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abstract: Under gradual change of a driver, complex systems may
switch between contrasting stable states. For many ecosystems it is
unknown how rapidly such a critical transition unfolds. Here we ex-
plore the rate of change during the degradation of a semiarid eco-
system with a model coupling the vegetation and geomorphological
system. Two stable states—vegetated and bare—are identified, and
it is shown that the change between these states is a critical transi-
tion. Surprisingly, the critical transition between the vegetated and
bare state can unfold either rapidly over a few years or gradually
over decennia up to millennia, depending on parameter values.
An important condition for the phenomenon is the linkage between
slow and fast ecosystems components. Our results show that, next
to climate change and disturbance rates, the geological and geomor-
phological setting of a semiarid ecosystem is crucial in predicting its
fate.

Keywords: critical transition, geomorphology, slow transient, model
emulation, process-based model, minimal model.

Introduction

A gradual change in a driver of a complex system may re-
sult in a critical transition, which is a switch between con-
trasting equilibrium states (cf. reviews in Beisner et al.
2003; Scheffer 2009). Critical transitions are mostly stud-
ied by considering the system in equilibrium with its driv-
ers (e.g., Janssen et al. 2008). The transition then occurs
at the tipping point, which is the threshold value of the
driver that, once exceeded, results in a considerable change
of the system. For studies considering the response of an
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ecosystem to changes in drivers over time, this equilibrium
assumption implies instantaneous change in the system
state when the tipping point has been reached. Recently,
however, it has become increasingly clear that ecosystems
may exhibit a slow transition between equilibrium states
because of a low rate of change in the system when it is
pushed over a tipping point (Van Geest et al. 2007; Hughes
et al. 2013). As a result, ecosystems may show a delayed re-
sponse to changes in drivers. Contrary to conventional
knowledge, this implies that a critical transition in the sys-
tem equations may result in a gradual (instead of instanta-
neous or relatively rapid) change in ecosystem state. This
may have important implications for explaining transi-
tions in coupled climate-vegetation-soil systems (Kröpelin
et al. 2008; Dusar et al. 2011) and for understanding desert-
ification and land degradation in semiarid regions (Pickup
1999; Thornes 2007; Vicente-Serrano et al. 2012). Also, be-
cause slow transitions delay the switch between stable states,
they are a determinant of the window of opportunity to re-
pair a collapsed ecosystem (Biggs et al. 2009; Balke et al.
2014). Given these important implications, it is somewhat
surprising that slow transitions have thus far received lim-
ited attention in ecological research. As a consequence of
this limited attention, it remains thus far unknown whether
their effect is widespread in ecosystems and whether they
consistently appear in a particular ecosystem or sometimes
also rapid transitions occur in the same ecosystem.
Here we hypothesize that both slow and rapid transients

may appear in an ecosystem, in particular, when the eco-
system contains slow and fast, interacting subsystems,
which is the case in many systems, for instance, dune veg-
etation (Siteur et al. 2016), food webs (Stenseth et al. 1997),
evolutionary dynamics (Marrow et al. 1996), and lakes
(Van Geest et al. 2007). We take a semiarid ecosystem as
an example. In this ecosystem, vegetation growth is in-
terrelated with soil status, and critical transitions are
expected to exist that include combined changes in the
vegetation and soil compartments of the ecosystem. Veg-
1.105.059 on December 04, 2017 01:11:52 AM
s and Conditions (http://www.journals.uchicago.edu/t-and-c).



E146 The American Naturalist
etation responds generally rather quickly to changes in
drivers, mostly over months or years, and it is thus hy-
pothesized that it may cause rapid transients of the system
as a whole. However, processes changing soil attributes—
such as soil formation from bedrock or water erosion—are
generally slow, resulting in changes in soil attributes over
large periods of time (∼101–104 years; Schaetzl and Ander-
son 2005). Because soil properties may affect vegetation
growth (Rietkerk and Van De Koppel 1997; Rietkerk et al.
1997; Scheffer et al. 2005; Thornes 2007), changes in the
slow soil system might result in a slow transition of the eco-
system as a whole. However, it is unclear how the link be-
tween soil and vegetation affects the transient and under
what conditions a slow transition might occur. Thus, our
key questions are whether both rapid and slow transients
occur in semiarid ecosystems and, if this is the case, what
mechanisms determine the duration of the transient.

Addressing these questions requires investigating a fully
coupled system linking vegetation, water, and soil compart-
ments. Here, we follow this approach by numerical mod-
eling of a semiarid ecosystem. We build on existing stud-
ies coupling vegetation and soil evolution (in particular,
Thornes 1985, 2007; revisited in Wainwright and Parsons
2010) by including the effect of changes in runoff pattern
and soil depth, affecting runoff and water available for the
vegetation, and overland flow affecting vegetation growth.

Using aminimal lumped (nonspatial)model of vegetation-
soil dynamics, we first investigate the occurrence of a crit-
ical transition, which is hypothesized to explain the widely
occurring land degradation process (Rietkerk et al. 1997;
Thornes 2007) because of overgrazing or climate change.
Our study involves a change from a healthy ecosystem with
high biomass and thick soils to a system with ultimately zero
biomass and bare bedrock. Next, we investigate how rapidly
the critical transition unfolds and how the speed of the tran-
sient depends on the value of key ecosystem parameters. We
use simulations with a more complex spatially explicit
model to support the identification of the minimal model
and to evaluate whether it shows the same qualitative be-
havior as the minimal model.
The Minimal Model

Critical transitions in modeled systems are mostly studied
using minimal models (sensu Van Nes and Scheffer 2005),
because these lumped analytical models enable finding
system properties—in particular, fixed points (stable equi-
libriums)—through analytical analysis. Here we follow the
same approach. In the identification of the minimal model
equations, however, we cannot fully rely on existing stud-
ies because current studies that use minimal models often
do not include soil evolution and erosion, apart from
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Thornes (1985, 2007; revisited in Wainwright and Parsons
2010). Therefore, we use simulations of a spatially explicit
model—with a conceptualization of processes that aremostly
validated in the literature—to support the identification
of the equations and parameters of the minimal model. In
addition, the spatially explicit model is used to evaluate
whether it shows the same qualitative behavior as the min-
imal model. By following this approach, we believe that the
strengths of minimal models (allowing analytical analysis)
and spatially explicit models (capturing processes in more
detail) are combined, increasing the credibility of the
models.
Before introducing the minimal model, we first provide

key references to process descriptions of the spatially explicit
model on which it is based (details provided in app. A;
apps. A–F are available online). The hydrological compo-
nent of the model represents rainfall, evapotranspiration,
rainfall canopy interception, infiltration, and overland flow
(Rodríguez-Iturbe and Porporato 2004; Karssenberg 2006;
Brolsma et al. 2010). Vegetation is simulated by biomass
growth, biomass maintenance, and diffusion equations
(Noy-Meir 1975; Rodríguez-Iturbe and Porporato 2004).
Changes in soil thickness over time are governed by soil
formation through bedrock weathering, soil creep, and ero-
sion of soil material (Morgan and Duzant 2008; Heimsath
and Burke 2013). Multiple couplings between hydrology,
vegetation, and soil have been incorporated. The model
represents an 80# 40-m hillslope.
The equations of theminimal model are derived from the

spatially explicit model by incorporating its process equa-
tions in a lumped fashion or using simplified conceptual
representations of spatial processes. As a result, a parameter
in the minimal model often lumps multiple, spatial, pro-
cesses. It is therefore hard to identify realistic lumped pa-
rameter values from literature or expert opinion. To cir-
cumvent this problem, the spatially explicit model was
run with inputs typical for semiarid ecosystems, and the
parameters of the minimal model were then tuned to the
output of the spatially explicit model. This set of parameter
values of the minimal model can be considered representa-
tive of a semiarid ecosystem referred to below as the stan-
dard ecosystem. Appendix B gives a more extensive de-
scription of the methodology used to identify the minimal
model and its parameters.
The minimal model consists of two differential equa-

tions. The parameter values given below are those of the
standard ecosystem. The change in biomass B (kg m22)
is modeled as
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(fig. 1E). The first term is the growth rate dependence on
soil depth and biomass (fig. 1A). The second part of the
first term corresponds to the well-known overharvesting
model (Noy-Meir 1975; May 1977), which was shown to
be applicable to vegetation growth in semiarid regions
(cf. Thornes 2013), with growth rate r (2.1 years21) and
carrying capacity c (2.9 kg m22) representing the growth
rate for an infinite thick soil. The growth rate reduces with
decreasing soil depth because a larger proportion of net
rain is lost to overland flow as a result of increased saturated
overland flow. In addition, because of increased overland
flow, damage to the vegetation increases as a result of seed
loss (Yu et al. 2016) and rill and gully formation (Valentin
et al. 2005). This is represented by the first part of the first
term, which is between i and 1, where i (20.7) is the reduc-
tion factor at zero soil depth and d (0.04 m) is a soil depth
range parameter. The second term (fig. 1C) represents graz-
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All use subject to University of Chicago Press Term
ing, modeled with the Michaelis equation, which is sup-
ported by experimental data (cf. Noy-Meir 1975). It uses g,
the grazing pressure (which is 1.76 kg m22 year21 in fig. 1),
and s (0.4 kg m22), the biomass where the grazing is 0.5g.
The change in the soil depth D (m) is

dD
dt

p
W0e2aD 2 e2B=b[Et 1 e2D=k(E0 2 Et)]2 C for D ≥ 0
0 for D p 0

�
ð2Þ

(fig. 1F). The first term represents soil formation, which is
bedrock recession normal to the surface by bedrock weath-
ering (fig. 1B) and is the same as the exponential function
used in the spatial model. The exponential form is well
constrained by a number of empirical studies (Heimsath
and Burke 2013; Larsen et al. 2014; Stockmann et al. 2014).
It uses the soil formation rate W0 (5# 1024 m year21) for

ð2Þ
Figure 1: Terms of minimal model equations (1) and (2) plotted against biomass B and soil depth D for default parameter values of the
standard ecosystem, resulting in a stable equilibrium. Vegetation system: vegetation growth term (A), grazing term (C), and net growth
dB=dt (i.e., growth term minus grazing term; E). Soil system: soil formation (B), soil loss (water erosion plus creep terms; D), and net soil
depth increase dD=dt (i.e., soil formation minus soil loss; F). Solid line, stable nullcline; dashed line, unstable nullcline. Arrows indicate di-
rection of change.
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bedrock without a soil cover (D p 0) and the soil formation
exponent a (4.0 m21). The second term and the third term
represent soil loss (fig. 1D). The second term is soil loss
due to water erosion. It uses Et , which should be interpreted
as the erosion rate (0.021 m year21) at zero biomass and an
infinite soil depth. When soil depth reduces, the erosion in-
creases because of the reduced maximum water storage of
the soil, resulting in an increased overland flow generated
by saturation of the soil. This effect is represented by E0,
which is the erosion rate (0.084 m year21) reached when soil
depth approaches 0 (note that at zero soil depth, no erosion
will occur), and the parameter k (0.05 m21), determining the
dependence of erosion on soil depth. When biomass B in-
creases, erosion decreases mainly because of increased rain-
fall interception and increased infiltration capacity of the
soil, reducing runoff. This is represented by the exponent
containing b (0.28 m2 kg21), using an exponential form cor-
responding to findings from empirical studies (cf. Thornes
2013). The third term, C (1# 1024 m year21) is the soil loss
by creep, which is taken equal to the fall of the drainage level
at the bottom of the hillslope. By setting the rates of change
given by equations (1) and (2) to 0, the two equations of
equilibria for the vegetation and soil subsystems are found,
referred to here as nullclines. Appendix E gives these equa-
tions and a number of other mathematical properties of the
minimal model.
Properties of the Minimal Model

The minimal model represents key processes of the
vegetation-soil system. The vegetation system is determined
by biomass growth (fig. 1A) and grazing terms (fig. 1C). The
biomass growth term decreases in magnitude with de-
creasing soil thickness. At a high soil thickness, biomass
growth is positive and the growth term in equation (1)
reduces to the growth equation used by Noy-Meir (1975).
Below a soil thickness of ∼0.15 m, biomass growth reduces
considerably, even becoming negative at very low soil thick-
ness values (fig. 1A). This is due to an increased loss of rain-
fall water to overland flow when the soil depth becomes
smaller, resulting in a smaller amount of water available
for the vegetation. Also, the increased overland flow causes
an increase in direct damage to the vegetation during rain-
fall events, which is why the biomass growth term becomes
negative at low values of the soil thickness. The reduction
in the value of the biomass growth with reducing soil
depth has a profound effect on the behavior of the vege-
tation subsystem. A tipping point occurs in the vegetation
subsystem at a soil depth value of ∼0.1 m. Above this value,
the soil is sufficiently thick to support a vegetation cover
and a stable equilibrium exists (fig. 1E), in addition to an un-
stable one. Below this soil depth, biomass collapses to zero
biomass.
This content downloaded from 131.21
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Soil depth is determined by soil formation and soil loss.
The soil formation increases with decreasing soil depth
(fig. 1B) in the same manner for all values of biomass, be-
cause it is assumed that the amount of biomass has a neg-
ligible effect on soil formation. The soil loss increases con-
siderably with decreasing biomass (fig. 1D), in particular,
below biomass values of approximately 1 kg m22. This is
caused by an increase in net rain reaching the soil, re-
sulting in increased erosion by raindrop impact and over-
land flow. In a similar fashion, soil loss increases with de-
creasing soil depth, particularly below a soil thickness of
∼0.15 m, which is due to the reduced water storage capac-
ity of thinner soils, resulting in an increased overland flow
due to saturated soil conditions. However, this increase
is negligible at higher biomass values (fig. 1D), because
higher biomass results in increased evapotranspiration
(which keeps the soil dry) and increased rainfall intercep-
tion, resulting in a less saturated overland flow. A change
in the behavior of the soil system occurs at a vegetation
cover of ∼1.3 kg m22 (fig. 1F). Above this value, the bio-
mass is sufficiently high to protect the soil, and the direc-
tion of change in the soil system (when keeping vegetation
cover fixed) is toward the stable nullcline of the soil sys-
tem, as indicated by the arrow in figure 1F. Below this
value, the direction of change in the soil system is toward
zero soil depth (when vegetation cover is fixed), as indi-
cated by the second arrow in figure 1F.
When both subsystems are in stable equilibrium, the

ecosystem is in equilibrium, which is represented by the
intersection of the nullclines, as shown by the red circle
in figure 2A. A small disturbance of the system pushing
it away from this equilibrium would lead to a return to
its equilibrium, along the lines shown in figure 2B. Larger
disturbances resulting in a change in system state below
either roughly 0.1 m soil depth or 0.6 kg m22 biomass
would lead to collapse of the system, as indicated by the
arrows in figure 2A directed toward the origin; that is,
D p B p 0:0. A second intersection between the null-
clines appears in figure 2A at a lower biomass and soil
depth. Appendix E describes all properties of the model,
including bifurcation diagrams.
The system considered here contains slow and fast

subsystems. The soil subsystem shows low rates of change.
For most combinations of soil depth and biomass, the rate
of change in soil depth is 2# 1024 m year21 (fig. 1F),
which is equal to a change in soil depth per year of about
0.05% of the soil depth. At lower values of biomass and soil
depth, the magnitude of change increases (fig. 1E), but
even then it will remain below a 20% change in soil depth
per year. The vegetation system is faster responding, and
rates of change are often up to 25%–100% per year. Thus,
our system can be considered a slow-fast system, although
there is not a complete separation of timescales that would
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allow application of the singular perturbation approach de-
scribed by Rinaldi and Scheffer (2000) and Solé (2011).
Duration of Transients between Stable Equilibria

A change in a driver (i.e., external forcing) of the system
may lead to a shift of the ecosystem and a transient toward
zero biomass and soil depth. It is somewhat arbitrary
which of the parameters in our model is chosen as driver,
because many parameters may be influenced by ecosystem
management or climate. Here we take grazing pressure g
as the driver. The remaining parameters are considered
ecosystem properties.

Let us see then how changes in grazing pressure may
lead to a critical shift. When the grazing pressure is in-
creased, the nullcline for the vegetation subsystem shifts
to lower biomass values and lower soil depth values. As
a result, the fixed point (red circle in fig. 2A) moves along
the stable equilibrium part of the nullcline of the soil sub-
system, which does not change position when grazing
pressure is changed, in the direction of lower biomass
and soil depth values. When grazing pressure continues
to increase, this ultimately leads to the situation where
the stable nullclines of the two subsystems become sepa-
rated and do not intersect anymore. The disappearance
of the intersection between the nullclines corresponds to
the critical transition. This situation with a grazing pres-
sure just above the critical transition is evaluated for two
ecosystems, one with a carrying capacity c p 2:3 kg m22

and one with c p 3:5 kg m22 (fig. 3A, 3B), referred to as
the low and high carrying capacity ecosystems, respec-
tively. All other parameters have a value of the standard
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ecosystem. The critical transition is reached at a grazing
pressure of g p 1:4 kg m22 year21 and g p 2:3 kg m22

year21 for the low and high carrying capacity ecosystems,
respectively.
We analyze the transients from the system state at the

critical transition to the complete collapse of the system
using these two ecosystems. The low carrying capacity eco-
system has a transient consisting of three phases (fig. 3A).
In the first phase, soil depth decreases slowly because of
low rates of change in soil depth at this state of the system. The
change follows the nullcline of the vegetation system, and
thus biomass also decreases, but slowly. In the second phase,
the vegetation subsystem collapses much more rapidly be-
cause of high rates of change in vegetation biomass. Finally,
when vegetation has disappeared, soil depth decreases rap-
idly because of high net erosion rates at zero biomass (visible
in fig. 3E and clearly visible by the large negative values of
soil depth increase in fig. 1F at low biomass values). Surpris-
ingly, the first phase has a very short duration in the high
carrying capacity ecosystem (fig. 3B); the critical transition
enfolds by a direct, rapid collapse of the vegetation subsys-
tem. Because of these differences, the low carrying capacity
ecosystem collapses in about 2,000 years, while for the high
carrying capacity ecosystem this takes only about 25 years
(fig. 4A).
A comparable effect is found when comparing two eco-

systems that differ regarding the soil subsystem. Figure 3C
and 3D shows results for two ecosystems that differ in bare
bedrock soil formation rateW0 and the parameter a. These
parameters are chosen such that both scenarios have an
equilibrium soil thickness of 0.4 m at high biomass val-
ues (representing a situation without wash erosion; i.e., soil
Figure 2: Properties of the minimal model, default parameters of the standard ecosystem values resulting in a stable equilibrium. A, Stable
(solid line) and unstable (dashed line) nullcline of soil subsystem (blue line) and vegetation subsystem (green line). Gray shading indicates
basins of attraction. B, Direction and rate of change. Color scale represents log transformed values. Red circles, stable system equilibria (fixed
point).
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Figure 3: Stability, transients, and rate of change of the minimal model, with grazing pressure just above the value at the catastrophic shift.
A, Low carrying capacity ecosystem (c p 2:3 kg m22, g p 1:4 kg m22 year21). B, High carrying capacity ecosystem (c p 3:5 kg m22, g p 2:3 kg
m22 year21). C, Low bare bedrock soil formation ecosystem (W0 p 0:0004 m year21, a p 3:47, g p 1:90 kg m22 year21). D, High bare bedrock
soil formation ecosystem (W0 p 0:002 m year21, a p 7:49, g p 1:96 kg m22 year21). The remaining parameters are those of the standard
ecosystem. Nullclines are given by blue (soil system) and green (vegetation system) lines (solid lines, stable equilibrium; dashed lines, unstable
equilibrium). Black lines indicate transient simulations, and each circle represents 1 year; 1–3 indicate phases during the transient. b, minimum
soil depth with stable vegetation subsystem (m). E, Low carrying capacity ecosystem, direction, and rate of change; color scale represents log
transformed values.
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formation equals creep rates), using W0 and a values com-
parable to those observed in the field (Heimsath and Burke
2013; Larsen et al. 2014; Stockmann et al. 2014). In the low
bare bedrock weathering ecosystem (fig. 3C), the ecosystem
stays for a long duration in phase 1, resulting in long du-
ration of the transient. In the high bare bedrock weathering
ecosystem (fig. 3D), phase 1 does not occur, and the tran-
sient occurs almost instantaneously.

Figure 4B shows the duration of the transient for all
combinations of values for carrying capacity and bedrock
weathering, indicating a comparable sensitivity to both
parameters. In fact, the duration of the transient is sensi-
tive to almost all minimal model parameters, as shown by
sensitivity analyses (app. C).
Discussion

The most important result of our study is that the critical
transition may unfold rapidly or slowly and that changing
only a single ecosystem parameter may cause the ecosys-
tem to have a rapid or slow transient. This holds for a
large number of ecosystem parameters.

Essential to the occurrence of this phenomenon of ei-
ther slow or rapid transients is the existence of two inter-
connected subsystems, with very different rates of change
when pushed over the critical point. The duration of the
transient then depends on whether the shift occurs first
along the slow or first along the fast subsystem. For our
modeled ecosystems with a slow shift (fig. 3A, 3C), the
vegetation system still has a stable nullcline that extends
from the critical point toward lower soil depth and bio-
mass values. At the start of the transient, the system follows
this nullcline; that is, the vegetation system remains in equi-
librium while the soil system is collapsing, which occurs
This content downloaded from 131.21
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very slowly because of the limited capability of the soil sys-
tem to adjust its state. Only after a long time, the vegeta-
tion system is pushed over its critical point, and the whole
system collapses in a short period of time. This slow tran-
sient corresponds to an ecosystem where the vegetation is
able to persist even at soil thickness values below those
occurring at the critical point. At a grazing pressure just
above the threshold value, vegetation is stable but too lim-
ited to sufficiently protect the soil against erosion. Conse-
quently, the removal of soil material becomes somewhat
larger than formation of soil material through bedrock
weathering, resulting in a slow decrease in soil thickness.
After a long time of ongoing decrease in soil thickness,
the soil reaches a thickness not sufficient for the vegeta-
tion to sustain because soil water storage required for
vegetation growth becomes too limited, and at lower soil
thicknesses, saturated overland flow during intense rain-
storms causes damage to the vegetation. As a result, bio-
mass values quickly decrease. Finally, at very low or zero
vegetation cover, the soil depth collapses quickly because
of relatively large raindrop impact and overland flow caus-
ing large amounts of erosion. For our modeled ecosystems
with a rapid shift (fig. 3B, 3D), the opposite happens. Al-
ready at soil thickness values just below those of the crit-
ical point, the vegetation is not capable of sustaining a
healthy state. Consequently, the transient starts with a rapid
collapse of the vegetation system, followed by a rapid col-
lapse of the soil system due to removal of the vegetation cover
protecting the soil.
Our findings are confirmed by transient model runs

with the spatially explicit model of our ecosystem, which
also indicate the existence of two fixed points, hysteresis,
and the occurrence of slow or fast transitions (app. D).
Because the spatially explicit model relies on model com-
ponents that have been tested in other studies, as described
Figure 4: A, Transients for high (solid lines) and low (dashed lines) carrying capacity ecosystems (blue, soil depth; green, biomass); log scale
on X-axis. B, Duration of transient (i.e., duration from critical shift to complete collapse; years) as a function of bare bedrock weathering (i.e.,
soil formation for bare bedrock) and carrying capacity, calculated from the minimal model.
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in appendix A, these results increase credibility of our find-
ings. Improvements to the spatially explicit model, however,
are required in future studies. These include verification, cal-
ibration, and evaluation (sensu Oreskes et al. 1994) of the
model, exploring the effect of different process representa-
tions (e.g., Pelletier et al. 2013) and inclusion of processes not
represented in ourmodel, in particular, the soil-plant nutrient
cycle. In addition, our approach would gain by using more
sophisticated dynamicmodel emulationmethods (Castelletti
et al. 2012).

Our model results give strong indications for the exis-
tence of slow (or rapid) transients between stable equilib-
ria in real-world semiarid soil-vegetation systems. How-
ever, field studies thus far have not yet provided explicit
proof for the existence of this type of slow transients in
the ecosystem studied. This is mainly because direct evi-
dence could possibly be provided only by observational
data collected in ecosystems with known changes in the
magnitude of the drivers over extensive periods of time
(i.e., 102–103 years). This type of data is sparse if not non-
existent. A possible approach is the use of time series of
remote sensing data (de Jong et al. 2011; Vicente-Serrano
et al. 2012), which provides data with a large spatial extent
but still limited duration of decennia. An alternative ap-
proach is reconstruction of ecosystem evolution using
paleoecological data (e.g., Dusar et al. 2011), providing
information for much longer time spans, however, often
without exact knowledge of the magnitude and variation in
drivers and the ecosystem configuration. Thus, the chal-
lenges in finding direct evidence are considerable, and our
study confirms the need for long time series of ecological
data (Willis et al. 2010; Davies et al. 2014).

It would be valuable for ecosystem management to be
able to predict whether a particular ecosystem has slow
or fast transients. In the case of a slow transient, for in-
stance, there is ample time to prevent a shift from unfold-
ing completely, because during the transient, the ecosys-
tem state shows relatively little change, and minor changes
in an ecosystem driver may still bring the system back to a
healthy state. Estimating the duration of the transient in
real-world ecosystems beforehand is, however, not an easy
task. One approach is to estimate the parameter values in
our minimal model from field observations and to use this
information to estimate the duration of the transient. For
instance, ecosystems with a high carrying capacity will tend
to have shorter transients. Another approach is to evaluate
the ecosystem state at the brink of collapse, that is, with
a grazing pressure just before or over the critical point.
Ecosystems with a minimum soil depth with a stable bio-
mass (b in fig. 3A–3D) much smaller than the soil depth
at the critical point will have a slow transient, because these
will have a pronounced phase 1 in the transients. Ecosys-
tems where the minimum soil depth with a stable biomass
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is close to the soil depth observed at the shift will have a fast
transient (cf. app. F).
Although direct empirical corroboration of the occurrence

of slow transients in arid ecosystems is lacking, our study
does provide new insight for current research and manage-
ment. The possibility of occurrence of slow transients implies
that very slow degradation of semiarid ecosystems observed
nowadays does not always need to refer to an ecosystem in
equilibrium with a slowly changing driver; instead, it can
be an indication of a system that is already over its tipping
point but in a slow transient state toward a degraded ecosys-
tem. Thus, a slow transient might be an alternative or addi-
tional explanation of slow changes in semiarid ecosystems
observed (e.g., Vicente-Serrano et al. 2012). Another impor-
tant implication of our study is that critical transitions in
the climate-vegetation-soil system could be delayed by con-
nections between vegetation and geomorphology, and these
connections might have contributed to observed slow tran-
sitions in climate-vegetation-soil systems in addition to plant
diversity, as described by Claussen et al. (2013).
An important question is whether the observed slow-

fast divergence of the transient is a universal phenomenon
that occurs in many other ecosystems. The lake ecosystem
described by Van Geest et al. (2007) has a slow transient
caused by a phenomenon similar to the one described
here. However, the study does not provide an extensive
analysis of whether rapid transients occur and under what
ranges of parameter values. As shown in our study, a re-
quirement of a slow-fast divergence of the transient is
the existence of interconnected fast and slow subsystems
because this enables the divergence of the transient. A very
large number of ecosystems exist with coupled slow and
fast components, including consumer resource ecosystems
(Ludwig et al. 1978; Stenseth et al. 1997), evolutionary
ecosystems (Marrow et al. 1996), and coupled geomorpho-
logical ecological systems (Werner 1999; Van Geest et al.
2007; Siteur et al. 2016). However, whether these eco-
systems indeed show a slow-fast divergence of the tran-
sient also depends on how the slow and fast subsystems are
connected and on the position and shape of the nullclines
along the range of the system parameters.
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