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Soil Seed Banks, Alternative Stable
State Theory, and Ecosystem
Resilience

MIAOJUN MA®, SCOTT L. COLLINS, ZAK RATAJCZAK, AND GUOZHEN DU

In restoration ecology, the transition from desired to degraded state is based solely on the composition of the aboveground plant community,
whereas belowground propagules are often neglected. We developed a conceptual framework integrating seed bank dynamics into alternative
stable state theory, highlighting the important relationship between aboveground and belowground composition. This integration emphasizes
the role of resilience in systems that appear to have shifted to an “undesirable” state. Belowground propagules, especially soil seed and bud
banks, provide buffering capacity and may serve as valuable indicators of potential resistance to state transition based on the degree of
similarity between belowground and aboveground vegetation composition. Ecosystem states may have multiple components that differ in their
rate of change, as well as in their capacity to promote resilience. We recommend that the application of alternative stable state theory from a

management perspective should incorporate components of both above- and belowground vegetation.
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Ecosystems worldwide have experienced extensive
pressures from localized human activities (e.g., agri-
culture, urbanization, industrial development) and global
environmental change (e.g., warming, precipitation change,
climate extremes). Managing and restoring ecosystems
and conserving biodiversity under multiple environmental
stressors are an important challenge for stakeholders and
policymakers. Moreover, ecosystem dynamics can exhibit
nonlinear threshold effects, which are less predictable than
linear relationships between drivers and ecosystem state
(Levin 1999), further complicating adaptive management.
Some models predict that changing environmental driv-
ers can lead to a proportional change in biotic community
composition (Kéfi et al. 2007), resulting in a linear rela-
tionship between drivers and system state (Suding et al.
2004). Some of these linear models are built primarily
around succession theory, which assumes that if historical
disturbance or management regimes or abiotic features are
reestablished, the ecosystem will return to its original state
naturally along a successional trajectory. In these linear
systems, restoration efforts have focused on reestablishing
historical disturbance regimes and environmental condi-
tions (Suding and Hobbs 2009). However, despite large
and costly management interventions, some degraded
ecosystems do not respond to traditional succession-based
restoration efforts because key species have been lost or

new feedback mechanisms now favor a degraded state
(Gunderson and Pritchard 2002).

A growing number of practitioners are using thresh-
old and alternative stable state theory, which provides
a conceptual basis for management and restoration in
ecosystems with the potential for thresholds and strong
feedback mechanisms (Suding et al. 2004, Walker and Salt
2006, Standish et al. 2014). Threshold and alternative state
models predict that changes in environmental conditions
lead to very little change in community composition or
function until a threshold is crossed, triggering a sud-
den change in composition or function (Walker and Salt
2006). In such cases, degraded systems do not respond
predictably to management efforts, producing inconsistent
and sometimes unexpected results (Hobbs and Harris
2001, Zedler 2000). Moreover, in systems with alternative
states, returning management conditions below the origi-
nal threshold can fail to return the ecosystem to its previ-
ous state, a behavior referred to as hysteresis. In hysteretic
systems, the degraded ecosystem has transitioned to an
alternative state that can be resistant to further restoration
efforts (Scheffer et al. 2001). Thresholds, with or without
hysteresis, often occur because of strong feedbacks between
species and their environment (Scheffer et al. 2001, Walker
and Salt 2006). These strong self-reinforcing feedbacks can
make a degraded ecosystem resistant to succession-based
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restoration efforts (Bakker and Berendse 1999, Zedler
2000, Collins et al. 2021).

Alternative stable state theory can provide an important
guide for ecosystem restoration. However, components of
this theory in restoration and management contexts remain
underdeveloped. In particular, it is well known that soil
seed banks and other forms of belowground propagules
(e.g., bud banks) play a fundamental role in ecosystem
restoration (Bossuyt and Honnay 2008, VanderWeide and
Hartnett 2015, Ma et al. 2019). However, most assessments
of degradation are based on aboveground communities.
Although, Westoby and colleagues (1989) mentioned seed
bank dynamics in their state and transition model from
Australia and South Africa, work on the role of soil seed
banks and other persistent underground life stages in alter-
native stable state theory has yet to be fully incorporated into
state and transition models for restoration.

Function of soil seed banks in ecosystem restoration
The soil seed bank includes all viable seeds present in a soil
profile and on the soil surface (Simpson et al. 1989). Many
seeds may be dormant in the soil but remain viable for years.
The soil seed bank has been classified into transient and
persistent seed components, depending on whether seeds
persist in the soil for less or more than a year. Furthermore,
persistent seed banks can be loosely categorized as short
(persist for 1-5 years) or long term (persist for more than
5 years; Thompson et al. 1997).

Persistent seed banks reflect a long-term vegetation
history, and play an important role in determining future
vegetation composition, especially following perturbations
(Warr et al. 1993). Furthermore, seed banks are thought
to play a crucial role in species coexistence through the
storage effect (Angert et al. 2009). Only a proportion of
the seed bank germinates as a result of any perturbation,
a bet-hedging strategy that reduces the probability or risk
of population extinction (Venable 2007). One consequence
of the storage effect is that seed banks can promote coex-
istence among species that differ in their responses to
disturbances and fluctuating environments (Nathan and
Muller-Landau 2000). Seed banks also represent valuable
ecological memory for restoration of local vegetation in the
face of environmental degradation (Bossuyt and Honnay
2008, Johnstone et al. 2016). In the present article, we
argue that the species richness and density of seed banks,
in concert with other belowground propagules, represent a
potentially underused resource for resilience of degraded
vegetation (Thompson et al. 1997, Grime 2001, Ma et al.
2018).

Similar to seed banks, belowground meristems (bud
banks) also provide an important source of propagules
that may or may not reflect aboveground composition.
Although the longevity of belowground meristems is
poorly quantified, experimental and observational stud-
ies suggest that many belowground meristems of grasses
can survive at least 2 years of drought (VanderWeide
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and Hartnett 2015), and many may be able to survive for
almost a decade (Weaver 1954). For example, Hiiesalu and
colleagues (2021) found that belowground plant diversity
(roots, rhizomes, bud and seed banks) served as a buffer
against aboveground species loss during short-term land-
use change. Although all forms of belowground propa-
gules (buds, rhizomes, seeds) should be considered when
assessing resilience, we focus our framework primarily
on soil seed banks because they are well studied in many
ecosystems.

Role of soil seed banks in alternative stable state
theory

Although much research has highlighted the functional
importance of soil seed banks (Saatkamp et al. 2014,
Moreno-De Las Heras et al. 2016), alternative stable state
theory has largely ignored the importance of seed banks
for ecosystem resilience or as an ecological early warning
system of decreasing resilience (but see Bhattachan et al.
2014, Johnstone et al. 2016). In a restoration context, the
basic alternative stable state model proposes that at least two
stable states exist: desired and degraded (Suding et al. 2004).
Often the transition from desired to degraded state is based
solely on the composition of the aboveground plant commu-
nity. However, if the seed bank and other propagules below-
ground still reflect the desired state then the system has some
inherent resilience and may not have fully crossed a transi-
tion threshold. Of course, this assumes conditions where the
abiotic environment remains suitable to recolonization by
the desired species, which becomes less likely as degradation
continues. In the present article, we present a conceptual
framework integrating seed bank dynamics into alternative
stable state theory highlighting differences between aboveg-
round and belowground composition potentially resulting
in a window of time when degraded aboveground but desir-
able belowground communities co-occur. We illustrate this
conceptual framework with examples from two well-defined
alternative stable state systems—restoration of grasslands
degraded by long-term grazing (Noy-Meir 1975, Suding and
Hobbs 2009) and woody plant encroachment of grasslands
(D’Odorico et al. 2012, Ratajczak et al. 2017a, 2017b). We
then integrate these observations into a fold bifurcation,
which is a common explanation for the existence of alterna-
tive states.

Soil seed banks are an important part of ecosystem
resilience

Ecological resilience is the capacity of an ecosystem to
absorb changes in disturbances and other changes in envi-
ronmental drivers while maintaining the same structure,
function, identity, and feedback loops (Folke et al. 2004,
Oliver et al. 2015). At its simplest, resilience is a measure of
bounce back or recovery following relaxation of some type
of perturbation (e.g., Tilman and Downing 1994). When
drivers are undergoing directional change, such as a warm-
ing climate or increasing grazing pressure, resilience reflects
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Figure 1. Changes in species composition of aboveground vegetation and soil seed bank as grazing pressure increases.
Above- and belowground life-form composition of vegetation and the soil seed bank, respectively. Solid stars represent
perennials and open stars represent annuals. The light red shading in the seed bank represents “rebuilding capital” or
“ecological memory” of the system—a crucial part of a persistent seed bank that may be used for vegetation regeneration

and restoration.

the ability to avoid lasting changes in function and structure
(Folke et al. 2004). Because seed banks are an important
potential resource for ecological restoration (e.g., Ooi et al.
2009, Basto et al. 2015, An et al. 2020), we developed a con-
ceptual model that integrates aboveground vegetation and
soil seed bank change into alternative stable state theory
for ecological restoration and management (figure 1). We
illustrate this framework in response to grazing pressure and
shrub encroachment.

Grazing. Theory predicts that gradual environmental
changes, such as an increase in grazing pressure, may reduce
the resilience of a stable state in a plant community regu-
lated by interspecific competition, increasing the likelihood
that the system will cross a threshold into a new undesir-
able alternative state dominated by unpalatable species
(van Nes and Scheffer 2004, Ratajczak et al. 2017a). As was
noted previously (Ma et al. 2013), once the proportion of
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perennials is reduced by increased grazing pressure, annual
and biennial (often r-strategy) species gradually increase.
Contrary to annuals, perennials may make a relatively small
contribution to the soil seed bank because their reproductive
strategy results in low viable seed production, or short-lived
seeds (Ma et al. 2019). If the grazing disturbance is sustained
(slightly degraded grassland), some patches would exhibit
low vegetation cover dominated by annuals and biennials,
and these patches may be bordered by bare soil areas as graz-
ing pressure increases further (degraded grassland; figure 1;
Ma et al. 2013). Meanwhile, the lack of vegetation cover in
some gaps could lead to further degradation through loss
of soil nutrients and water to runoff. However, if grazing
pressure is reduced before reaching a threshold, aboveg-
round vegetation can recover to the desired state through a
combination of growth from new seeds, tillers from surviv-
ing plants, and new recruits from the seed and bud banks
(figure 1).
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If elevated grazing pressure is sustained, the aboveg-
round vegetation can be pushed across a threshold into a
degraded state, where aboveground vegetation is almost
completely lost and the soil seed bank resources are nearly
lost (figure 1). At this point, vegetation reestablishment
is likely limited by multiple factors, including loss of soil
resources resulting from the lack of vegetation cover and
increased wind and water erosion (Okin et al. 2015). The
intensification of soil erosion impedes vegetation recovery
(Turnbull et al. 2008), which increases abrasion, burial and
uprooting. These factors create a feedback loop further rein-
forcing loss of vegetation cover (e.g., D’Odorico et al. 2013).
Therefore, under consistent and intense grazing pressure,
species composition changes, species diversity declines, and
the grassland remains in a degraded state with limited capac-
ity for resilience (figure 1).

Generally, annuals and biennials often have higher seed
input to the soil seed bank compared with perennials (e.g.,
Grime 2001). The high relative contribution of ruderal strat-
egists in the seed bank is a function of their rapid growth,
high seed production, and seed bank persistence, all of
which are adaptations to disturbed conditions (Thompson
et al. 1997, Fenner and Thompson 2005). Persistent distur-
bance can then lead to an increase in ruderals in the seed
bank (Wellstein et al. 2007). Therefore, the seed bank com-
position of desirable species often declines and seed input of
ruderals increases as annuals and biennials dominate under
sustained grazing pressure (figure 1).

There are limited regeneration niches for seeds in the
soil seed bank under low disturbance levels (Grubb 1986).
Successful establishment from seed is generally favored
through disturbances that create gaps in vegetation (Grime
2001, Fenner and Thompson 2005). Aboveground plant
community composition changes as disturbance (e.g., graz-
ing pressure) increases, but changes belowground are often
slower, requiring longer periods of time to cross a threshold
for changes in the seed bank (Chang et al. 2001, Ma et al.
2020). Therefore, as disturbance intensity increases, the role
of belowground propagules generally increases and aboveg-
round vegetation nears the threshold to a degraded state.

Theory predicts a positive relationship exists between the
intensity of disturbance and the percentage of species with
long-term persistent seed banks (Thompson et al. 1998,
Grime 2001). In addition, a trade-off exists between adult
life span and seed longevity (Venable and Brown 1988, Rees
1996). As a consequence, short-lived species rely more on
persistent seed banks compared with long-lived species
(Thompson et al. 1998, Hopfensperger 2007, Ma et al. 2018).
Also, much research has demonstrated that early succes-
sional stage vegetation has high input to the soil seed bank,
and that most species from early successional stages remain
in the soil seed bank throughout succession (e.g., Bossuyt
and Hermy 2004, Ma et al. 2019). Early successional spe-
cies represent ecological memory (figure 1) that remains
relatively intact as aboveground vegetation approaches a
degradation threshold.
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Although much research has found that seed density
increases in disturbed habitats (e.g., Bakker and Berendse
1999, Fenner and Thompson 2005, Kalamees et al. 2012),
grazing pressure can increase the transient seed bank but
decrease the persistent seed bank (Ma et al. 2018). There
can be a large difference between composition of the aboveg-
round plant community and belowground propagules. This
difference means that even if the aboveground portion has
crossed a threshold, the belowground portion might allow
the system to remain resilient longer.

If overgrazing continues, a threshold point would be
crossed when aboveground vegetation permanently loses
the ability to regenerate either clonally or via the seed bank
once the seed bank reaches a depleted state. At this point,
increased disturbance creates harsh conditions for seed
germination because of, for example, wind abrasion that
can damage small seedlings. Once aboveground vegeta-
tion has been degraded, aeolian processes and background
decay of seeds reduce the soil seed bank (Li et al. 2007,
Bhattachan et al. 2014), trapping vegetation in a degraded
state (figure 1). That is, the ecological memory has been
depleted and the recovery of aboveground vegetation is
therefore impeded after crossing the threshold (figure 1).

Woody plant encroachment. Hundreds of millions of hectares
of arid and semiarid grasslands have been lost via woody
plant encroachment (D’Odorico et al. 2012, Turnbull et al.
2014, Maestre et al. 2016). Dominance by woody plants
alters numerous ecosystem properties and services, such
as soil erosion (Eldridge et al. 2011) and biodiversity and
community stability (Ratajczak et al. 2012). We suggest
that seed banks also contribute resilience to encroachment,
in which grasslands and a state dominated by woody plants
(shrubs or trees) are considered to be alternative stable
states (Staver et al. 2011, D’Odorico et al. 2012, Collins
et al. 2021).

In the grassland state, the aboveground plant community
is dominated by herbaceous species that provide a constant
input into the soil seed bank and in some systems, a robust
bud bank (figure 2; Dalgliesh and Hartnett 2006). Woody
plant encroachment occurs in response to a variety of envi-
ronmental drivers including climate change, elevated atmo-
spheric carbon dioxide concentration, and management
decisions (fire suppression, grazing intensity; Archer et al.
2017). During the early stages of woody plant encroach-
ment, the vegetation remains dominated by grasses, but
includes scattered woody plants (Ratajczak et al. 2017a).
At this point, changes in management might reverse the
transition to dominance by shrubs or trees (Ratajczak et al.
2017a). However, continued changes in environmental driv-
ers, such as increasing aridity (Rudgers et al. 2018), may
alter the competitive balance between grasses and woody
plants, creating a positive feedback loop that enhances the
rate of woody plant encroachment (D’Odorico et al. 2010).
At this point, woody species contribute the most to the soil
seed bank, further enhancing persistence of woody species
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Figure 2. Changes in species composition of aboveground vegetation and soil seed bank as shrub encroachment occurs.
Above- and belowground life-form composition of vegetation and the soil seed bank, respectively. Solid stars represent
herbaceous species and open stars represent shrubs. The light red shading in the seed bank represents “rebuilding capital”
or “ecological memory”—a crucial part of the persistent seed bank that may be managed for vegetation regeneration and

restoration.

at the expense of herbaceous vegetation (e.g., Houghton
et al. 2013).

Characterizing the seed bank of woody plant encroached
and native grassland species is important to understand
seed bank dynamics (Gioria and Py$ek 2016). Knowledge
of the characteristics of seed bank dynamics during shrub
encroachment is crucial to assess the potential for successful
recruitment from the seed bank, estimating the implications
of shrub encroachment and recovery potential of grassland
species after shrub encroachment has occurred (Vosse et al.
2008, Gioria and Osborne 2010). Seed banks often sup-
port more species than the aboveground plant community
in encroached grasslands (Robertson and Hickman 2012,
Gooden and French 2014). At some point during woody
plant encroachment, however, the soil seed bank—and, in
some cases, the bud bank—will begin to reflect aboveground
dominance by woody species, especially with encroachment
by clonal shrubs.
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In the grassland state (figure 2), the soil seed and bud
bank primarily consist of propagules from herbaceous spe-
cies, which contribute to the maintenance of the grassland
state. Once again, the soil seed bank represents the ecologi-
cal memory available for restoration. In the earliest stages of
degradation, the bud bank may also represent the primary
mechanism of resilience.

In the second stage, woody plants still have a rela-
tively limited impact on seed bank composition (figure 2).
Over time, however, seed input from aboveground vegeta-
tion gradually decreases with woody plant encroachment
(Houghton et al. 2013) by species with relatively lower seed
production compared with herbaceous plants (Leishman
et al. 2000). In general, trees and shrubs negatively affect
species richness and seed density of resident seed banks
(Gaertner et al. 2011, Marchante et al. 2011), especially
for native species (e.g., Gioria and Osborne 2009). When
environmental conditions are suitable for seed germination,
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species lost from aboveground vegetation because of shrub
encroachment may be recruited from the soil seed bank.
But now those seedlings must compete with adult woody
plants. Therefore, the role of the soil seed bank is relatively
reduced compared with the previous stage of vegetation
regeneration. Moreover, the similarity in species composi-
tion between aboveground vegetation and the soil seed bank
is lower at shrub encroached sites compared with that at
unencroached sites (Gioria and Pysek 2016).

The third stage constitutes the potential threshold for
a state transition of the seed bank (figure 2), where shrub
seeds start to outnumber herbaceous species. At this stage,
shrubs increase in abundance in the absence of disturbance
and may even benefit from disturbances that free resources
and primary space (Vosse et al. 2008, Gioria and Osborne
2010). For example, Moreno-De Las Heras and colleagues
(2016) found that mean density of viable seeds was generally
lower in a grass—shrub ecotone than in grassland. In addi-
tion, abundance of herbaceous species declines in aboveg-
round vegetation because of a range of mechanisms under
woody plant encroachment, such as resource competition
(Gioria et al. 2014). However, seeds of formerly dominant
herbaceous species still exist in the soil seed bank for at least
several years, once again reflecting the past buildup of eco-
logical memory (figure 2). In this situation, active and effec-
tive management (e.g., Ravi et al. 2010) could still potentially
restore a site to the grassland state.

In the fourth and last stage, aboveground vegetation is
dominated by woody species, diminishing opportunities
for grassland species recruitment from the soil seed bank
(figure 2). Indeed, in the northern Chihuahuan Desert,
Moreno-De Las Heras and colleagues (2016) found that
shrub encroachment by Larrea tridentata resulted in sig-
nificantly lower seed densities of herbaceous species in
shrub-dominated areas. In this system, shrub dominance
accelerates change in biotic and abiotic conditions, which,
in semiarid areas, includes increased wind and water ero-
sion (Turnbull et al. 2010, Okin et al. 2018), increased soil
moisture heterogeneity (Schlessinger et al. 1990), and lower
density of seeds in the soil seed bank, all of which may con-
strain the reestablishment of herbaceous species (Peters and
Yao 2012). Therefore, quantifying the proportion or densi-
ties of woody species in the soil propagule bank as woody
plant encroachment is occurring is crucial for estimating the
restoration potential to the desired grassland state.

Seed banks and resilience to disturbance

One common alternative state model is a fold bifurcation
(e.g., Scheffer et al. 2001). In a system defined by a fold
bifurcation, the system state is attracted to one of two stable
states (see solid lines in figure 3a), depending on the value
of a driver variable and the system’s current state. For values
of a driver variable where both stable states are possible, the
two states are separated by a critical threshold (the dashed
line in figure 3a). Above this critical threshold, the system is
attracted to the upper stable state; below this threshold, the
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system is attracted to the lower stable state (see the arrows in
figure 3a). For certain values of the driver variable, only one
of the two states is favored. As a result, if a driver variable is
pushed across a threshold or bifurcation point (see the star
in figure 3a), a critical transition to the other alternative state
commences (Scheffer et al. 2001), taking less than a year
in faster systems (e.g., lakes) but over a decade in slower
systems, such as grasslands (Ratajczak et al. 2017b, Collins
et al. 2021).

We argue that long-lived soil seed banks can modify
the shape of critical thresholds, providing a larger window
of opportunity to maintain the resilience of aboveground
vegetation (figure 3b, 3¢). In a system with a short-lived or
depleted seed bank, this is depicted as a bending of the criti-
cal threshold to higher values of the system state (figure 3b).
In this hypothetical example, a driver variable is pushed
beyond a bifurcation point (time steps 0 to 1 in figure 3b),
and as a result, the system starts to transition to an alterna-
tive state (shown as the dashed arrows in figure 3b). Even
if the change in driver is reversed part way through the
transition, the system is already below its critical threshold,
and the system transitions to the alternative state (see time
steps 4 to 6 in figure 3b). In a hypothetical system with a
more long-lived and abundant seed bank of desirable spe-
cies, the critical threshold is bent downward, meaning that
it takes larger changes in state before hysteresis occurs. In
this system, we can, again, push the driver variable beyond
the bifurcation point (time steps 0 to 1 in figure 3¢), initiat-
ing a transition to an alternative state (time steps 0 to 4 in
figure 3c). The difference between this and the short-lived or
depleted seed bank is that when we reverse the change in the
driver, the system state is now above the critical threshold,
and as a result, the system is still attracted to its original state
(time steps 5 to 6 in figure 3c).

Fast and slow transition

Some natural or anthropogenic disturbances can push driver
variables across thresholds leading to the onset of state
transitions (e.g., Hastings and Wysham 2010). However,
different system components (e.g., aboveground vegetation,
soil seed bank) change at different rates over time and differ
in their resilience. The soil seed bank represents valuable
ecological memory that may rescue a system from state tran-
sition once aboveground vegetation has crossed an appar-
ent threshold. Aboveground vegetation generally changes
faster than the composition of the soil seed bank given that
the seed bank is an accumulation of historical vegetation,
whereas aboveground vegetation reflects more immediate
impacts of environmental drivers. The yellow area shows the
total deficit of species diversity or biomass if only aboveg-
round vegetation is considered for recovery to the desirable
state (figure 4). The bud bank is an important component
of resilience of short to intermediate duration for peren-
nial plants (Weaver 1954, Vanderweide and Hartnett 2015).
These differences in the rates of response by components
of vegetation, from fast (aboveground vegetation) to slow
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the starting point of disturbance, at t, vegetation diversity
or biomass is at a minimum under disturbance, and t; to
t, shows the system’s recovery to the primary state based
on aboveground vegetation and soil propagule bank,
respectively. The yellow area shows the total deficit of
species diversity or biomass if only aboveground vegetation
is considered for recovery to the desirable state.
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(seed and bud banks), result in differences in resilience, a
property that extends opportunities for management under
environmental change.

The role of seed bank as an early warning system

It is important to develop tools and policies to prevent
undesired state transitions because of their potential soci-
etal costs and loss of key ecosystem services (Reynolds
et al. 2007, Stafford-Smith et al. 2007, Bestelmeyer et al.
2013). Advanced warning and monitoring of ecosystem
degradation processes, and particularly the development
of early warning indicators of imminent state transitions
is important in ecosystem restoration and management
(Briske et al. 2006). Several potential warning signs in veg-
etation patterns and increasing spatial variance of vegetation
have been proposed (Rietkerk et al. 2004, Kéfi et al. 2007,
Dakos et al. 2011). All rely on aboveground vegetation. For
example, monitoring of plant cover has long served this role
in drylands (Herrick et al. 2005). However, the potential for
belowground dynamics to serve as early warning signs is
unexplored.

We propose an alternative early warning system by calcu-
lating the similarity between species composition in the soil
seed bank and aboveground vegetation (figure 5). In a stable
ecosystem, vegetation will remain in its current state when
disturbance regimes remain within a historical range. In this
case, there is a relatively stable ratio between the abundance
of species in aboveground vegetation and the seed bank.
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Figure 5. Role of soil seed bank as an ecosystem

warning system. Similarity between soil seed bank and
aboveground vegetation changes as disturbance increases.
The black dot indicates the point at which compositional
similarity between the seed bank and aboveground
vegetation starts to increase. As similarity increases,

this serves as an early warning signal that the system is
approaching a threshold. The blue dot occurs when the
system has the highest similarity between seed bank and
aboveground vegetation, which indicates the critical
threshold point of state transition.

Assuming a system that starts with less disturbance, we
would expect some dissimilarity between the aboveground
vegetation and seed bank, because dominant perennials are
less prominent in seed banks than annuals and other ruderals
(figure 5; e.g., Edwards and Crawley 1999, Ma et al. 2019).
This dissimilarity establishes a baseline with which
change in both aboveground and seed bank species com-
position can be compared. As disturbance continues, the
aboveground system begins to deviate from the desired
state, but the soil seed bank may still reflect the composition
of the desired state. That is, the soil seed bank can confer
resilience while serving as an early warning system based
on changes in similarity between above- and belowground
composition (figure 5). If the similarity between the soil
seed bank and aboveground vegetation increases under
anthropogenic pressure, this indicates that the aboveground
vegetation is increasingly characterized by species from the
soil seed bank. The degree of similarity can serve as a warn-
ing signal to reduce anthropogenic pressure and allow the
belowground system to maintain resilience. If disturbance
continues, the similarity between the soil seed bank and
aboveground vegetation will again increase as the com-
position of the seed bank increasingly reflects that of the
degraded state of aboveground vegetation. The maximum
similarity between the soil seed bank and aboveground
vegetation will mark the threshold point leading to a stable
degraded state (figure 5). At this point the system has lost
resilience and requires intervention to facilitate restoration.
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When this early warning first appears the system poten-
tially retains some intrinsic resilience, as a consequence of
a viable persistent seed bank that still reflects components
of the desired state. In contrast, if we relied only on aboveg-
round indicators we might conclude early on that the resil-
ience of the system is higher than it actually is (as the seed
bank is changing) and, later on, lower than predicted (when
the seed bank still reflects some of the antecedent vegeta-
tion). As the similarity between the seed bank and aboveg-
round vegetation increases, it serves as an early warning sign
that the system is approaching a threshold for permanent
change to a degraded state. To monitor and repair degraded
ecosystems, we might be able to combine resilience of the
soil seed bank with timely management interventions to
prevent collapse into a degraded, undesirable state. Changes
in the compositional similarity between the soil seed bank
and aboveground vegetation serve as an early warning signal
to predict when interventions are both necessary and likely
to be effective.

Conclusions

We developed a conceptual framework integrating seed
bank dynamics into alternative stable state theory highlight-
ing differences between aboveground and belowground
composition resulting in a transient period of degraded
aboveground but desirable belowground communities.
Often, the transition from desired to degraded state is based
solely on composition of the aboveground plant community.
However, if the belowground propagule bank still reflects
the desired state to some degree then the system might
still retain inherent resilience. This is because aboveground
vegetation often changes faster than the composition of the
soil seed bank given that the seed bank is an accumulation
of historical vegetation, whereas aboveground vegetation
reflects more immediate impacts of environmental drivers,
such as disturbance. Therefore, we argue that a single system
can have both fast (aboveground vegetation) and slow (seed
bank) components simultaneously and that this property
extends opportunities for resilience under environmental
change. Therefore, conclusions about alternative stable states
should more carefully consider all aspects of the plant com-
munity both above and below ground. Differences between
aboveground vegetation and soil seed banks can also serve as
a component of an early warning system. We conclude that a
fuller integration of aboveground vegetation and seed banks
has the potential to advance our understanding of ecosystem
warning systems, resilience and recovery, with clear practi-
cal applications to management and restoration of degraded
ecosystems.
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