relatively more utility to achieve marginal gains
in resilience.
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Figure 12: Utility- P-Resilience Pareto fronts for different soil types and livestock prices.
Medium rainfall (Wi, = 5). Note that scales differ between clayey and sandy soils, as the
latter support steady states with much larger stocks.

Considering irreversibility resilience, at high prices only the maximum
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extraction level is Pareto-optimal. This is favourable for managers focused
solely on irreversibility resilience, as a single policy simultaneously maxi-
mizes both utility and resilience. At low prices, however, the irreversibility-
resilience frontier slopes downward: herd utility becomes relatively more
important, so increasing utility by reducing extraction leads to lower irre-
versibility resilience.

Only in panel (c)—the case of an irreversible system with high rainfall,
clayey soil, and low prices—is it possible to select an extraction level that
is not utility-maximizing but is Pareto-optimal for both management and
irreversibility resilience. Under all other conditions (panels a, b, and d), only
one form of resilience can be Pareto-efficiently improved at the cost of utility,
which simultaneously results in a non—Pareto-optimal level of the other form
of resilience at that utility level.

Figure [13| presents the Pareto frontiers for management resilience in the
herbivore direction and utility. Similar to management resilience in the plant
direction, the slope of the Pareto front becomes steeper at higher prices, and
this effect is more pronounced in reversible systems. Although favourable
environmental conditions allow for larger herds and greater extraction, this
also reduces the basin of attraction, making the system more susceptible to
disturbances that can drive it out of equilibrium.

Figure[14] shows the same Pareto fronts as in figures[12] and [I3] normalised
to the maximum achievable values of utility and management resilience. It
is clear that the trade-off between H-resilience and utility becomes much
steeper for higher prices, but also for less vulnerable systems. The trade-off
between P-resilience and utility is relatively flat, also for higher prices. For
P-resilience we see a different effect with respect to variation in site-specific
properties, where systems with low rainfall and medium water infiltration
(green line in panel (b), figure[l4) have a steeper trade-off than less vulnerable
systems with higher rainfall (compare yellow line). This indicates that both
site-specific properties and market forces are important for the realisation of
resilient grazing strategies.

Perhaps the most striking conclusion that can be drawn from these Pareto
frontiers, is that they are relatively flat. This means that pastoralists only
have to give up little utility to gain a relatively large increase in resilience.
This mechanism could explain why some pastoralist societies do already boast
considerable resilience (Heron and Gertel, [2011).
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Figure 13: Utility- H-Resilience Pareto fronts for different soil types and livestock prices.
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5. Discussion

This paper presents two main results. Firstly, we show that changes
in livestock prices influence both irreversibility resilience and management
resilience through pastoral extraction decisions. Irreversibility resilience in-
creases at higher livestock prices, while management resilience rises with
moderate price increases but declines at higher price levels. Secondly, we
identify the extraction levels that lead to Pareto-optimal combinations of
utility and resilience. Under most conditions, utility and resilience can be
traded off, and the steepness of this trade-off depends on livestock prices.
Not all pastoralist systems are equally responsive to market prices, so our
prices can also be interpreted as the geographical and cultural distance to
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markets. Higher prices model pastoralist groups which are more inclined to
commercial production of livestock and have better access to markets, while
lower prices model those groups which focus on maximising their herd size
for utility, rather than trade of animals.

Our analysis goes beyond the work of Vignal et al. (2023), who examined
how alternative extraction rules affect resilience in a comparable dryland veg-
etation—herbivore model. Here, we incorporate the utility streams of pastoral
households and distinguish explicitly between management and irreversibil-
ity resilience. This adds an economic dimension to the discussion by linking
off-take decisions to livestock prices, thereby revealing how market conditions
and preferences shape the resilience of coupled social-ecological systems. In
regions such as coastal West Africa, where demand for meat is rising, high
prices may stimulate greater off-take (Turner and Williams, 2002; OECD,
2025). In contrast, in Mongolia, where income relies more on products like
cashmere and where cultural value is attached to herd size, economic incen-
tives stimulate higher herd sizes (Berger et al., [2013; Mearns, 2004).

Pastoral systems have long been described as highly adaptive, using herd
mobility and resource diversification to buffer ecological variability (Adri-
ansen, 2005; Freier et al.; 2014). In our model, extraction primarily represents
the removal of animals from the herd by market sales or consumption. In-
creasing extraction improves resilience to regime-shifting shocks by reducing
grazing pressure. For further research, modifications to the dynamic equa-
tions and the utility function could be made to allow the incorporation of
spatial redistribution of grazing pressure through herd movement. The way
herbivore spatial redistribution is organised is heterogenous across different
pastoral systems, ranging from full nomadism to transhumance. Future work
could explore how the resilience of one such system depends on further mar-
ket incentives, preferences and heterogeneity between pastoralists (Turner
et al., 2014; Hauck and Rubenstein, [2017).

Our findings on herbivore shocks align with observations from field stud-
ies. Pastoralists with larger herds are often more resilient because they can
sell part of their livestock during droughts to purchase supplementary feed
while maintaining a viable herd size (Moritz et al., 2017; |Ouédraogo et al.,
2021). In our model, larger herds similarly enhance resilience to herbivore
shocks, providing a buffer against mortality losses during dry periods.

The model has several limitations. Constant harvesting represents a rigid
management strategy. Allowing adaptive harvesting, where off-take responds
dynamically to vegetation or herd size, could better capture subsistence main-
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tenance under stress. The current framework also assumes equilibrium con-
ditions and does not include inter-temporal trade-offs. Incorporating dis-
counting and dynamic optimisation could improve understanding of how
short-term economic pressures interact with long-term ecological stability.
The concept of management resilience would benefit from the introduction
of discounting, as it enables evaluation of the discounted value loss when a
management strategy has to be adjusted on a trajectory back to an equilib-
rium.

A long-standing debate surrounds whether equilibrium models are suit-
able for representing dryland systems, which are characterised by high vari-
ability and extreme events. Empirical and modelling studies from the Sahel
have suggested that excessive stocking rates have accelerated land degrada-
tion and overgrazing (Hein and Ridder} 2006; Rahimi et al., |2021), while
other have challenged this view (Descroix et al.,|2024). For a full overview of
this discussion we refer to Vetter (2005); |McCabe et al.| (2025). Our model
follows the equilibrium tradition as it allows for a tractable identification of
the relationships between resilience and economic and cultural preferences.
Additionally, it has been argued that not all drylands have sufficient high
variation in rainfall for non-equilibrium theory to be applicable (Turner and
Schlecht} |2019). Our model, being an equilibrium model, shows that extrac-
tion decisions meditated by markets and cultural preferences influence both
the thresholds of regime shifts and the capacity for recovery. Higher extrac-
tion may lower stocking rates and thus reduce vegetation pressure, but it also
erodes the ability to adjust when shocks occur, conclusions that also align
with non-equilibrium theory.

Our mean-field approach omits spatial and temporal variability such as
seasonality, inter-annual rainfall fluctuations, and vegetation self-organisation.
This last factor is known to enhance resilience by enabling local recovery and
pattern formation (Rietkerk et al.. 2021). However, we hypothesize that in-
cluding it would not alter our results, as grazing by herbivory dampens the
extra resilience by vegetation self-organisation (van de Koppel et al., 2002).
Our way of incorporating shocks already models major variation in rainfall,
and we think adding seasonality or smaller year-by-year variation would not
alter our results significantly, as they would not affect the key mechanisms
governing the relationships between resilience and pastoralist preferences.

Finally, we treat pastoral utility and ecosystem resilience as separate out-
comes. Other studies have included resilience directly in the utility function
by weighting it as part of welfare (Baumgartner and Strunz, 2014; |Derissen
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et al., 2011). By keeping utility and resilience distinct, we are able to show
how preferences and market dynamics interact to produce resilience outcomes
without presupposing that resilience itself is valued. The Pareto frontier be-
tween utility and resilience makes these trade-offs explicit and allows evalua-
tion of how much resilience can be maintained for a given subsistence utility
level.

Resilient management of ecosystems is not only about the ecosystems
themselves, but just as much about the people who inhabit them and de-
pend on them for their livelihoods. In this paper, we contribute to better
understanding about the effects of local cultural and economic preferences on
the resilience of arid and semi-arid grazing systems, especially in a time where
these preferences might be subject to change in a ever globalizing world.
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