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removing 25%-50% of urchins over multiple years), especially in the absence of
predators. Our results provide recommendations for the magnitude and timing of

culling and seeding that would be needed to provide desired levels of kelp forest

resilience.
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1 | INTRODUCTION

There is an urgent need to understand how local actions can
mitigate the impacts of global climate change, even as the ultimate
solutions are international in scope. Such local mitigation actions
must respond not only to steady increases in average temperatures
but also to the increasing frequency and magnitude of extreme
events (Johnstone et al., 2016; Smith et al., 2023; Turner, 2010).
In coastal oceans, the increased frequency and duration of marine
heatwaves in particular are a growing threat to the structure
and function of those ecosystems and the services they provide
(Frolicher et al., 2018; Smith et al., 2021, 2023). Heatwaves can be
defined as discrete pulses of extreme ocean temperatures occurring
against the background of chronic warming (Amaya et al., 2023;
Hobday et al., 2016). Recognizing the need for long-term, large-scale
solutions to climate change, there remains a need to understand how
local, short-term interventions can buffer systems against heatwaves
or restore them after heatwave damage. The key questions then
are what management actions will be most effective and efficient,
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and how best to implement them, whether in isolation or in concert
(Ainsworth et al., 2020; Pinsky et al., 2021; Smith et al., 2021, 2023).

Heatwaves can have differential effects on species, produc-
ing complex ecosystem responses. In north-eastern Pacific kelp
forests, warm, low-nutrient conditions during heatwaves reduce
growth and recruitment of the dominant canopy-forming species,
bull kelp Nereocystis luetkeana (Johnson, 2020; Rogers-Bennett
& Catton, 2019; Spiecker & Menge, 2022). In contrast, during
heatwaves, sea urchins (the dominant herbivores in the system;
Mesocentrotus franciscanus and Strongylocentrotus purpuratus) ex-
hibit increased grazing rates (Spindel, 2023). The heatwave-induced
decrease in standing kelp also reduces production of detached kelp
fronds (‘drift kelp’), a preferred food source for urchins (Kriegisch
et al., 2019; Randell, 2022). The loss of drift kelp combined with
increased grazing rates can trigger urchins to switch behaviour,
from feeding on drift and detritus while sheltered in rocky crevices
to exposed roaming and targeting standing kelp stipes (Kriegisch
et al.,, 2019; Rennick et al., 2022; Smith & Tinker, 2022; Figure 1). As
a result, heatwaves can tip kelp forests to overgrazed urchin barrens
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FIGURE 1 Model schematic. Main processes included in our model, including those affected by heatwaves (denoted by the orange ‘flame’
symbol). Purple and green text show processes included in the kelp and urchin components of the model, respectively. Dashed arrows
indicate processes of biomass loss, and thin solid arrows indicate stage transitions. Bold solid lines indicate mitigation actions. Two predation
scenarios were considered: A constant or declining biomass of seastars (following the onset of seastar wasting disease). Kelp and urchin
icons by Jane Thomas sourced from ian.umces.edu/media-library under the CC BY-SA 4.0 licence.
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(McPherson et al., 2021). Recovery from the barren state can be
challenging even after kelp-beneficial conditions return (i.e. the
system exhibits hysteresis; Filbee-Dexter & Scheibling, 2014; Ling
et al.,, 2015) largely because the barren-state urchins exhibit high
survival despite low food availability and exposure to predators. In
fact, some urchin predators actively avoid consuming barren-state
urchins (Eurich et al., 2014; Liebergesell, 2022; Smith & Tinker, 2022).

There is considerable societal and management interest in direct
interventions to buffer kelp forests against heatwaves and restore
impaired kelp populations (Johnson, 2020). This is because the loss
of kelp following a heatwave can have severe impacts on associated
kelp forest species and society. These impacts include the loss of
habitat (particularly nursery habitat; Fennie et al., 2023; Pérez-Matus
etal., 2025; Teagle et al., 2017), the loss of resources for herbivorous
species (e.g. abalone; Rogers-Bennett et al., 2021), and the degrada-
tion in quality and hence economic value of urchins available to the
urchin fishery (Spindel et al., 2021). The two main actions relevant to
bull kelp address the two sides of the kelp-urchin dynamic (Figure 1):
direct kelp restoration could increase kelp biomass via seeding
spores or transplanting sporophytes (Eger et al., 2022), while herbi-
vore removal via harvest, culling or translocation could promote kelp
recovery by reducing herbivore density (Eger et al., 2022).

A previous analysis by Hopf et al. (2025) used a multispecies pop-
ulation model to understand the efficacy of different management
actions in response to heatwaves in the kelp forests of southern
California where the dominant canopy-forming species is giant kelp
Macrocystis pyrifera, and the key urchin predators—the Californian
Sheephead Bodianus pulcher (a labrid fish) and the California spiny
lobster Panulirus interruptus—are harvested. Their model simulated
the stochastic dynamics of this community in a spatially implicit
manner (with lobster abundances assumed to be constant), consid-
ering a single isolated kelp forest that experiences a 2-year heatwave
to replicate the 2014-2016 heatwave that affected kelp forests
in the region (Free et al., 2023; Rogers-Bennett & Catton, 2019).
Hopf et al. (2025) found that the most effective management ac-
tion was to close Sheephead harvesting for as long as possible be-
fore the heatwave and throughout the duration of the heatwave,
equivalent to having placed the kelp forest within a marine reserve.
Removing urchins was also shown to be effective, but only if that
action was taken immediately before the heatwave or soon after it
started; if done too early, new urchin recruitment simply replaced
the removed urchins. Kelp restoration was not effective when im-
plemented alone, but if combined with urchin removals (timed to be
before or at the onset of the heatwave, and persisting throughout
it), low levels of both actions had approximately additive benefits
for kelp persistence. Together, these results led to the recommenda-
tion that heatwave responses should be proactive and nimble, rely-
ing either on marine reserves to protect key urchin predators or on
careful heatwave forecasting to time interventions together (Hopf
et al., 2025).

Here, we applied a similar modelling approach to the kelp for-
est communities of Oregon and northern California where bull
kelp is the primary canopy-forming species. We focus on purple
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sea urchins (Strongylocentrotus purpuratus), which are currently
not targeted by fisheries and typically more aggressive consumers
of standing kelp (Rogers-Bennett & Okamoto, 2020). Several key
differences between bull kelp and giant kelp communities led us
to anticipate the emergence of different management recommen-
dations. First, bull kelp and giant kelp have distinctly different life
histories. While giant kelp sporophytes may live for multiple years
and giant kelp forests often persist intact for years or decades, most
bull kelp sporophytes are lost in winter storms each year so that the
entire kelp forest regrows from gametophytes each spring (Maxell
& Miller, 1996; Springer et al., 2006). Second, the dominant urchin
predators in Oregon and northern California are not harvested, so
fishery closures are not a management action that would directly
affect kelp persistence. Indeed, the major urchin predator, the sea
otter Enhydra lutris, was regionally extirpated by hunting a century
ago (Ravalli, 2009), and the only other major predator, the sunflower
seastar Pycnopodia helianthoides, was effectively driven to local ex-
tinction by the epizootic seastar wasting disease which began in
Oregon in spring 2014 (Hamilton et al., 2021), concurrent with the
start of the 2014-2016 heatwave (Harvell et al., 2019; McPherson
et al., 2021). It stands to reason that the presence versus absence
of urchin predators would affect the kelp community response to a
heatwave and the efficacy of alternative management interventions.

We followed Hopf et al. (2025) in assessing how the two man-
agement actions, kelp seeding and urchin removal, could be used to
reduce the likelihood of a bull kelp forest shifting to an urchin barren
because of a heatwave, in either the presence or absence of urchin
predators (seastars). This allowed us to investigate the hypothetical
past (what might have happened in the absence of the seastar wast-
ing disease), the predator-free status quo and the hypothetical fu-
ture: what if sunflower star populations suddenly recover before the
next heatwave, as other seastar species have (Menge et al., 2016;
Moritsch & Raimondi, 2018), or what if other predators such as ot-
ters are introduced (U.S. Fish and Wildlife Service, 2022). In all cases,
we considered the outcomes when the two actions are implemented
before, during or after a 2-year heatwave, considering these actions
as possibly strategies to both pre-emptively reduce the likelihood
of phase-shifting to an urchin barren state and restore a degraded
kelp forest. Additionally, given the growing interest in the value of
synchronous versus sequential multispecies ecosystem restoration
actions (Samhouri et al., 2021), we also considered different relative
timings of the two interventions (e.g. urchin removal before or after
kelp seeding).

2 | MATERIALS AND METHODS
2.1 | Two-species population model

Our discrete-time single-patch model focused on the interactions
between bull kelp and herbivorous purple urchins (Figure 1). The
model was stage-based for both kelp and urchins, tracking the
biomass of key life stages: juvenile and adult standing kelp, drift kelp
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(hereafter often referred to as ‘drift’), juvenile urchins, exposed adult
urchins and hiding adult urchins. To account for seasonal variations
in ecological processes (recruitment, kelp growth, urchin grazing and
heatwave effects), the model used seasonal (3 months) time steps.
We also modelled predation by sunflower stars on urchins, but as
sunflower stars have highly uncertain reproduction and recruitment
dynamics and are generalist predators with many potential prey on
rocky reefs, we did not explicitly model their dynamics; rather, we
modelled a mean background density with year-to-year variation in
the baseline scenario. For the ‘seastar absent’ scenario, we reduced
this density over time to reflect a seastar wasting disease outbreak
and subsequent population crash (see the Section 2.2; Hamilton
et al., 2021). Details on the model and full equations are provided in
the Supporting Information. As this study was desk-based, no ethics
approval nor permission for fieldwork was required.

The model captured the characteristic dynamic of a kelp forest,
where overgrazing by urchins shifted the system from a kelp forest
to an urchin barren with local kelp extinction. Underpinning this was
an urchin behavioural feeding switch: when drift kelp was abundant,
urchins fed passively on drift, and they actively grazed on standing
kelp only when drift kelp was scarce. To achieve this, we modelled
the proportion of exposed urchins as a declining function of drift
biomass density relative to urchin consumptive capacity (Rennick
et al.,, 2022), building on the approach taken by Randell (2022) and
assuming an overall Type-II functional response. We also assumed a
Type-Il functional response for urchin predation by sunflower stars,
and that exposed urchins had a higher rate of predation mortality
than cryptic urchins (Nichols et al., 2015).

We assumed a spatial domain equivalent to a spatially isolated
kelp forest, at which scale the urchin population would be open
with external recruitment and the kelp population would be largely
closed (i.e. 1-10ha; Kinlan & Gaines, 2003). Kelp reproduction was
thus a function of local adult biomass, with juvenile sporophytes
experiencing density dependence through both inter-cohort com-
petition (shading by adult kelp, modelled with a Ricker function)
and intra-cohort competition among the juveniles (modelled with
a Beverton-Holt function; Nisbet & Bence, 1989). As discussed in
Hopf et al. (2025), this closed population scenario can be viewed as a
worst-case scenario for kelp resilience, without rescue effects from
external kelp populations and with a consistent influx of urchin re-
cruits. Kelp phenology in the model matched the pattern documented
for Oregon bull kelp, with peaks in recruited juvenile sporophytes in
spring (March-May) following summer and autumn spore produc-
tion (Maxell & Miller, 1996). We included high summer growth and
near-complete winter dieback for adult sporophytes, reflecting the
annual nature of bull kelp in Oregon (Maxell & Miller, 1996; Springer
et al., 2006). Stochasticity was captured through year-to-year varia-
tion in recruitment for all species, with recruitment each year drawn
randomly from data-parametrized normal (for kelp) or lognormal (for
urchins) distributions. All parameter values were based on published
literature or data from Oregon or similar regions (Table S1).

It is important to emphasize that this type of modelling analysis
is intended to characterize the general dynamics of the kelp-urchin

system in order to understand how different interacting nonlinear
processes will lead to different management outcomes (a strategic
model, e.g. Arroyo-Esquivel et al., 2023). We do not intend it to de-
scribe or be fitted to data in any one specific kelp population, for
which predictions of future management outcomes would be shaped
by the historical patterns of stochastic variability in that population
(a tactical model, e.g. Nickols et al., 2019). Thus, we understand the
reliability of our model in terms of how well it recaptures the known
dynamics of kelp-urchin systems. This consideration is particularly
important in terms of our assumption that the kelp population being
modelled is demographically closed. Kelp forests exist as metapop-
ulations, with individual subpopulations frequently going locally
extinct and being recolonized by neighbouring populations (this
has been well documented in Macrocystis by Castorani et al. (2015,
2017), and similar patch dynamics have been observed in Nereocystis
populations; McPherson et al., 2021). However, because we were
interested in keeping the model relatively simple and investigating
local-scale management actions, we did not include those metapop-
ulation rescue effects. As a result, our simulated kelp populations
all eventually go extinct and remain that way, without rescue from

another patch in the metapopulation.

2.2 | Modelling heatwaves & management
strategies

We initialized all scenarios in an undisturbed kelp forest state.
Reflecting the known effects of heatwaves on kelp and urchins, we
implemented a heatwave as a period of reduced kelp recruitment
(Korabik et al., 2023) and growth (Supratya et al., 2020), and of
increased urchin-grazing rates (Spindel, 2023). The heatwave
started in winter and lasted 2years (eight 3-month time steps),
mimicking the 2014-2016 heatwaves that severely affected Oregon
and Northern California kelp forests, as well as the more recent
2019-2020 heatwave (Cervantes et al., 2024; Michaud et al., 2022).

We considered two possible management actions: urchin re-
moval (a set biomass of adult urchins removed each season) and
kelp seeding (a set biomass of juvenile kelp sporophytes added
each season). We focused on kelp seeding, rather than transplan-
tation of adult kelp, as seeding is a more viable approach on large
scales (Eger et al., 2022). We modelled scenarios where actions
began up to 2years before the heatwave (i.e. pre-emptive actions),
began during the heatwave or began up to 3years after the heat-
wave ended, with actions lasting 1 to 5years after initiation. We ex-
plored a wide range of magnitudes for both actions (0%-100% of
pre-disturbance biomass for each species), and assessed the conse-
quences of combining them either simultaneously or sequentially,
with one action following the start of the other with up to a 7-year
delay. Finally, we repeated all simulations under two different states
of nature. The first reflected the historical situation in which seastar
wasting disease began 3 months after the onset of the marine heat-
wave and steadily reduced the abundance of sunflower stars over a
course of 33months (11 seasons/time steps; we refer to this as the
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FIGURE 2 Example scenario simulations. The proportion of simulations in which kelp persisted in each model year, with different
simulated management actions indicated by the colour of each curve. The percentage increase in probability of kelp persistence is calculated
at the sampling year (12 years post-heatwave), as indicated by the scale bar marked with percentage increments. In these examples,
management actions began the same year as the heatwave started, were implemented for 3years, and 100% of the pre-heatwave biomass
was removed (for urchins) or added (for kelp) yearly. The two panels illustrate scenarios with (a) and without (b) seastar wasting disease

(SSWD) that began to eliminate seastars at the onset of the heatwave.

‘seastars absent’ case; Hamilton et al., 2021). The second state of
nature (‘seastars present’) was a hypothetical scenario in which sun-
flower star densities remained unchanged during the simulations.
Reflecting the real logistical challenges of undertaking field work in
Oregon waters, management actions only occurred during summer
months.

With 5000 replicates for each scenario, we simulated the
system's dynamics for 20years (80 model time steps) prior to
the heatwave and then assessed the proportion of simulations in
which kelp persisted (defined as non-zero kelp biomass for at least
a year) 12years after the heatwave ceased. Twenty pre-heatwave
years was long enough to eliminate any sensitivity to starting
conditions, with 12 post-heatwave years being long enough to
complete and extend beyond the transient effects of all potential
management actions. We present the response variable of kelp
persistence as the percentage increase in probability of kelp forest
persistence relative to the effect of the heatwave with no man-
agement intervention, and to a baseline scenario with no heat-
wave (Figure 2). More specifically,

percentage increase in probability of persistence

_ PMHW & action PMHW & no action % 100
- ’
Pno MHW & no action — PMHW& no action

where P; is the proportion of simulations with persistent kelp under
scenario i.

Note that even without a heatwave, the proportion of kelp per-
sisting declined over time (Figure 2) because in a stochastic system
(and with our assumption that there is no kelp or drift immigration
from other kelp forest patches in the metapopulation), there is a
small, constant probability that a given forest will switch to a barren

in any given time step due to a series of poor kelp recruitment years
and/or substantial urchin recruitment events, and that barren state

is trapping (without restoration actions).

3 | RESULTS

Because of the many sources of stochasticity in our model, we
found that the probabilities of kelp persistence could vary by ~10
percentage points among sets of simulations of the same scenario.
This occurred even when the number of simulations increased
beyond 5000. Therefore, in interpreting the results, we do not
consider differences of <10 percentage points to be meaningful.

When implemented individually, both management actions
peaked in effectiveness when they were started before or during the
heatwave, but this peak was less notable when seastars were ab-
sent (Figure 3a-d). Kelp seeding alone was consistently less effective
than urchin culling alone, and both actions were more effective the
longer they were undertaken (Figure 3a-d). With seastars present,
both actions were at least moderately effective (>25% increase in
probability of persistence) if begun after the heatwave ended but
decreased in effectiveness the longer the delay in implementing the
management action (Figure 3b,d). This was also true for urchin re-
moval in the absence of seastars if removal was enacted for a long
duration (>4 years; Figure 3c). However, neither urchin removal of a
short duration nor any duration of kelp seeding was effective when
seastar wasting disease removed seastars (Figure 3a,c). If both ac-
tions were started and completed before the heatwave began, they
were relatively ineffective (<25% increase in probability of per-
sistence; Figure 3a-d).
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heatwave. White boxes indicate the scenarios that are shown in Figure 2.
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FIGURE 4 Example scenario runs with combined action. The proportion of simulations with kelp persisting over time when intensive kelp
seeding and urchin removal were combined, either with (a) or without (b) the removal of seastars by SSWD. In this example, actions lasted
3years and began at varying times relative to the heatwave (red box), as indicated by the line colour.

Combining urchin culling and kelp seeding could provide benefits
with or without seastars but was notably more effective in the pres-
ence of seastars (Figures 3-5). Combining actions was exceptionally
effective when both actions were implemented intensively (i.e. 100%
of the pre-heatwave urchin removed and kelp biomass seeded each
year; Figure 3e,f). The timing of actions relative to the start of the

heatwave was less important when they were enacted in combination
than when they were enacted alone. Combined actions were only less
than moderately effective (<50% increase in probability of persistence)
if started and completed before the heatwave began (Figure 3e,f).

It is important to note that the apparent increase over time in
the effectiveness of combined actions (Figure 3e,f) was partly a
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FIGURE 5 Effect combining actions over varying intensities. Percentage increase in the probability of a kelp persistence through a 2-year
marine heatwave (numbers in cells), and the proportional difference between the efficacy outcome of the combined actions compared with
the expected summed outcome of the actions based on their individual efficacy (warm colour scale), over a range of urchin removal and kelp
seeding efforts in the presence (a) or absence (b) of seastar wasting disease (SSWD). In this illustrative scenario, actions occur simultaneously
at the start of the heatwave and last for the same 3-year time period. White boxes show the efficacy of individual actions. As an example
(boxes outlined in thick black in panel a), adding 10% kelp seeding and 50% urchin removal has a synergistic effect (3% effect of kelp alone
+14% effect of urchin alone < 41%, the combined effect of both). The degree of urchin removal and kelp seeding effort is the percentage of
pre-heatwave urchin and kelp biomass removed or seeded each year, respectively.

consequence of our baseline model scenario. In the baseline simula-
tions, kelp persistence gradually decreased over time due to stochas-
tic events, even in the absence of disturbances or interventions (see
Section 2, black line in Figure 2). As such, the number of simulations
with the potential to recover from an urchin barren increased over
time (Figure 4). However, there is a ceiling on the absolute value of
persistence (100%) if all simulated kelp populations have non-zero bio-
mass in a given model year. The combined management actions often
brought the system to that 100% ceiling, regardless of the level of per-
sistence when the actions were initiated. This means that the later the
actions were initiated, the greater the difference between the current
system state and full recovery, and thus greater effectiveness by our
metric. The potential for this artefact was also present in the simula-
tions with single actions alone, but those single actions were not effec-
tive enough to raise the system to the persistence ceiling.

The effectiveness of both kelp seeding and urchin removal in-
creased with increasing intensity of the action (measured as the
percentage of pre-heatwave biomass removed/added), regardless
of whether seastars were present or not (white panels, Figure 5).
However, there were diminishing returns in those benefits, as mea-
sured by decreased marginal increases in effectiveness with in-
creasing effort (see also Figures S2.1 and S2.2). Nonetheless, and
remarkably, combining actions had synergistic effects, with the large
synergistic gains beginning at low intensities of kelp seeding (25% of
pre-heatwave biomass) and moderate intensities of urchin removal
(225% of pre-heatwave biomass; denoted by the darker red color-
ation in Figure 5).

When combining management actions in a temporal sequence,
there was a distinct benefit to overlapping actions as opposed to
beginning one action after the other ended (Figure 6). For example,
overlapping actions of three-year duration affected no less than a

doubling of their effectiveness (compare the dark diagonal band
where actions overlap with bottom-left and top-right in Figure 6a,b).
In the absence of seastars, there was no consistent benefit to be-
ginning either action first if the first action began before or concur-
rent with the start of the heatwave (first three rows in Figure 6c).
However, a marginal benefit to removing urchins first occurred
if it started after the heatwave had begun (bottom-left corner of
Figure 6c). Beginning urchin removal first was generally more ef-
fective regardless of timing when seastars were present (Figure 6b).
Here, we present results where 50% of the pre-heatwave urchin
and kelp biomass was removed or seeded each year. Our results are
consistent with higher and lower intensity actions (Figures S2.3 and
S$2.4), but due to the low effect of lower intensity actions, smaller dif-
ferences are present in that scenario. Note that the average variation

across simulations in this analysis was particularly high (+10units).

4 | DISCUSSION

Local, short-term management actions may be essential to sup-
porting Pacific Coast bull kelp forests through marine heatwaves.
Given the high costs of the mitigation actions we considered (Eger
et al., 2022), it is important to ensure that they are timed and imple-
mented at levels that are likely to have the desired effect on kelp
forest persistence. Our analysis showed that the most effective tim-
ing of single mitigation actions was immediately before and during
the heatwave. Timing for combined actions, however, mattered less,
and they could be successful if implemented after the heatwave.
Critically, intensive effort (e.g. removing 25%-50% of urchins over
multiple years) was required. Our results also suggest that heatwave
mitigation actions could be successful in bull kelp forests regardless
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year, respectively.

of whether sunflower seastars were present or not, but would be
greatly more effective overall if seastars were present. This predator
effect echoes both modelling and empirical findings from studies on
southern California giant kelp forests (Macrocystis), where protect-
ing urchin predators from harvest is found to be highly effective in
enhancing kelp persistence, but only if that protection was started
well before the heatwave to allow the size structure of the predator
population to rebuild (Dunn et al., 2021; Eisaguirre et al., 2020; Hopf
et al., 2025). While that result does not directly apply to the bull kelp

system because there are no widely harvested urchin predators in
that kelp forest community, collectively these studies highlight the
importance of healthy predator populations in supporting heatwave
mitigation.

We found that combining kelp seeding and purple urchin removal
could have a significant, synergistic effect, especially when predators
are present. This differs from an earlier analysis of the giant kelp sys-
tem in which Hopf et al. (2025) found that combining these actions
with predator protection produced additive effects at best. Several
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key distinctions between the two systems may explain this. First,
the saturating nature of Type-Il predation exhibited by sunflower
seastars (Galloway et al., 2023) limited the extent to which seastar
predation suppressed urchin population density. Hopf et al. (2025)
characterized predation by Californian Sheephead on urchins with
a linear functional response, resulting in the Sheephead population
having greater capacity to suppress urchins. As such, in the bull kelp
model, urchin removals by humans as a mitigation action (which are
not modelled as being dynamically limited by a functional response
in the same way the predator is) has a greater capacity than the pred-
ator to cause large, rapid declines in urchin density and increase kelp
persistence, especially when combined with direct kelp seeding. This
capacity remained in the bull kelp system even when the seastars de-
clined over time. Second, while bull kelp and giant kelp recruits likely
exhibit a mix of both inter- and intra-cohort density dependence, the
relative importance of intra-cohort density dependence is expected
to be greater in bull kelp given that adult densities are typically very
low during spring following winter die-backs (Maxell & Miller, 1996;
Springer et al., 2006). By contrast, incoming giant kelp recruits com-
pete for space and are negatively affected by shading of older, pe-
rennial adult kelp sporophytes (Nisbet & Bence, 1989; Reed, 1990;
Stewart et al., 2009), as Hopf et al. (2025) modelled accordingly. The
lower negative effects of adults on juveniles in bull kelp provides
artificially seeded juveniles with a greater chance of survival, espe-
cially given their relatively fast growth rate and when also released
from herbivory through urchin removals (Pontier et al., 2024). Finally,
the effectively annual lifespan of bull kelp means that recovery to a
full canopy is possible within a single growing season, as opposed to
giant kelp forests that grow with additional recruitment over multiple
years (Carr et al., 2016).

An additional key finding was that if both urchin removal and
kelp seeding were carried out over multiple years, the combined
actions were most effective when they were performed simultane-
ously in at least 1 year. Intuitively, removing urchin-grazing pressure
is beneficial to supporting successful direct restoration processes,
such as kelp seeding (Eger et al., 2022). We found that removing
urchins before seeding kelp was generally more effective than the
reverse, unless the two actions were undertaken during the heat-
wave and when predators were absent, in which case there was no
greater benefit to undertaking either action first. Furthermore, the
time between urchin removal and kelp seeding had little effect so
long as they overlapped for at least 1 year. This is a promising re-
sult to guide mitigation efforts with limited resources, suggesting
that there may be flexibility in the timing of combined actions and
little cost to adapting ‘on-the-fly’ to field or logistical conditions.
However, these results may have been influenced by our assump-
tion that the purple urchin population was demographically open;
at the much larger scale of the urchin metapopulation, a relation-
ship between population size and reproductive output would likely
exist. We might expect a coast-wide loss of kelp to decrease urchin
reproductive output (Botsford et al., 2004; Claisse et al., 2013; Lang
& Mann, 1976) and thereby increase the effectiveness of urchin re-
movals. Yet, in Oregon there was no evidence of a decrease in urchin
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recruitment following the widespread loss of bull kelp during the
2014-2016 heatwave (L. Rasmuson, pers. comm.).

Our results are consistent with other recent models of kelp-
urchin dynamics in the context of kelp restoration, as well as with
empirical studies of restoration actions. For example, Arroyo-
Esquivel et al. (2023) used a spatially explicit model to examine kelp
restoration actions in the context of small, local ‘oases’ of remaining
kelp forests, focusing only on within-season dynamics. They found
that addressing local, within-patch dynamics was most effective rel-
ative to a lower level of action over a larger spatial scale: in their anal-
ysis, kelp recovery required reducing urchin density below a certain
threshold, and adding kelp (or starting with a higher abundance of
kelp in the oasis) increased that threshold. Essentially, it was import-
ant for restoration actions to establish enough kelp to induce urchins
to switch from feeding on standing kelp to drift. This is similar to
our result for the effectiveness of simultaneous urchin removal and
kelp seeding, although Arroyo-Esquivel et al. (2023) did not consider
multiyear processes and so could not consider the potential effects
of urchin recruitment following removal or the sequencing of actions
relative to a disturbance. Both that modelling result and our own also
match the empirical evidence for the importance of urchin removal
as a part of kelp restoration (Layton et al., 2020; Morris et al., 2020;
Sanderson, 2003), even if the spatial scale of field studies on bull kelp
specifically have been limited (Ward et al., 2022). It is also clear that a
key component of these models is the explicit representation of the
urchins' behavioural diet shift from drift to standing kelp (Arroyo-
Esquivel et al., 2023; Hopf et al., 2025; Karatayev et al., 2021), which
is consistent with our general understanding of urchin-grazing-
driven alternate states in kelp forest systems (Johnson et al., 2017,
Ling et al., 2015; Marzloff et al., 2016; McPherson et al., 2021; Smith
& Tinker, 2022). However, a better empirical understanding of that
behavioural shift would improve our confidence in how it is repre-
sented in models (Randell, 2021).

While we focused on the maintenance of persistent kelp per
se, the heatwave mitigation actions we describe here would be ex-
pected to have positive effects for the many other fish and inver-
tebrate species that depend on kelp habitat (Carr et al., 2016) and
exhibit declines in abundance following heatwaves (Arafeh-Dalmau
et al., 2019; Smith et al., 2024; Tolimieri et al., 2023). For example,
based on the empirical relationship between giant kelp abundance
and recruitment success of kelp forest fishes, such as kelp bass
(Paralabrax clathratus; White & Caselle, 2008), Hopf et al. (2022)
used population models to quantify how post-disturbance kelp res-
toration would lead to increases in kelp bass population, particularly
if the restoration was conducted inside marine reserves, though
they also noted that such beneficial effects could be difficult to
detect empirically because of transient fluctuations in population
density. Similar positive benefits could be expected for species that
utilize bull kelp habitat in Oregon and Northern California, partic-
ularly juvenile stages of nearshore rockfishes, such as copper and
black rockfishes (Sebastes caurinus and S. melanops, respectively)
and striped surfperch (Embiotoca lateralis; reviewed by Markel
et al., 2017; Springer et al., 2010).
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Here, we focused on the effects of heatwaves as a pre-eminent
stressor of kelps and their interaction with urchins. During heatwaves
in upwelling systems, warm temperatures couple with low-nutrient
conditions (McPherson et al., 2021). Due to limited experimental
data, we have parameterized our model with a focus on temperature
changes. As nutrient limitation is important for kelp growth, growth
rates during heatwaves may be overestimated in our current model,
and thus the effectiveness of kelp seeding during heatwaves may
be less in nutrient limited systems that our model suggests (Hopf
et al., 2025). Furthermore, coastal kelp communities will be affected
by other dimensions of anthropogenic global change in the coming
decades. In particular, the California current region experiences a
spatially heterogeneous pattern of regular exposure to low-pH and
hypoxic water, with the intensity of those stresses increasing with
climate change (Cheresh & Fiechter, 2020; Kroeker et al., 2023),
leading to negative consequences for nearshore organisms (Chan
et al., 2019; Feely et al., 2016). Those two particular climate stress-
ors do not have direct negative effects on kelp; indeed there is some
evidence that kelp forests modify the biogeochemistry of the water
column in ways that provide a limited refuge from acidified condi-
tions to other kelp forest organisms (Bednarsek et al., 2024; Hirsh
et al.,, 2020). Perhaps of more interest, however, is the nature of the
spatial heterogeneity in stressors. In the California Current region,
coastal upwelling draws to the surface deeper waters that are cold
and nutrient-rich, but low in oxygen and high in dissolved inorganic
carbon (Chan et al., 2019). In this region, coastal upwelling is concen-
trated in hotspots associated with headlands and similar topographic
features, and those areas experience more frequent exposure to low
temperatures, low pH and low dissolved oxygen; areas between
those upwelling centres experience higher and more variable tem-
peratures (Cheresh & Fiechter, 2020; Hamilton et al., 2023; Kroeker
et al., 2023). As a consequence, future marine conservation plan-
ning will have to grapple with this mosaic of locations that will face
greater exposure to acidified, low-oxygen water (but also cooler,
high-nutrient conditions favourable to kelp) and other locations that
are more likely to experience high-temperature heatwave stress.
Those differences in conditions across the seascape would lead to
the need to use models like ours to prioritize restoration interven-
tions over space, to determine how to allocate resources to achieve
the best coast-wide outcomes for kelp forests. Future implementa-
tions of the model developed here will therefore investigate these
spatially heterogenous dynamics, as well as the implications of possi-
ble future reintroduction of sea otters. It will also become necessary
to grapple with the ongoing warming trend in average temperatures,
which will eventually push coastal systems into a perpetual ‘heat-
wave’ state relative to historical climatology (Amaya et al., 2023).
Models that consider this reality will have to include the potential
for selection and adaptation among kelp and other organisms.

Restoration activities are time and resource intensive, and should
be implemented as part of an adaptive management programme
(Walters, 1986). This adaptive management can take the form of
‘learning by doing’, but there are too many possible combinations of
actions and intensities to determine the best practices empirically.

Models like ours are essential for guiding the next round of exper-
imental work, within an adaptive management cycle in which we
predict the expected outcome of actions, then assess the empirical
outcomes to determine whether they match expectations. In this
case, two clear recommendations arising from our model are that (a)
kelp seeding is unlikely to be successful without urchin culling (or the
restoration of urchin predators), and (b) the most effective outcomes
will come if urchin culling precedes kelp restoration (or the two are
done simultaneously), particularly if those actions are taken after a

heatwave has started.
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SUPPORTING INFORMATION

Additional supporting information can be found online in the
Supporting Information section at the end of this article.

Figure S1.1. Urchin behavioural feeding switch function (¢,). As the
availability of drift kelp to urchin consumptive capacity (biomass of
urchins x urchin grazing rate) decreases (left-to-right along the x-axis)
more urchins shift to grazing standing kelp. The rate of change of this

shift is determined by the slope of the curve (w,), here w, = 0.5.
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Figure S1.2. Example average standing kelp and urchin biomass
densities in the last 10years of the model run, sampling only in
summer and fall (to match sampling seasons in Oregon). Each point is
an individual model simulation (n=5000).

Figure S1.3. Site-averaged standing kelp and urchin biomass
densities along the Oregon coast 2001-2011, pre-seastar wasting
disease.

Figure S2.1. Changes in efficacy with effort when seastars are
absent (SSWD). Percentage increase in the probability of kelp forest
persistence through a 2-year marine heatwave with varying degrees
of urchin removal (a-c) and kelp seeding efforts (d-f), and lengths
of actions (colours), at different times relative to the start of the
heatwave (rows). Degrees of effort are measured as the percentage
of pre-heatwave urchin and kelp biomass removed or seeded each
year, respectively.

Figure S2.2. Changes in efficacy with effort when seastars are present.
Percentage increase in the probability of kelp forest persistence
through a 2-year marine heatwave with varying degrees of urchin
removal (a-c) and kelp seeding efforts (d-f), and lengths of actions
(colours), at different times relative to the start of the heatwave
(rows). Degrees of effort are measured as the percentage of pre-
heatwave urchin and kelp biomass removed or seeded each vyear,
respectively.

Figure S2.3. Percentageincrease in the probability of kelp persistence
through a 2-year marine heatwave, with (a) and without (b) seastar
wasting disease (SSWD), when combining urchin removal and kelp
seeding sequentially. Panels (c) and (d) show the difference between
starting urchin removal before or after kelp seeding, at the same
times indicated in panels (a) and (b). For example, the top left boxes
in (c) and (d) depict the increase in persistence probability when
enacting urchin removal at t=-2 followed by kelp seeding at t=-1,
minus enacting kelp seeding at t=-2 followed by urchin removal
at t=-1. In this illustrative scenario, actions lasted for 3years and
25% of the pre-heatwave urchin and kelp biomass was removed or
seeded each year, respectively.

Figure S2.4. Percentage increase in the probability of kelp persistence
through a 2-year marine heatwave, with (a) and without (b) seastar
wasting disease (SSWD), when combining urchin removal and kelp
seeding sequentially. Panels c-d show the difference between
starting urchin removal before or after kelp seeding, at the same
times indicated in panels (a) and (b). For example, the top left boxes
in (c) and (d) depict the increase in persistence probability when
enacting urchin removal at t=-2 followed by kelp seeding at t=-1,
minus enacting kelp seeding at t=-2 followed by urchin removal
at t=-1. In this illustrative scenario, actions lasted for 3years and
100% of the pre-heatwave urchin and kelp biomass was removed or
seeded each year, respectively.

Table S1.1. State variables for the urchin-kelp sub-model. Each state

variable is the biomass density (per ha) at season t.
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Table S1.2. Parameter symbols, descriptions, values and references
(where applicable) for the urchin-kelp sub-model. Values in red
indicate values used during heatwave periods, and their associated
references, where applicable. Unless otherwise specified, urchin
data are for purple urchins (Strongylocentrotus purpuratus) and kelp
data are for giant kelp (Macrocystis pyrifera; hereafter ‘kelp’). Note

that all relevant values are per hectare (ha™).
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