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Abstract

Understanding the role of animal behaviour in linking individuals to ecosystems
is central to advancing knowledge surrounding community structure, stability and
transition dynamics. Using 22years of long-term subtidal monitoring, we show
that an abrupt outbreak of purple sea urchins (Strongylocentrotus purpuratus),
which occurred in 2014 in southern Monterey Bay, California, USA, was primarily
driven by a behavioural shift, not by a demographic response (i.e. survival or
recruitment). We then tracked the foraging behaviour of sea urchins for 3years
following the 2014 outbreak and found that behaviour is strongly associated with
patch state (forest or barren) transition dynamics. Finally, in 2019, we observed a
remarkable recovery of kelp forests at a deep rocky reef. We show that this recovery
was associated with sea urchin movement from the deep reef to shallow water.

These results demonstrate how changes in grazer behaviour can facilitate patch
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INTRODUCTION

The importance of behaviour in linking individuals to
ecosystems is widely recognised in the ecological lit-
erature (Ovadia & Schmitz, 2002; Schmitz, 1998; Sih
et al., 2012; Werner & Peacor, 2003). Behaviour can fa-
cilitate community structure and functioning by alter-
ing the relative influence of key species interactions
(e.g. competition, predation, mutualisms), changing
the distribution of resources and through other non-
consumptive response pathways (Estes et al., 1998; Pace
etal., 1999; Werner & Peacor, 2003). Although the debate
continues over the relative importance of density versus
behaviorally mediated influences of predators and pri-
mary consumers, both occur widely in nature and are
often associated with trophic cascades (Beckerman

dynamics and dramatically restructure communities and ecosystems.

alternative stable states, behaviour, kelp forest, patch dynamics, trophic cascades

et al., 1997; Kauffman et al., 2010; Schmitz et al., 1997,
Werner & Peacor, 2003). Therefore, understanding how
the presence of predators and resource availability recip-
rocally influence the behaviour of primary consumers is
central to advancing knowledge of community structure,
functioning, stability, and transition dynamics.

Sea urchin grazing in marine ecosystems around
the world is often considered a fundamental driver of
shifts from algal-dominated habitats to alternative sea
urchin ‘barrens’ that are void of macroalgae (Filbee-
Dexter & Scheibling, 2014; Ling et al., 2015). These shifts
have profound consequences on the structure and func-
tioning of coral reefs, seagrass, kelp forest and rocky
intertidal ecosystems (Done, 1992; Filbee-Dexter &
Scheibling, 2014; Watson & Estes, 2011). Resource avail-
ability and predator-driven impacts are perhaps the two
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most well-documented factors known to influence pat-
terns in sea urchin grazing behaviour (Burt et al., 2018;
Cowen, 1983; Harrold & Reed, 1985; Mann, 1982).
Cascading effects resulting from the loss of sea urchin
predators provide strong evidence of density-mediated
indirect interactions (Burt et al., 2018; Estes et al., 1998),
whereas reductions in the availability of food or risk-cues
have been associated with behaviorally mediated indi-
rect interactions (Harding & Scheibling, 2015; Spyksma
et al., 2017). However, the relative influence of these fac-
tors is often context-dependent and difficult to decouple
from other more environmentally driven processes such
as how grazers respond to substrate complexity, season-
ality, swell and water temperature (Konar et al., 2014;
Randell et al., 2022; Vivian-Smith, 1997). Therefore, the
factors that contribute to modifications in sea urchin
grazing behaviour can have important implications for
the state of communities and ecosystems.

In temperate kelp forest ecosystems, sea urchin be-
haviour can be categorised into two fundamental modal-
ities. In kelp forests, where abundant detrital (i.e. ‘drift’)
algae are deposited in crevices, urchins mainly employ
a cryptic passive-grazing modality (Duggins et al., 1989;
Krumhansl & Scheibling, 2012; Sala & Zabala, 1996).
The presence of predators may also elicit a direct re-
sponse in sea urchins that influence cryptic behaviour
or indirectly by maintaining forests (and therefore abun-
dant drift) through trophic cascades (Cowen, 1983; Estes
et al., 1998). However, when the production of detrital
kelp is limited, sea urchins fundamentally shift their
behaviour to an active grazing modality, where they
emerge from the refuge and roam on an open reef sur-
face in search of live macroalgae (Harrold & Reed, 1985;
Kriegisch et al., 2019). Additionally, because sea urchins
have a dispersive larval-stage life history, kelp-urchin
dynamics can also be strongly driven by spatially explicit
and episodic recruitment (Lafferty & Kushner, 2000;
Okamoto et al., 2020).

Kelp forests along the west coast of North America
recently experienced a rapid and pronounced shift from
highly expansive forests to unproductive sea urchin bar-
rens. Starting in late 2013, a coast-wide sea star epizootic
decimated the urchin predator Pycnopodia helianthoides
(hereafter, Pycnopodia), followed by an episodic marine
heatwave event that occurred from mid-2014 into 2016
(Harvell et al., 2019; McPherson et al., 2021). Shortly after
(2014-2016), large-scale reductions in kelp biomass were
recorded along the mainland coasts of California, the
United States and Baja California, Mexico (Beas-Luna
et al., 2020), with pronounced urchin outbreaks occurring
in central and northern California (McPherson et al., 2021;
Smith et al., 2021). In northern California where bull kelp
(Nereocystis luetkeana) is the dominant structure-forming
foundation species, over a 95% reduction in historical
kelp biomass was documented (McPherson et al., 2021;
Rogers-Bennett & Catton, 2019). Similar large-scale
loss of kelp biomass was recorded at the southern range

limit of the giant kelp (Macrocystis pyrifera) near Bahia
Asuncion, Mexico (27.1°N; Arafeh-Dalmau et al., 2019,
Beas-Luna et al., 2020). However, along the central coast
of California, giant kelp-dominated forests experienced a
shift to a patchy mosaic of remnant forests interspersed
with sea urchin barrens (Smith et al.,, 2021). As such,
whether the observed 2014 sea urchin outbreak resulted
from a behavioural shift (i.e. from passive grazing of de-
trital algae to active grazing on live macroalgae) or from
changes in recruitment remains unresolved.

In this study, we explore whether an outbreak of pur-
ple sea urchins that occurred in 2014 along the Monterey
Peninsula, CA, USA was driven by a behavioural shift
(i.e. emergence from refuge or redistribution following
the regional extirpation of Pycnopodia and reduced pro-
ductivity of kelp associated with the marine heatwave) or
by a demographic response (i.e. changes in survival or re-
cruitment). We then tracked the behaviour of sea urchins
in the years following the 2014 outbreak to determine
how grazer behaviour shapes alternations between kelp-
dominated (hereafter, ‘forested’) and urchin-dominated
(hereafter, ‘barren’) states. This study was motivated by
the following hypotheses: (1) sea urchins emerged from
refuge following the regional collapse of Pycnopodia,
the 2014-2016 marine heatwave, and a decline in kelp
production, (2) sea urchin behaviour (passive or active)
explains patch state (forested or barren) transition dy-
namics and (3) sea urchin migration in search of alterna-
tive food sources is associated with macroalgae recovery.

MATERIALS AND METHODS
Study system

This study was conducted in the nearshore temperate reefs
of southern Monterey Bay, California, USA (Figure 1).
All marine algae and invertebrates within the survey re-
gion are protected from harvest within marine protected
areas. The giant kelp, Macrocystis pyrifera, is the domi-
nant habitat-forming algae and the purple sea urchin,
Strongylocentrotus purpuratus (hereafter, ‘sea urchin’),
is the principal benthic herbivore, although bull kelp
(Nereocystis luetkeana) and red sea urchins (Mesocentrotus
franciscanus) also inhabit the region. In 2013, a coastwide
sea star wasting syndrome occurred that extirpated the
urchin predator Pycnopodia helianthoides throughout
California by 2014 (Harvell et al., 2019). Shortly, thereaf-
ter, a dramatic increase in visually detectible sea urchins
shifted the region into a patchy mosaic of remnant forests
interspersed with sea urchin barrens (Smith et al., 2021).
We used long-term benthic subtidal monitoring data to
determine whether the initial sea urchin outbreak was
primarily evidenced by a behavioural shift or by a demo-
graphic response (i.e. sea urchin recruitment or survivor-
ship). We then conducted a series of separate surveys over
the course of 3years to explore whether (and how) sea
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FIGURE 1

Study area along the Monterey Peninsula, California, USA. Each point represents an independent replicate survey site sampled

from 2017 to 2019. The inset diagram depicts the sampling design used to survey each site using eight 5-m long transects (lines) radiating from a
fixed central position, with two 1m?’ quadrats (squares) sampled per transect

urchin behaviour is associated with patch state transition
dynamics across the mosaic.

Sea urchin behavioural shifts at the
regional scale

To determine the temporal point when the sea urchin
outbreak occurred, we conducted change-point analyses
on a 22-year time series of published subtidal data col-
lected by the Partnership for Interdisciplinary Studies
of Coastal Oceans (PISCO; Malone et al., 2021). Briefly,
we used all 12 PISCO sites (Figure S1) surveyed annu-
ally between mid-June to mid-October from 1999 to 2021
in southern Monterey Bay, California. Annual surveys
at each site consisted of visual surveys by SCUBA di-
vers of the density and percent cover of conspicuous
benthic algae, invertebrates, and benthic and water
column-dwelling fishes. Density and percent cover es-
timates of conspicuous benthic algae and invertebrates
were recorded along with six replicate 2 x30m transects
stratified across three bottom depths (5, 12.5, 20m; two
transects per depth level). We used a segmented regres-
sion with multiple change points to determine the most
likely temporal change point locations on the mean tran-
sect density (no. per 60 m?) of sea urchins surveyed in se-
quential years.

To determine whether the sea urchin outbreak is ex-
plained by a shift in sea urchin behaviour from passive
to active grazing, we examined the annual size frequency
(test diameter recorded to the nearest 1 cm) of sea urchins
recorded on PISCO surveys from 2011 to 2016 (sea urchin
sizing began in 2011). Support for the behavioural shift
hypothesis would be evidenced by increases in counts
of all size classes of urchins as they emerged from crev-
ices and became more visible on surveys. Alternatively,
support for the recruitment hypothesis (i.e. that the ur-
chin outbreak was associated with a recruitment event)
would be evidenced by a dramatic and disproportion-
ate increase in the frequency of sea urchins less than
3 cm. We used a Kolmogorov—Smirnov test to evaluate
equality in urchin size distribution across the critical
2013-2014 breakpoint (identified from the segmented re-
gression). Finally, we tested for a relationship between
urchin counts and terrain ruggedness (i.e. reef complex-
ity), reef slope and relief among which we found no effect
(Supplementary Information Methods).

Population state dynamics
To further explore whether the marked increase in

counts of adult (>3 cm) sea urchins after 2013 is ex-
plicable by a sea urchin behavioural shift, we used a
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Bayesian hierarchical framework to fit a size-structured
population dynamics model to survey data. We used
this model to evaluate sea urchin recruitment, survival
(growth) and detection probability as plausible drivers
of observed population dynamics. The structure of the
process model is described in detail in Supplementary
Information Methods. Briefly, the key demographic
processes were the annual rates of growth, survival and
recruitment, while a fourth observer process (detection
probability) related the latent dynamics of the true popu-
lation to the observed survey data. We assume that de-
tection probability is reflective of sea urchin behaviour
(i.e. whether sea urchins are cryptic and not counted on
surveys or actively grazing and visible to divers). The
model tracked the dynamics of 10 size classes (corre-
sponding to 1 cm size increments), with growth transi-
tion probabilities between size classes parameterised
from literature-reported values (Ebert, 2010). Model-
estimated parameters included baseline values of recruit-
ment, survival and size-specific detection probability as
well as year-to-year differences in each of these processes
over the study period (1999-2021) that were estimated as
hierarchical random effects.

We used standard Markov Chain Monte Carlo meth-
ods (MCMC) to fit the process model to survey data on
average size-structured urchin counts per transect (de-
tails of fitting methods and diagnostics are described
in detail in Supplementary Methods). We summarised
the estimated proportional changes in recruitment, sur-
vival and detection probability after 2013, and we used a
simulation-based sensitivity analysis to calculate the rel-
ative contribution of variation in each of these processes
to the observed increase in urchin counts over the study
period.

Patch-level dynamics

We explored patch-level dynamics over a 3-year study pe-
riod (2017-2019) using additional field surveys to further
examine how sea urchin behaviour underpins switching
among patch states (forest, barren). Survey sites were
initially randomly selected and sampled annually from
May to September in 2017 (n = 90), 2018 (n=111) and 2019
(n = 72) to determine patch transition dynamics and at-
tributes of each patch state such as sea urchin behaviour,
density and the cover of key groups of algae (Figure 1).
Survey sites were randomly selected on hard substratum
between 5 and 20 m of water (based on diving limita-
tions) and consistent efforts were made to replicate
spatial sampling through time (i.e. survey sites were resa-
mpled in 2018 and 2019). A site consisted of 16 1 m* quad-
rats randomly stratified across eight 5-m long transects
(two quadrats per transect), and each transect radiated
from a fixed central location (Figure 1). Therefore, each
survey site represents an independent replicate sample.

The state (barrens, forest) of each site was character-
ised by constructing a linear discriminant analysis (LDA)
using urchin behaviour (density exposed and concealed),
density and the percent cover of algae as classifiers.
In the field, each site was surveyed using 16 randomly
placed 1 m” quadrats fixed with a high-resolution GoPro
Hero4 camera and two Sola LED video lights. The den-
sity of urchins was recorded in situ within each quad-
rat by quantifying visually detectible sea urchins and by
searching in cracks and crevices for cryptic individuals.
We also recorded site patch states (barrens, forest) based
on initial impressions of the site at the start of each dive.
In the lab, photoquadrats were analysed to determine
the number of actively foraging (i.e. exposed) sea urchins
and to estimate the cover of key algal groups that are
characteristic of forests and barrens. Each photoquad-
rat was assigned 16 universal points using a digital grid
in ImageJ. Because many algae are difficult to visually
quantify to the species level in imagery, we used four
taxonomic categories that are known indicators of patch
state (Filbee-Dexter & Scheibling, 2014): articulated cor-
alline algae, encrusting coralline and red algae, brown
algae and foliose red algae. Finally, exposed sea urchins
of all detectible sizes were quantified from photoquad-
rats by counting only urchins where 50% or more of the
test diameter was visible (Smith et al., 2021). We then
constructed the LDA by using these variables (sea urchin
density, proportion of exposed urchins, cover of algae)
as predictors of the field patch-state classification. Out
of 284 sites used in training the LDA, only seven were
misclassified and the entropy R*> was 0.89. Therefore,
we elected to use the predicted states from the LDA
(rather than diver-based site impressions) in subsequent
analyses.

To test the hypothesis that shifts in patch state are
associated with alternations in sea urchin foraging be-
haviour, we explored transition dynamics across two
time steps (2017-2018 and 2018-2019). For this analysis,
only sites surveyed at the same spatial location in se-
quential years were used to determine whether each site
(1) persisted in the same state across the time step, (2)
forward-shifted from a forest to barren or (3) reverse-
shifted from a barren to a forest. Logistic regression was
used to determine the transition probability based on
the natural log-transformed mean density of exposed
(i.e. actively foraging) sea urchins, the mean number of
cryptic urchins and starting state (barren, forest). We
defined the logistic target level based on a positive state
shift, where a transition to a different state in the follow-
ing year was classified as ‘I’ and state persistence as ‘0’.
Therefore, each of the variables in the model represents
starting-year values used to predict the following-year
state. We used AIC model selection to identify the best-
fit relationship between patch transition and the den-
sity of sea urchins exposed or concealed. Finally, to
determine the strength of discontinuity in state-shift
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thresholds, we examined the logged odds of state tran-
sition probabilities as a function of exposed sea urchin
density.

Forest recovery following sea urchin movement

In 2019, we observed a dramatic reduction in counts of
sea urchins and an extraordinary recolonisation of a
kelp forest to an area that was an expansive sea urchin
barren just 2 years prior (2017). Surveys farther inshore
(i.e. shallow water) during the recovery year (2019) re-
vealed an abundance of large (>6 cm) sea urchins and
a reef devoid of macroalgae. We hypothesised that the
observed recovery of kelp to the deep reef area was as-
sociated with sea urchin movement to shallow water
because the shallow reef was previously dominated by
red foliose algae, an alternative sea urchin food source.
To test this hypothesis, we examined urchin size struc-
ture and density across three depth zones and three
survey years. We categorically assigned all the survey
sites (n= 18) near the recovery area to one of three
depth zones: shallow (0-6 m), mid (7-13m) and deep
(14-20m). Sea urchins were categorically assigned to
one of three size classes based on test diameter: small
(<30mm), medium (30-38mm) and large (>38mm).
These size classes were selected based on the first, sec-
ond and third quantiles of the entire population size
distribution across all three survey years (n= 6827
individuals).

We used a mixed model with a Restricted Maximum
Likelihood (REML) to test for differences in mean sea
urchin density across three survey years (2017-2019),
three depth zones (shallow, mid and deep) and three
size classes of sea urchins (small, medium and large).
The model was constructed as a full factorial with
year, depth zone and size class as fixed effects and site
and transect as random effects. We then used a con-
trast test to examine the hypothesis that the density
of large- and medium-sized urchins declined over the
period 2018-2019 in the deep zone and simultaneously
increased in the shallow zone. The output of the mixed
model revealed that the density of sea urchins did not
significantly change across the 2017-2018 time period.
Therefore, we restricted the subsequent contrast test to
the 2018-2019 period.

Finally, we explored changes in the algal assemblage
across each depth zone in relation to sea urchin move-
ment. To test for changes in the mean percent cover of
foliose red algae, brown algae and encrusting algae,
we used an analysis of variance (ANOVA) test on pho-
toquadrats at each survey site with depth zone and algae
type as predictors of percent cover. We then used PISCO
data on kelp density from an adjacent site located near
the recovery area (Pt. Pinos) to examine whether the spa-
tial and temporal kelp recovery at deep reefs was associ-
ated with sea urchin movement to shallow water.

RESULTS

Sea urchin behavioural shifts at the regional
scale

A sharp increase in the density of visually detectible
purple sea urchins was initiated in 2014 and continued
for at least 6 years before reaching an apparent decelera-
tion (Figure 2a). Prior to 2014, the mean density of visu-
ally detectible sea urchins was 3.18 individuals (per 60
m” transect). However, the density of visually detectible
sea urchins in the 2015-2020 period markedly increased
to over 700 individuals (per 60m? transect). Despite the
dramatic increase in the density of visually detectible sea
urchins, the size frequency distribution of urchins be-
tween 2013 and 2014 was similar, although larger urchins
(>4 cm) were more frequently detected in 2014 (Figure 3).
Moreover, we did not find evidence of an anomalous
pulse in urchins at the lower end of the size distribution
(<4 cm) in the years prior to 2014.

The size-structured population model converged well
(r-hat <1.05 for all fitted parameters) and provided ex-
cellent goodness of fit to the survey data, satisfying all
posterior predictive checks (Figure S4 and Table T3).
The resulting hindcast estimates of density trends and
annual size-frequency distributions closely matched
field survey estimates (Figure 2a, Figure S7). The model
results indicated an increasing rate of recruitment begin-
ning after 2010 (Figure 2b) and an even more dramatic
increase in detection probability beginning after 2013
(Figure 2c). The mean detection probability for large
urchins increased 37-fold after 2013, as compared to a
5-fold increase in recruitment and no significant change
in survival rates (Figure S8). Variation in detection prob-
ability alone was able to explain 93% of the observed in-
crease in urchin counts compared to approximately 6%
explained by variation in recruitment and 1% explained
by variation in survival (Figure 2d). These results sug-
gest that the dramatic increase in counts of purple sea
urchins that began in 2014 was explained mostly by a
change in the probability that urchins of all size classes
were detected, consistent with a behavioural shift (e.g.
the emergence of urchins from the refuge).

Patch-level dynamics

We found support for the hypothesis that patch state
transitions are explained by shifts in sea urchin behav-
iour. The linear discriminant analysis revealed that 113
sites persisted as the same starting and ending state
across time steps, 11 forward-shifted from a forest state
to barren and 12 reverse-shifted from a barren state to
the forest (Figure S9). Model selection for the full logistic
regression with behaviour (active, passive) as a predic-
tor of the year-following state showed that the density of
actively foraging (i.e. exposed) urchins was the strongest
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FIGURE 2 Trends in purple sea urchins at long-term PISCO subtidal monitoring sites in Monterey Bay, California, USA (Malone et al., 2021). (a)
Projections of mean urchin density trends (number per 60m? transect) between 1999 and 2021 based on a Bayesian population model, showing mean
estimates (solid line), 90% credible interval (grey shaded band) and raw data (solid points). (b) Trends in urchin recruitment density based on the results
of a Bayesian population model (solid line shows mean estimates and shaded band shows 90% credible interval). (c) Trends in detection probability for
large urchins based on the results of a Bayesian population model (solid line shows mean estimates and shaded band shows 90% credible interval). (d)
Boxplot of results from a simulation-based sensitivity analysis, showing the relative contribution of three processes to the observed increase in observed
urchin density after 2014: 1) detection probability, 2) annual recruitment rate and 3) annual survival rate
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FIGURE 3 Size frequency distribution of purple sea urchins (Strongylocentrotus purpuratus) in Monterey, CA recorded on long-term
subtidal monitoring surveys by PISCO (Malone et al., 2021). Each bar depicts the log-number of measured purple sea urchins recorded across
12 discrete size classes (test diameter). Vertical dashed lines indicate the mean size for a given year, weighted by counts for each size class

relative determinant of transition probability (R*=0.18,
2<0.0001, AICc = 108, AAIC = 10).

An analysis of the logged odds from the logistic regres-
sion revealed evidence of a strong discontinuous state
shift (Figure 4). The 50% probability transition thresh-
old for a forward shift from a kelp forest to a sea urchin
barren was 2.71 exposed urchins/m”. However, the 50%
probability transition threshold for a reverse shift from a
barren to a forest was 0.03 exposed urchins/m?.

Forest recovery following sea urchin movement

In 2019, we observed a remarkable recovery of forests
at a deep (14-20m) rocky reef that was an expansive
sea urchin barren just 2years prior (2017). Long-term
subtidal monitoring data revealed a rapid decline in
kelp density across all depth zones in 2014 that coin-
cided with the onset of sea urchin barrens. Starting in
2018, bull kelp (Nereocystis luetkeana) recolonised the
deep depth zone, with a sharp uptick in 2019 (Figure 5;
Figures S10 and SI11).

We found that the total density of sea urchins sig-
nificantly decreased in the deep zone between the 2018
and 2019 sampling seasons, with the most pronounced
effects occurring in the large and medium urchin size
classes (R* = 0.53, p<0.0001; Figure 6a). A less dramatic
but similar decline in medium and large urchins was ob-
served across the same time step at mid-depths (7-13m).
In the shallow zone, the total mean sea urchin density
increased from 1.58 urchins/m> (+0.34SE) to 14.17 ur-
chins/m> (£1.19SE). All size classes of urchins signifi-
cantly increased in the shallow zone in the 2019 survey
year (p<0.0001). The contrast test revealed that the den-
sity of large- and medium-sized urchins significantly
declined within the deep zone between 2018 and 2019
(¢t ratio = 2.77, p<0.005) and increased within the shal-
low zone during this same time period (¢ ratio = —5.69,
»<0.0001). Finally, a comparison of slopes between
the deep and shallow zones across the 2018 and 2019
periods revealed that they were significantly different
(DenDF = 2765, F=20.16, p<0.0001).

Results from analyses on the percent cover of foliose red
algae, brown algae and encrusting algae further support

8518017 SUOWILLIOD BAFER1D 3|qedljdde 8Ly Aq pausenob afe sl VO ‘SN Jo S8|nJ 10} ArIgIT8UIIUO AB]IA UO (SUORIPUOD-PUe-SWR}W0 A8 |IM"AReIq 1 U UO//SARU) SUORIPUOD PUe SWB | 84} 885 [2202/TT/vz] uo A%iqiT8uliuo AB1IM ‘S3d VO AQ ¥90rT @R/TTTT OT/I0P/W00 A8 | 1M Atelq1jeul|uoy/Sdiy wouy pspeo|umod ‘8 ‘ZZ02 ‘8720TIrT



1834

GRAZER BEHAVIOUR DRIVES PATCH DY NAMICS

= transition to barren
= transition to forest

0.8

0.6

0.4

transition probability

0.2

0.01 0.14

\ w vw vV VY AMY A A A

1 7.39 54.6

exposed sea urchin density (natural log no. per m?)

FIGURE 4 Transition probabilities depicting simulated logged odds for each starting state based on the log-transformed density of
exposed sea urchins. The purple line depicts the probability of a forest patch transitioning to a sea urchin barren in the following year based on
the starting density of exposed sea urchins, and the green line depicts the probability of a barren becoming a forest in the following year. Also
included are triangles that depict the final density (no. per m?) of exposed sea urchins for patches that transitioned (green triangles are patches
that became forests, purple are patches that became barren). The dashed horizontal line indicates the 50% probability transition threshold
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FIGURE 5 Kelp dynamics at Pt. Pinos, California, USA. Each line depicts the annual mean density (per 60 m? transect) of giant kelp
(Macrocystis pyrifera, blue) and bull kelp (Nereocystis luetkeana, orange) across three depth zones recorded by PISCO (Malone et al., 2021)

the hypothesis of mass sea urchin movement to shallow
water. Starting in 2019, the cover of encrusting coralline
algae significantly decreased in the deep zone, along with
a simultaneous increase in the cover of foliose red and

brown algae (R* = 0.79, DF = 2, p<0.0001; Figure 6b). In
the shallow zone, the cover of foliose red algae significantly
decreased, with a pronounced uptick in the cover of en-
crusting coralline algae (R* = 0.33, DF = 2, p<0.0001).
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FIGURE 6 Urchin movement dynamics and algae per cent cover across three depth zones. Panel (a) depicts the mean density of small
(<30mm), medium (30-38 mm), and large (>38 mm) purple sea urchins. Panel (b) depicts the mean cover of foliose red algae (red), encrusting red
and coralline algae (pink) and brown algae (brown). Error bars are included as 95% confidence intervals

DISCUSSION

This study demonstrates the important role of grazer be-
haviour in facilitating patch-state transition dynamics.
The kelp forest-urchin barrens mosaic that developed
following the extirpation of Pycnopodia and the marine
heatwave revealed how grazer behaviour shapes alterna-
tions between kelp-dominated and urchin-dominated
states. These findings suggest that the initial 2014 sea ur-
chin outbreak along southern Monterey Bay, California
was primarily driven by the emergence of adult sea ur-
chins from refuge, not by a demographic response (i.e.
recruitment). Behaviorally driven alternations among
patch states across the mosaic further demonstrate
the role of grazer behaviour in facilitating transition
dynamics.

In many systems, behaviour is a primary mecha-
nism for the organisation of ecological communities
(Karatayev et al., 2021; Lima & Zollner, 1996; Werner
& Peacor, 2003). However, behavioural-driven com-
munity patterning often results from demographic (i.e.

recruitment) or density-dependent responses of pred-
ators and their prey (Levin, 1976). Our study supports
how multiple biotic (e.g. recruitment, loss of key preda-
tors) and environmental (e.g. marine heatwaves, grazer
metabolic responses to warming events) perturbations
may interact to influence behavioural switching that
can facilitate persistent patterning of community states.
The initial sea urchin outbreak observed in this region
in 2014 is likely reflective of a shift in grazing modality
(from passive to active grazing), potentially in response
to several coinciding factors such as reduced food avail-
ability, increased metabolic demands from the warming
event (e.g. Rasher et al. 2020), recruitment leading to
adult behavioural switching and from a reduction in the
abundance of a benthic mesopredator (Burt et al., 2018;
Cowen, 1983; Harrold & Reed, 1985).

While we did not find strong evidence of a demo-
graphic response coinciding with the 2014 sea urchin
outbreak, recruitment facilitation is a known driver of
alternative state dynamics (Baskett & Salomon, 2010;
Karatayev et al., 2020). Sea urchin recruitment dynamics
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are often episodic, with considerable geographic varia-
tion (Ebert & Russell, 1988; Okamoto et al., 2020; Pearse
& Hines, 1987). Following the initial sea urchin be-
havioural shift in 2014, it is possible that the formation of
barren patches enhanced sea urchin recruitment to bar-
rens within the mosaic. Another alternative hypothesis
is that increased sea urchin recruitment may have led to
the observed behavioural response in adults, especially
after 2014. Additionally, recruitment may have occurred
prior to 2012 in this system or with variable timing and
magnitude at other locations along the northeastern
Pacific Ocean (Okamoto et al., 2020; Rogers-Bennett &
Catton, 2019).

Long-term monitoring observations along the cen-
tral coast of California, USA indicated that the 2014
sea urchin outbreak continued for at least 6 years and
was potentially reinforced by recruitment after 2014.
During this same period, canopy-forming kelps to the
north and south of the study region experienced un-
precedented declines resulting from the marine heat-
wave and even more expansive outbreaks of purple
sea urchins (Arafeh-Dalmau et al., 2019; Beas-Luna
et al., 2020; McPherson et al., 2021; Rogers-Bennett
& Catton, 2019). One explanation for the persistence
of remnant kelp patches in this system (as opposed to
adjacent neighbouring areas) is the presence of trophi-
cally redundant predators. The urchin predator guild
along the west coast of North America is comprised of
six key species: sea otters (Enhydra lutris nereis), lob-
sters (Panulirus interruptus), sheephead (Semicossyphus
pulcher), sunflower sea stars (Pycnopodia heli-
anthoides), rock crab (Cancer spp.) and wolf eels
(Anarrhichthys ocellatus; Scheibling & Hamm, 1991,
Eisaguirre et al., 2020). The abundance of these species
varies geographically along the west coast. In northern
California, where rock crab and wolf eels are the only
alternative predators of urchins, forests were reduced
by over 95% with the loss of Pycnopodia (McPherson
et al., 2021). However, forests in southern California
that have a suite of urchin predators (e.g. lobster,
sheephead, rock crab) experienced an apparent buffer
from kelp decline following the demise of Pycnopodia
(Eisaguirre et al., 2020). Finally, on the central coast
of California, remnant patches of kelp forests were in-
directly maintained by sea otters that target energeti-
cally profitable sea urchins in patches of forest (Smith
et al., 2021). This spatially explicit foraging by sea ot-
ters is likely the mechanism responsible for the per-
sistence of kelp patches within the mosaic.

In this study, switching among patch states within
the mosaic was explicable in part by changes in the
density of exposed (i.e. active foraging) sea urchins.
Behavioural switching within the mosaic across such
a short temporal duration may be driven by spatial
variability in drift kelp. High levels of drift kelp have
been shown to facilitate reef-scale behavioural feed-
back in California, Chile and New Zealand (Karatayev

et al., 2021; Kriegisch et al., 2019; Ling et al., 2019;
Vasquez & Buschmann, 1997). We also found evidence
of strong discontinuous state shift thresholds, with at
least two discontinuous thresholds required to facili-
tate switching among patch states. A number of studies
have suggested a critical threshold of a forcing variable
that drives state transitions to less productive configu-
rations (Casini et al., 2009; Petraitis & Dudgeon, 2004).
The strong forward- and reverse-shift thresholds iden-
tified in this study provide an empirical demonstration
of this phenomenon.

Sea urchin movement from deep to shallow water
may explain the isolated recovery of kelp forest patches
in deep water. The dramatic reduction in medium- and
large-sized urchins at deep reefs, simultaneous in-
crease of those size classes inshore and the pronounced
reduction of foliose red macroalgae in shallow water
all indicate that sea urchin movement is one possible
explanation for the observed changes in the cover of
macroalgae. Although other studies have documented
sea urchin migrations between depth zones (Ling
et al., 2016; Vadas et al., 1986), an alternative expla-
nation in this system is that sea urchins occupying the
deep reefs switched to a passive-grazing modality and
those in the shallow zone emerged from the refuge.
However, because there was not a reduction of mac-
roalgae in the shallow zone prior to the increase in the
density of medium- and large-sized urchins, the move-
ment hypothesis (as opposed to behavioural switching)
remains the most parsimonious explanation for ob-
served recovery dynamics.

At the locations where kelp recovery was observed,
it is important to note the kelp species that repatriated
the once barren grounds was the bull kelp (Nereocystis
luetkeana, a predominately annual species), not the giant
kelp (Macrocystis pyrifera, a perennial species). Prior
to the 2014 sea urchin outbreak, kelp forests along the
Monterey Peninsula were dominated by the giant kelp
(Foster & Schiel, 1985; Graham et al., 1997). It is well
established that shading by giant kelp limits algal re-
cruitment and the growth of other non-calcareous spe-
cies (Kennelly, 1989; Reed & Foster, 1984). The removal
of long-standing giant kelp forests by purple sea urchin
grazing may have released Nereocystis from light lim-
itation, thereby enabling the rapid recolonisation and
growth of Nereocystis following sea urchin movement
inshore to shallow water.

The results presented in this study highlight the role
of behaviorally mediated effects in structuring eco-
logical communities. One of the most unusual aspects
of this system is the ability of sea urchins to persist in
low-resource environments for extended periods of time
(Ebert, 1967; Ebert, 1982; Smith & Garcia, 2021), which
may contribute to the longevity of the alternative bar-
rens state of the ecosystem. Therefore, the behaviour of
grazers, especially ecosystem engineers, is fundamental
to community and ecosystem dynamics.
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SPECIAL SECTION MOUNTAIN LIFE

REVIEW

Building mountain biodiversity:
Geological and evolutionary processes

Carsten Rahbek">?*1, Michael K. Borregaard't, Alexandre Antonelli*:®,
Robert K. Colwell“®7, Ben G. Holt', David Nogues-Bravo',
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Mountain regions are unusually biodiverse, with rich aggregations of small-ranged species
that form centers of endemism. Mountains play an array of roles for Earth’s biodiversity
and affect neighboring lowlands through biotic interchange, changes in regional climate,
and nutrient runoff. The high biodiversity of certain mountains reflects the interplay of
multiple evolutionary mechanisms: enhanced speciation rates with distinct opportunities
for coexistence and persistence of lineages, shaped by long-term climatic changes
interacting with topographically dynamic landscapes. High diversity in most tropical
mountains is tightly linked to bedrock geology—notably, areas comprising mafic and
ultramafic lithologies, rock types rich in magnesium and poor in phosphate that present
special requirements for plant physiology. Mountain biodiversity bears the signature of
deep-time evolutionary and ecological processes, a history well worth preserving.

ountains are topographically complex

regions formed by the interplay of tec-

tonic and volcanic processes. They are

intrinsically unstable systems, under-

going substantial changes in response
to tectonic, erosional, and climatic processes over
geologically short time scales. The interaction
of mountain substrates, life forms, and climate
systems—at a range of spatial scales—establishes
diverse and distinct montane environments (7-4).
These environments are transient, and their on-
going changes drive the splitting and subsequent
isolation of species ranges, evolutionary adapta-
tion to changing conditions, and consequently,
population differentiation. These biological pro-
cesses create a shifting balance between speci-
ation and extinction, in which mountains may
act as “cradles” (areas of especially rapid species
origination), “museums” (areas of especially long-
term persistence of species), and “graves” (areas
with especially high rates of extinction) for bio-
diversity (7, 5). The high levels of richness and
endemicity of species on most mountains thus
reflect enhanced speciation, coexistence, and
persistence of evolutionary lineages with distinct
evolutionary trajectories.
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Mountain regions, especially in the tropics, are
home to aggregations of small-ranged species (6)
that form highly diverse centers of endemism.
These aggregations cannot be predicted from
underlying global patterns of species richness
(7) or by models that are based purely on con-
temporary ecological conditions (3). One possi-
ble explanation is that statistical models have
not adequately captured the high spatial hetero-
geneity of ecological and environmental varia-
bles characteristic of mountains (3). However,
current mountain diversity may also bear the
signatures of deep-time evolutionary and eco-
logical processes, driven by changing climate
over topographically complex landscapes and
by biotic interchange with neighboring areas
(1, 5, 8). The fluctuating dynamics of mountain
speciation, evolutionary adaptation, dispersal,
persistence, and extinction may ultimately ex-
plain diversity patterns across entire continents.

Geological dynamics are increasingly recognized
as a key driver of these evolutionary processes,
influencing the buildup (and sometimes decline)
of mountain diversity (7, 2, 4). The fossil record
allows robust analyses of how species diversifi-
cation in mountain landscapes has been affected
by the break-up and merging of lithospheric
plates, in the context of plate tectonic processes
(9, 10), and by changes in global temperature
(ID). Linking biogeographical dynamics to de-
tailed reconstructions of mountain formation
has become increasingly feasible through such
analyses (10). Here, we discuss how evolutionary
processes associated with climate history, oro-
genic processes, and the geological composition
of mountain regions shape large-scale geograph-
ical patterns of species diversity.

Key roles of mountains for biodiversity

Over long periods of time, topographic, geolog-
ical, and geophysical conditions modify the rates
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and properties of four key processes that deter-
mine the distribution and diversity of life on
Earth: speciation, dispersal, persistence, and
extinction (Table 1). The emergence of the Andes,
for example, influenced plant diversification and
evolution in South America in at least four dif-
ferent ways: (i) by creating a region of novel, high-
elevation habitats for species; (ii) as a dispersal
barrier to lowland organisms, splitting popu-
lations east and west of the mountain range, as
well as internally in valleys and peaks; (iii) as a
north-south corridor for species dispersal; and
(iv) as a modifier of environmental, hydrolog-
ical, and mineralogical conditions in the rest of
the continent, through montane effects on the
climate system and as a source of mineral com-
ponents released by continued erosion and
weathering (12, 13).

The impact of mountain regions on bio-
diversity extends far beyond their topographical
limits, often affecting entire continental biotas.
For example, although the Andes region is in
itself the most biodiverse region on Earth, Andean
orogeny is also considered a key driver for the
buildup of biodiversity across all of South America
(13). Over roughly the past 10 million years,
Andean orogeny has changed the regional to-
pography repeatedly, forcing the Amazon drain-
age basin to change its course. These changes
altered gene flow across the Amazonian low-
lands, affecting both terrestrial and aquatic bio-
geography (I4). Mountain regions may also play
a role as sources of new evolutionary lineages
that later colonize lowland regions. Phylogenetic
and biogeographical reconstructions reveal an
Andean origin for many Amazonian species, in-
cluding plants (12), amphibians (15), and tan-
agers (16).

The influence of specific mountain ranges on
the biodiversity of broader regions and entire con-
tinents depends on their geographical location,
spatial orientation, local biotic context, and history
(2). Thus, the European Alps, oriented east-west,
have been recognized as refugia for cold-adapted
species but provide insufficient habitat connec-
tivity to enable the persistence of many late-
Neogene lineages in Northwestern Europe through
the Pleistocene (17). By contrast, the north-south-
oriented Rocky Mountains have facilitated latitu-
dinal range adjustments, providing dispersal
corridors during fluctuating climates and boost-
ing the persistence of North American Neogene
populations and species through Pleistocene
glacial-interglacial climate cycles (I18). These pro-
cesses are often cited to explain why the tree flora
of Western Europe is so depauperate in compar-
ison with the tree flora of North America (8).

The influence of mountains likely differs among
taxonomic groups. Speciation in plants, for ex-
ample, often reflects adaptations to particular
soil geochemistry and mineralogy (19). In birds,
speciation may be more susceptible to the breakup
of species ranges that follow narrow elevational
habitat bands. These include shifts in the tree line
and the cloud forest belt (20) and the fragmen-
tation of geographic ranges by major rivers (21).
For invertebrates, many speciation events are
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A Orogeny—Creating new species over millions of years
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Deep geological time

Mountains are created in
different ways, with topographies
varying in space and time.

Uplift and erosion form
new, isolated habitats.

Populations evolve to
colonize new niches.

B Dynamic changes in connectivity—Speciation driven by mountain climate cycling
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Fig. 1. Schematic view of two temporal scales of buildup of mountain diversity. (A) Mountain ranges are tectonically dynamic over millions

of years, leading to isolated changing environments and the long-term adaptation of species colonizing these new habitats. (B) Climatic dynamics in the
Quaternary, induced by Milankovitch orbital cycles, caused habitats and climatic zones to move up and down mountain slopes, repeatedly, on the scale of
tens of thousands to hundreds of thousands of years. These movements led to rapid, repeated dynamics of range splitting and secondary contact,
stimulating diversification. [Graph at left is based on publicly available data (41).]

likely to follow plant specialization linked to the
production of specific metabolites.

Evolutionary processes in mountains

Mountains are hotbeds of speciation, influenced
by geological and climatic dynamics over deep
time. Mountains can form during both compres-
sion and stretching of the lithosphere. Orogeny—
mountain building—typically includes tectonic
stacking of lithosphere domains of diverse age,
origin, and composition, including upducted
ocean floor, emplacement of intrusive magmatic
bodies, and building of surface volcanic struc-
tures. Mountains are thus lithologically and
topographically heterogeneous regions. Evo-
lutionary radiations of species are often associ-
ated with phases of active uplift, suggesting that
orogenic processes play a role in driving diversi-
fication (Fig. 1A) (14, 22, 23), principally through
the recurrent formation, connectivity, and dis-
appearance of habitats within mountain ranges
(Fig. 1A) (24). Orogenic dynamics, including sur-
face uplift and formation of intermontane basins
and subsequent erosion, create shifts in hydro-
logical catchments, river flows, and nutrient
fluxes. These processes change soil composition
and nutrient levels, driving adaptation of plants
and their associated biota in new habitat types.
Mountain formation also affects local climate,
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creating zones of rain shadow or persistent
mist, with a strong filtering effect on species
communities (2).

During the past ~2.6 million years, the cli-
matic cyclicity of the Quaternary has impelled
dynamic shifts in habitat connectivity that stim-
ulated speciation in certain groups (Fig. 1B) (25).
These changes are linked to the Milankovitch
eccentricity cycle, with a periodicity of around
100,000 years, possibly amplified by the ~41,000-
year obliquity cycle, and are further thought to
instigate cyclic, climate-driven habitat changes
that drive temporally rapid “species pumps”
(10, 25, 26). Vegetation belts moved upslope
during warm and wet interglacials, leading to the
fragmentation of populations and genetic diver-
gence. As temperatures dropped again in glacial
episodes, vegetation belts moved downslope, forc-
ing secondary contact of populations, leading to
founder effects, disruptive selection, and char-
acter displacement, thus creating the conditions
classically associated with allopatric speciation.
In a process-based simulation model of range dy-
namics in South America, Rangel et al. recently
found support for these predictions, with the Andes
acting as an episodic species pump (Fig. 1B) (5).

At large spatial and temporal scales, these
processes can yield very different distributions
of species, some that descended from ancient,

13 September 2019

isolated lineages and some that originated from
recent radiations. The relative contribution of
these two groups to mountain diversity varies
greatly among mountain regions [compare Fig. 2
with (3), figure 3]. Badgley et al. defined specific,
testable predictions from three (nonexclusive)
models for the occurrence of radiations in topo-
graphically complex landscapes: (i) Active tec-
tonic dynamics drive speciation, (ii) speciation
is constantly elevated in the habitat mosaic of
topographically complex areas, and (iii) climate-
driven immigration stimulates speciation (4). In
an empirical study of North American rodents,
Badgley and colleagues found some support for
the first and third scenarios (4). In a recent global
analysis, Antonelli et al. also found a substantial
effect of mountain relief on species diversity,
although with relatively weak effects of erosion
and erosive potential, which are otherwise forma-
tive influences within geologically dynamic land-
scapes (2).

Mountains—Cradles, museums, or
graves of diversity?

Stebbins (27) famously asked whether species
diversity in the tropics is so high because the
tropics are cradles (areas of especially rapid
species origination) or museums (areas of es-
pecially long-term persistence of species). Other
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metaphors have since been added (Table 1), in-
cluding the notion of graves to describe geog-
raphical areas with especially high rates of
extinction. Identification of graves from con-
temporary distribution data or fossils remains
elusive. However, their existence, location, and
timing have been predicted with process-based
simulation models (28) of geographical range
dynamics through time, driven by simulated
paleoclimates (5).

For the most diverse tropical mountains, it
appears that the answer to Stebbins’s question
is that mountains are both cradles and muse-
ums (Fig. 2C) (29). To exemplify, the Andes not

only are home to several recently diversified
species clusters with high phylogenetic related-
ness but also host many old, relictual lineages
aggregated in centers of endemism (30). The
combination of both cradle and museum effects
appears crucial to the emergence of the Andes as
the most diverse region on Earth (3).

Whereas the Andes have high numbers of
both early divergent and recently derived species,
the mountain regions of Southeast Asia are pri-
marily occupied by species that are recently de-
rived (Fig. 2). A plausible explanation for these
regionally distinct patterns is that tropical moun-
tain ranges with very high peaks and more rugged

Table 1. Proposed biogeographical roles of mountains, the key processes involved, their
underlying mechanisms, and examples of outstanding research questions.

Role of Process Mechanism Exemplar questions
mountains
Cradles Speciation Fragmentation of species What drives adaptive diversification
and ranges, with potential in mountains, and how important
diversification for local adaptation of is nonadaptive speciation?
populations
Innovation  Adaptive Adaptive response of isolated Do higher environmental ultraviolet
hubs radiation populations in a heterogeneous levels directly affect mutation rates?
environment to local selection Do localized, distinctive soils
generate speciation cascades?
Elevators Dispersal Passive movement of species How can we differentiate between
(passive) and their substrates from passively uplifted species and
lowlands caused by surface those actively dispersed?
uplift
Corridors Dispersal Continuous linkage of similar What are the relative contributions
(enhanced) highland habitats of local recruitment versus
long-distance dispersal to high-
elevation biotas?
Barriers Dispersal Vicariance of lowland species,  How can we test this
(blocked) preventing further gene hypothesis, given
exchange uncertainties in
paleoclimatic models,
molecular data, and
geological reconstructions?
Reservoirs  Maintenance  Persistence of species during How do species persist on
climate change by tracking mountains with limited possibility
their climate niche through for elevational migration or
elevational range shifts discordant shifts in temperature
and precipitation?
Refugia Maintenance  Mountains acting as sources How representative is the Last
to restock lowlands after Glacial Maximum for the role of
episodes of climate-driven mountains as refugia in the
extinction context of previous glaciations?
Museums  Maintenance Collapse of once-larger How important is
ranges, leaving remnant climatic and topographic
populations in favorable complexity for the
mountain microclimates persistence of lineages?
Sinks Extinction Local extirpation due to How does the role of sinks vary
patchy habitat availability with latitude?
Graves Extinction The failure of species to How important will mountaintop
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disperse to suitable climates
or adapt, under changing
conditions
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extinctions be, compared with
human-induced landscape changes?

terrain, such as the Andes and Southeast Asia, are
home to a high-elevation biota characterized by
a small number of lineages adapted to colder
environments. These few lineages may become
regionally very species-rich as a product of
rapid, local diversification (31). In the Andes, this
process may have occurred more repeatedly than
in Southeast Asia. By contrast, the Afromontane
regions and the Atlantic Rainforest mountain
region of South America both show a greater
predominance of early divergent species.

In a simulation of temporal range dynamics of
the South American biota, cradles derived from
Andean founders (each simulation began with one
initial “seed” species) were found to be concentrated
along the Andean slopes, whereas graves tended
to be at lower elevations in the upper Amazon
Basin (5). By contrast, biotas derived from At-
lantic Forest founders had a much higher spa-
tial coincidence of cradles and graves. These
results align with the view that topographic
complexity and elevational climate gradients
promote range fragmentation and act as cradles,
while at the same time acting as museums by pro-
viding climatic refugia from extinction (5, 26, 32).
The simulations also revealed that the spatial
positions of cradles, museums, and graves can
be dynamic, changing shape, size, and intensity
over time and in response to Quaternary climate
cycles (5). These temporal and spatial dynamics
imply that inferring cradles or museums on the
basis of the current distributions of extant young
and old lineages may be misleading.

Geological heterogeneity
and biodiversity

The potential importance of mountain geology,
including the mineralogical composition of
substrates, has been highlighted in recent work
(1, 2, 4). Mountain substrates generally differ
substantially from those of surrounding lowland
basins, which are frequently dominated by eroded
materials derived from the mountains and depos-
ited in valleys and plains. Mineral composition and
nutrient levels in the soil affect plant physiology,
vegetation composition, primary productivity, and
consequently, species diversity. In addition, moun-
tain regions with a high level of geological heter-
ogeneity are likely to support higher levels of
species spatial turnover and local endemic forms,
particularly among plants. However, empirical
studies that establish a relationship between
diversity of edaphic conditions and plant species
diversity are scarce, and little is known about
how edaphic heterogeneity affects diversity at
higher trophic levels.

In a recent global analysis, which also con-
firmed the classic correlation of species diversity
with topographic relief and climate (3, 33, 34),
Antonelli and co-workers found correlations of
species richness of mammals, birds, and amphib-
ians with both long-term and short-term erosion
rates and a measure of soil diversity (2). Al-
though the association was generally weaker
than the correlation of richness with climatic
variables, soil heterogeneity was consistently a
significant predictor of richness across multiple
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biogeographical regions of the world. Antonelli
and co-workers suggested that soil heterogene-
ity underlies fine-scale habitat turnover, creat-
ing new habitats and ecological opportunities,
increasing local and regional species richness.
In Fig. 3, we further explore the relationship
between species diversity and bedrock hetero-
geneity, as measured by the number of major
categories of bedrock that are represented with-
in each mountain region.

Geological heterogeneity, simplified in this
way, does not explain much of the variation in
total species richness and fails to account for
the high richness of small-ranged species that
is characteristic of mountains at low latitudes
[compare Fig. 3A with (3), figure 3]. This dis-
connect may imply that the way rock classes
translate into ecologically relevant soil proper-
ties is substantially more complex than captured
by our simple classification. An ecologically rel-
evant special case is the presence or absence
of mafic and ultramafic rocks (Fig. 3C). Soils
originating from ultramafic rocks have a well-
described effect on plant adaptations and di-
versity. Their unusual geochemistry, with high
magnesium content and low availability of phos-
phorus (35), demands specific adaptations and
slows growth rates for plants. The vegetation of
serpentine soils, which form on ultramafic bed-
rock, is highly specialized and generally woody,
with high levels of phenols and lignin in leaves,
driving secondary effects on the cycling of nu-
trients in the decomposition of leaf litter. Serpen-
tine soils pose strong selective filters for plants,
excluding many groups but fostering radiations
of clades that tolerate these soils (36). Ultimately,
habitat heterogeneity, patchiness, and specialized
dietary adaptations of herbivores may impel spe-
ciation cascades in these habitats across all major
groups of organisms, including vertebrates.

Mapping the global occurrence of larger, con-
tiguous mafic and ultramafic rock domains in
mountain regions (Fig. 3B) reveals that all hy-
perdiverse mountain regions are rich in such
rocks. Intercalated mafic and ultramafic rock
domains often form part of ophiolites, slivers
of oceanic lithosphere upducted and emplaced
within continental orogens during plate collision.
Emplacement of ophiolites is thus an integral
part of the orogenic processes that form cordil-
leran mountain chains. Ultramafic and mafic
rock, mostly associated with ophiolites, underlie
>5% of the dark red area in Fig. 3B.

Almost all the most biologically diverse moun-
tain regions have three features in common:
high rock diversity, presence of upducted oceanic
lithosphere, and a geographical location in the
humid tropics (Fig. 3C). By contrast, mountains
with low rock diversity and without ultramafic
components, even in the mesic tropics, tend to be
relatively species-poor. Mountain regions with-
out oceanic lithosphere components show little
relationship between biodiversity and rock diver-
sity, regardless of climatic zone. Understanding
the geochemical contrast between continental
and oceanic lithosphere components may thus
be key to understanding how bedrock geology
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Fig. 2. Global richness pattern of early divergent and recently derived species in mountain regions.
(A) The number of early divergent birds, mammals, and amphibians, defined as the 25% of species that
are separated from the crown node of their class in the molecular phylogeny by the smallest, ranked node
distance. (B) The number of recently derived species among the 25% with the largest, ranked root

distance from the crown node. (C) The overlap of

early divergent and recently derived species reveals

which mountain regions represent museums (purple), cradles (green), or both (red). Light blue areas have
low richness of both groups. Distribution and phylogeny data are from Holt et al. (42), and mountain

regions are as defined in Rahbek et al. (3). The classification into early divergent or recently derived was
done independently for each class, and values for all three classes were added to give the depicted total.

might influence the production and maintenance
of species richness.

The high turnover of distinct habitat patches
created on geologically heterogeneous surfaces,
even within the same local climate, might con-
tribute substantially to the process of population-
splitting and differentiation that characterizes
mountain speciation dynamics. Plant character-
istics on soils derived from emplaced ultramafic
rocks may also pose challenges for herbivorous
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animals. Soil geochemistry affects plant metab-
olism and may increase the production of sec-
ondary metabolites, with plants on these soils
investing heavily in chemical and physical defenses
against herbivores. Such adaptive challenges
facing the plant-dependent fauna may stimu-
late a higher rate of adaptive divergence among
consumers during phases of population isola-
tion and thus precipitate locally extremely high
rates of diversification, as seen in nectarivores
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