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Abstract
Lengthening of the time needed to recover from a disturbance due to an increasing stressor \(a
phenomenon called “Critical Slowing Down”) has been proposed as an early warning for imminent
ecosystem collapse. As this concept is largely developed in the realm of theoretical models, implementing
it by e.g. monitoring recovery to assess resilience of real-world ecosystems, is often challenging. Tracing
recovery trajectories reliably and non-destructive is not always feasible due to technical or logistical
di�culties. Here, a protocol is presented for a disturbance-recovery experiment in which recovery is
measured using destructive sampling of the biomass. This methodology circumvents many of the issues
of the non-destructive methodologies for measuring recovery.

Introduction
Understanding how ecosystems respond to changes in environmental conditions and how resilient they
are to perturbations is an urgent necessity in the context of global change1. Theoretical studies have
proposed that the lengthening of the time needed to recover from a small perturbation can be used as an
indicator for deteriorating resilience and can possibly be an early warning for the imminent collapse of an
ecosystem2,3. This phenomenon \(Fig. 1) of an increasing return time with increasing stress is referred to
as “critical slowing down”. Although applying this concept seems straightforward, it is largely developed
in the realm of theoretical models and translating the concept to practical applications is challenging. For
example, stability analysis to get the eigenvalue is often performed in theoretical studies2,3. Here, an
equilibrium state is perturbed with a negligible small disturbance. In real-world ecosystems this procedure
is di�cult to replicate. If too big disturbances are used, the ecosystem can be pushed beyond the tipping
point as the results of the experimental disturbance itself and no reliable measure of recovery is obtained.
Thus, disturbance type and magnitude need to be carefully chosen. Yet, even more challenging is how to
measure and monitor recovery in real-world ecosystems after the disturbance is applied. Most theoretical
and empirical studies follow a nondestructive monitoring approach as proposed by ref. \[3] for estimating
the recovery rate, _λ_. Here, an exponential model is �tted against the time series of the biomass
development that is obtained of the recovery after the disturbance \(Fig. 2). In the empirical studies that
tested resilience indicators so far \(e.g. ref. \[4, 5]), the state of the system could be relatively simply
monitored without disturbing the biomass. For instance, in ref. \[4] the researchers used the light
attenuated as a proxy for biomass. By measuring the light attenuation in the mesocosm frequently and at
regular intervals the changes in biomass could be traced. Likewise, in ref. \[5] the concentration of cells
could be monitored without disturbing the cell numbers. A second method, often used in theoretical
studies employing numerical simulations, is to measure the time it takes before the system is recovered
to the pre-disturbed state \(_Tr_ in Fig. 2, e.g. used in ref. \[6]). The biomass has to be recovered within a
certain accuracy around the pre-disturbed value \(e.g. within 0.01 or 0.05%) before the disturbance-
recovery experiment is terminated and the recovery time is recorded. However, these approaches are often
impractical for the _in situ_ assessment of resilience. Measuring recovery rates reliably to estimate the
resilience _in situ_ in real-world ecosystems is often challenging due to: 1) di�culties in getting frequent
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and regular �eld observations of biomass; 2) changing environmental conditions such as seasonal
dynamics \(Fig. 3); and 3) the high level of heterogeneity and stochasticity in many real-world ecosystem
\(Fig. 3). These above points pose some serious challenges to the approach for estimating the recovery
rates or recovery times in perturbed systems as proposed in the theoretical studies3,6 or as performed in
controlled laboratory environments4,5. Monitoring biomass \(i.e. vegetation) development frequent and at
regular intervals can be particularly challenging due to the inaccessibility of the environment and the
accuracy of the available methods to do so. For example, the ability to access the �eld sites of intertidal
ecosystems shifts from day to day, and from one week to the other due to the tides, making recurrent
regular �eld visits logistically di�cult. Moreover, non-destructive biomass measures, such as canopy
height or coverage can be impractical and laborious to acquire and can be inaccurate at the small scale
of the disturbances due to the high level of variability. Automated observations, e.g. with �xed camera’s,
still need extensive calibration and might suffer from the harsh hydrodynamic conditions and biofouling.
For the second methodology \(i.e. monitoring of recovery time) all the above objections remain and are
supplemented with the fact that the duration of the experiments is determined by the recovery time itself,
which is impractical. Therefore, an alternative and easy to execute approach was developed. _**The
approach**_ To circumvent the above issues, we measure recovery rates using a destructive sampling
approach. After a �xed time interval since a disturbance is applied, the recovery in the disturbed plots is
compared with a proxy for the equilibrium biomass, _Veq_, derived from undisturbed control plots at the
same stress level \(Fig.3, and see next paragraph). This approach is comparable with measuring net
primary productivity over a certain time interval _Δt_. Like in ref. \[3], we assume that during the recovery
period the development approximates an inverse exponential: _V\(t) = Veq – De-λΔt_ \(1) Here, _V\(t)_ is
the biomass at time _Δt_, _Veq_ is the equilibrium biomass, and _D_ the disturbance as the amount of
biomass removed. To �nd the recovery rate after a �xed time interval _Δt_ we can normalize the function,
if we de�ne the relative recovery _f_ as _V\(t)/Veq_. In that case equation \[1] can be written as: _f = 1 - de-

λΔt_ \(2) in which _d_ is the relative disturbance magnitude, de�ned as _D/Veq_. This leads to the
rearrangement that allows to calculate the recovery rate: _λ = -log\(\(1 - f)/d)/Δt_ \(3) High levels of
heterogeneity and stochasticity in natural ecosystems can pose challenges for the estimation of the
equilibrium biomass, _Veq_, to which the recovery measurements are compared \(Fig. 3). Preferably, the
recovery of a disturbed plot is immediately compared to a control plot \(i.e. paired comparisons). This
works well in case the relative recovery _f_ is much lower than 1 for all replicates and when the response
of the disturbance and control plot in a pair is closely linked. However, due to the high variability of
biomass in the �eld in both the control as well as the disturbance plots, it can occur that _f>1_ for some
pairs of disturbance and control plots. This leads to incorrect estimation of the recovery rate _λ_.
Dismissing these measurements as outliers is not desirable as it reduces the power of the statistical
analysis. However, if the disturbance and control plots are su�ciently independent \(e.g. corroborated by
the high variability in biomass between plots and the low neighborhood correlation) the issue can be
resolved by estimating the mean \(or maximum) biomass of the controls as proxy for the equilibrium
biomass \(see point 4 of **Procedure** and **Troubleshooting** for further elaboration). The protocol,
and the equipment and materials used as described below, is developed speci�cally for disturbance-
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recovery experiments in tidal marshes where inundation by seawater is the main stressor. However, this
methodology can be applied to any vegetated ecosystem in which the main stressor is clearly de�ned,
and it should be easy to modify the protocol for other \(non-vegetated) ecosystems.

Equipment
For setting up and following up on the disturbance-recovery experiment in the �eld you need: ● Square
frame, to use as template to stick out vegetation tussocks from the marsh and clip above ground
vegetation. We used a frame with inner dimensions of 25 by 25 cm, but size can be adjusted dependent
on ecosystem. ● Pruning shear, to clip aboveground vegetation. ● Spade, to stick out the vegetation
tussocks with roots and rhizomes. ● Paper or plastic bags for collecting the clipped aboveground
biomass. ● Wooden/bamboo sticks to demark the four corners of each transplanted tussock. ● dGPS to
record the position and get an accurate measurement of the elevation of the tussock. Inundation by
seawater is the main stressor in tidal marshes, and elevation is a good proxy to estimate stress levels. In
other ecosystems different measurements of the main stressor\(s) can be required. In case the
experimenter does not want to use the natural \(i.e. in situ) inundation gradient, it is possible to use
mesocosms of different elevations. To construct these mesocosm structures, described as ‘marsh organ’,
you need: ● PVC pipes, 6-inch diameter \(0.0182m2)

Procedure
_**1) Initiating �eld experiment:**_ One can either choose to perform disturbance-recovery experiments
on the key habitat forming organisms in the ecosystems along stress gradients as is, or transplant them
�rst to manipulate the stress levels the organisms are exposed to. In our case of tidal-marsh vegetation,
we applied a transplantation to control the level of inundation stress beyond the level of natural
occurrence by transplanting them to different elevations along the tidal �at-marsh inundation gradient or
by using mesocosms of different elevations \(i.e. ‘marsh organ’). _1.1) Transplantation procedure_: 1.
Stick out enough vegetation tussocks using the spade and square frame. The number of transplantation
units \(i.e. vegetation tussocks) required is the number of stress levels \(i.e. inundation levels) times two \
(disturbance and control) times the number of replicates. _Note_: For the transplantations of vegetation
tussocks along the stress gradients we used a total of 60 tussocks: 6 inundation \(i.e. stress) levels; 2
tussocks per level; and 5 replicates per level. For the transplantations of vegetation to the ‘marsh organ’
mesocosms we used a total of 108 units: 9 inundation levels; 2 marsh organs; and 6 replicates per level.
2. Randomize the collected tussocks 3. Transplant the units to either the _a_) location along the stress
gradient or _b_) the ‘marsh organ’ mesocosm: a. _Transplantion along stress gradient_: Transplant two
units per level, by digging a hole of the same dimensions as the sticked out units. Put the units deep
enough making sure the sediment level of the transplanted unit is level with the surrounding bed level.
Repeat the procedure for the number of replicate gradients. b. _‘Marsh organ’ mesocosm structures_:
Setup two ‘marsh organ’ mesocosm structures7 with various stress \(i.e. inundation) levels and replicates
thereof. One ‘marsh organ’ serves as disturbance treatment and one as control. More detailed description
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of the experimental design, and basic patterns of vegetation response to inundation in ‘marsh organ’
mesocosm structures can be found in ref \[7]. 4. To make sure the transplantation was successfully
executed, the units are not directly disturbed, but allowed to recover and acclimate from the
transplantation. In case of the vegetation transplanted along the stress gradient we returned after a week
\(that is 14 inundations). In case of the ‘marsh organ’ we returned after 10 weeks before disturbing. _1.2)
Disturbance-recovery procedure_: 1. The above ground biomass of one of the plots \(or, alternatively, one
of the two ‘marsh organs’) is clipped just above the soil surface, while leaving the vegetation of the other
intact as control until the end of the experiment. 2. The clipped biomass is collected in separate bags per
plot \(or mesocosm) and measured in the lab \(following 3) to establish biomass levels at the start of the
disturbance-recovery experiment. _**2) Running and terminating �eld experiment:**_ 1. _Before
termination of the experiment_: During the course of the experiment the experimental plots need to be
visited to check the conditions of the experimental plots. Damaged sticks that demark the plots need to
be repaired, to make sure the plots can be found when the experiment is terminated. 2. _Termination of
the �eld experiment_: a. The experiment should be terminated before the disturbed plots have fully
recovered. In our case, we disturbed the vegetation early in the growing season and �nished the
experiment late in the growing season before senescence commenced. b. At termination of the
experiment, the aboveground biomass is harvested of both the disturbed and control plots by clipping
plant stems at the soil surface. _**3) Measuring recovered biomass:**_ 1. After harvesting, plant material
is sorted in the laboratory and number of shoots are counted. Additionally, e.g. the shoot length, stem
diameter, and number of leaves, or �owers can be measured, and plant materials can be sorted in live and
dead fraction. 2. Plant material is washed to remove sediment, dirt and animals from the leaves and
stems. 3. Plant material is dried in an oven at 70℃ to a constant weight \(minimum 72 hours). 4. Dry
weight is measured after drying. _**4) Estimating recovery rates:**_ Because the actual disturbance
magnitude _D_ is often unknown a variation on equation \[3] is used to calculate the recovery rate from
the collected data: _λ = -log\(1 - f)/Δt_ \(4) In case the disturbance and control plot can be treated as
pairs than: _f = Vdist / Vcont_ \(5) Here, _Vdist_ is the biomass recovered in the disturbed plot and _Vcont_
the biomass in the paired control plot. However, an alternative to the paired control is required to estimate
the recovery rate reliably if recovery was too swift \(i.e. _f>1_ for some/all plots) and/or the site is
heterogeneous and stochastic \(see **Troubleshooting**).

Timing
When doing �eldwork it is best to work in pairs. It is much easier and more time e�cient to divide tasks,
e.g. one person does the practical work of checking the plots and counting/measuring the biomass, while
the other writes notes and measurements down. Moreover, working in pairs is preferred for safety. _**1)
Initiating �eld experiment:**_ Sticking out vegetation and transplanting the units takes about 5-10
minutes per plot each. But, randomization of the tussocks requires that the tussocks are collected at a
central place before transplanting. Note that much of the time spend depends on the �eld conditions and
the distance one needs to move between plots. It is easier to work in locations with �rm \(sandy) soil
conditions, compared to soils of muddy unconsolidated sediments. Therefore, it is best to work with 2 or
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3 groups of 2 persons to �nish the setup of the transplantation before the tide returns. Time can be saved
if the locations of the plots are determined in advance and put in the dGPS to �nd the plots quickly \
(using the stake out option). In case of the ‘marsh organ’, it takes about one hour to construct a
mesocosm structure. _**2) Running and terminating �eld experiment:**_ It takes about 3-5 minutes to
check and repair a plot. When terminating the experiment the harvest takes about 5-10 minutes per plot.
Again, the time taken for checking upon the plots while the experiment is running and the �nal
termination of the experiment depends a lot on the �eld conditions. The soil conditions can slow down
the pace at which a person can move around the location, and strong hydrodynamic conditions can
demand many repairs of the plots and therefore can take more time. Especially, in case of
transplantations along the stress gradient much time is taken by walking from one to the other plot.
Therefore, it is best to work with 2 groups of 2 persons at the termination of the experiment to �nish the
harvest before the next tide comes in. In case of the ‘marsh organ’ mesocosm, the mesocosms \(i.e. PVC -
tubes) are clustered and no extra time is required to move from one to the other plot. _**3) Measuring
recovered biomass:**_ Washing, sorting, and counting/measuring the stems before putting the samples
in the oven takes about 15 minutes per sample \(i.e. per plot). Next, drying the samples takes at least 72
hours \(typical for most grasses, but plant materials with thick stems might require longer drying times).
Finally, it takes about 1-2 minutes per sample to measure dry weight. _**4) Estimating recovery rates:**_
Once all the data is collected data analysis can be performed in about a few hours/days.

Troubleshooting
Especially in stochastic and heterogeneous environments \(e.g. such as in the intertidal), it is important to
set up su�cient replicates of the disturbance-recovery plots. Especially, in case the �eld site is not well
know by the experimenter it is advisable to test the level of heterogeneity and stochasticity in the location
of interest and perform pilot experiments, before setting up the full experiment. If heterogeneity and
stochasticity is high and control and disturbance plots are not strongly linked \(i.e. spatial correlation is
weak) it is best to use alternative proxies for the equilibrium biomass, instead of treating the data as pairs
of disturbance and control plots. _**Alternative proxies for equilibrium biomass:**_ To resolve the above
issues, it is assumed that the control biomass _Vcont_ is better represented by a proxy for the equilibrium
biomass _Veq_ at a certain stress level. Therefore, recovery rates are estimated by replacing equation \(5)
by: _f = Vdist / Veq_ \(6) The alternative proxies for the equilibrium biomass _Veq_ are based on the
vegetation distribution parameters mean and standard deviation calculated from the replicate controls.
The most straightforward proxy is the average of the control plots. However, in case still _f>1_ for some
of the plots an alternative proxy is needed. In that case an estimate for the maximum biomass can be
used. This can be estimated as the mean biomass of the controls at an inundation level plus 3 times the
standard deviation \(i.e. the three-sigma-rule). Note that the use of the maximum biomass as a proxy for
the equilibrium biomass will not result in quantitative accurate recovery rates that can be used for other
calculations, such as e.g. growth rates or estimates of the productivity. However, as we are testing for
critical slowing down in real-world ecosystems we are interested in the qualitative trends in the recovery
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rate as function of the stressor. The qualitative trend is not affected by the use of the three-sigma-rule as
long as the variation \(i.e. standard deviation) is homogenous.

Anticipated Results
In general, it is expected that the recovery rates decrease with increasing stress levels1-3. For instance, the
trend expected in case of the tidal marsh vegetation is that recovery rates decrease with increasing
inundation time \(i.e. lower intertidal elevation).
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Figure 1

Recovery rate as indicator of resilience Resilience can be intuitively understood as a ball rolling in a
landscape towards the most stable location, which is the valley. How fast the ball returns to the valley is
determined by the steepness of the hill slopes surrounding the valley. The steeper/gentler the slopes the
more/less resilient the ecosystems is. In time, this results in a swifter/slower return to the predisturbed
biomass state. Adapted after ref. [3].
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Figure 2

Disturbance and recovery After disturbance of magnitude _D_, the biomass recovery approximates an
exponential trajectory. Recovery can be measured as rate _λ_, or as the time _T~r~_ needed to rebound to
the equilibrium biomass, _V~eq~_. Figure adapted after ref. [3].
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Figure 3

Disturbance and recovery in seasonally variable environment Green and purple lines depict the biomass
development of the control and disturbance plot replicates, respectively. The black line is the actual
equilibrium biomass, while the red diamonds and dashed line depict the approximation of the equilibrium
biomass by taking the average of the replicate control plots. The average of the control plots can be used
as a more accurate proxy of the equilibrium value, than a single paired control.


