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Abstract

1. How strongly predators and prey interact is both notoriously context dependent 
and difficult to measure. Yet across taxa, interaction strength is strongly related to 
predator size, prey size and prey density, suggesting that general cross- taxonomic 
relationships could be used to predict how strongly individual species interact.

2. Here, we ask how accurately do general size- scaling relationships predict varia-
tion in interaction strength between specific species that vary in size and density 
across space and time?

3. To address this question, we quantified the size and density dependence of the 
functional response of the California spiny lobster Panulirus interruptus, foraging 
on a key ecosystem engineer, the purple sea urchin Strongylocentrotus purpuratus, 
in experimental mesocosms. Based on these results, we then estimated variation 
in lobster– urchin interaction strength across five sites and 9 years of observa-
tional data. Finally, we compared our experimental estimates to predictions based 
on general size- scaling relationships from the literature.

4. Our results reveal that predator and prey body size has the greatest effect on 
interaction strength when prey abundance is high. Due to consistently high ur-
chin densities in the field, our simulations suggest that body size— relative to 
density— accounted for up to 87% of the spatio- temporal variation in interaction 
strength. However, general size- scaling relationships failed to predict the magni-
tude of interactions between lobster and urchin; even the best prediction from 
the literature was, on average, an order of magnitude (+18.7×) different than our 
experimental predictions.

5. Harvest and climate change are driving reductions in the average body size of 
many marine species. Anticipating how reductions in body size will alter species 
interactions is critical to managing marine systems in an ecosystem context. Our 
results highlight the extent to which differences in size- frequency distributions 
can drive dramatic variation in the strength of interactions across narrow spatial 
and temporal scales. Furthermore, our work suggests that species- specific esti-
mates for the scaling of interaction strength with body size, rather than general 
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1  |  INTRODUC TION

The complexity and context dependency of species interactions has 
led numerous ecologists to argue that prediction in community ecol-
ogy is impossible (Lawton, 1999). Yet, across species from widely dif-
ferent taxonomic groups there is considerable evidence for general 
patterns relating individual traits, like body size, to the strength of spe-
cies interactions (Brown et al., 2004). For instance, recent syntheses 
of empirical work demonstrate that across taxa, how much predators 
consume at a given prey density— one measure of interaction strength 
(Berlow et al., 2004)— is strongly correlated with predator and prey size 
(Rall et al., 2012; Uiterwaal & DeLong, 2020). Yet despite the strength 
of general size- scaling relationships, it is unclear how accurately these 
relationships predict interactions between specific species, and if 
these predictions might disentangle complexity in community ecology 
(e.g. Poisot et al., 2015). In this paper, we present a case study testing 
if general cross- taxonomic patterns relating interaction strength with 
predator and prey body size predict how strongly a focal predator– 
prey pair interact. Understanding if general size- scaling relationships 
can be used to predict interactions between focal species would be 
powerful, particularly for species of management or conservation 
concern, whose large size, rarity or highly migratory behaviour make 
empirical estimates of interactions challenging (Geary et al., 2020).

Ontogenetic increases in body size can drive variation in the 
strength of interactions (Persson et al., 1998). As an individual 
predator grows, the amount, size and species of prey it consumes 
changes (Barnes et al., 2010; De Roos et al., 2003; Werner & 
Gilliam, 1984). Likewise, as an individual prey grows, its risk of pre-
dation can decrease as it outgrows a predator's gape (Urban, 2007), 
improves predator evasion (Martin et al., 2021) or develops defences 
such as spines (Laforsch & Tollrian, 2004). Such changes in feeding 
behaviour or defensive capacity as individual predators and prey 
grow through ontogeny can drive variation in interaction strength 
(Brose, 2010). This same phenomenon may extend to the scale of 
the community. Even if different communities have the same num-
ber of predator and prey individuals, differences in the distribution 
of biomass across size classes may cause differences in how strongly 
predator and prey interact across space or time. For instance, com-
munities with larger predators and smaller prey could have stron-
ger interactions, while communities with smaller predators and 
larger prey may have weaker interactions (Figure 1). A consider-
able body of prior work has quantified the effects of body size on 
consumption rates under controlled conditions (Brose et al., 2017; 

Uiterwaal & DeLong, 2020 for reviews). A next step in this field is to 
pair similar controlled experiments with observational data in order 

to understand how differences in the size structure of populations 
drives when and where predators interact strongly with their prey.

Across taxa, interaction strength tends to— on average— increase 
with predator size (Rall et al., 2012; Uiterwaal & DeLong, 2020), sug-
gesting it may be possible to predict how strongly specific species 
interact knowing only the size and density of individuals. Indeed, pre-
vious work has widely relied on theoretical scaling exponents based on 
metabolic arguments (e.g. Brown et al., 2004) as a null expectation to 
estimate interaction strength (Berlow et al., 2009; Petchey et al., 2008; 

Yodzis & Innes, 1992). Adopting a similar approach based on empirical 
size- scaling relationships could offer a simple means of making quanti-
tative predictions of interaction strength without in- depth experimen-
tation. However, there is considerable noise around the mean trend in 
general size- scaling relationships due to differences in taxonomy (Rall 
et al., 2012), temperature (Englund et al., 2011), habitat dimensional-
ity (Barrios- O'Neill et al., 2016; Pawar et al., 2012) and foraging mode 
(Barrios- O'Neill et al., 2019). Therefore, it is likely that for a given spe-
cies pair, the relationship between body size and interaction strength 
differs from the mean trend across species. Yet understanding how far 
species pairs deviate from the mean trend will determine the utility of 
naively applying general size- scaling relationships.

Here, we explore the size dependence of interaction strength for 
two economically and ecologically important species: the California 
spiny lobster Panulirus interruptus (hereafter ‘lobster’)— a predator, 
and the purple sea urchin Strongylocentrotus purpuratus (hereafter 
‘urchin’)— a prey. Understanding when and where lobster impact ur-
chin populations is critical because increases in urchin abundance can 
drive communities to switch from kelp to urchin dominated states 
(Ling et al., 2015). Previous studies have shown that a high abundance 
of urchin predators can increase the resistance of kelp communities 
to urchin- driven phase shifts (Hamilton & Caselle, 2015). Yet, empiri-
cal evidence for urchin regulation by lobsters remains equivocal, with 
some studies finding a strong top- down effect (Lafferty, 2004) and 

others finding only a weak effect of lobsters (Dunn & Hovel, 2019; 

Guenther et al., 2012; Malakhoff & Miller, 2021). Previous work on 
California spiny lobster and other lobster species shows that larger 
lobster consume more and larger urchins (Ling et al., 2009; Tegner & 
Levin, 1983), yet the relative role of lobster size, urchin size and urchin 
density in driving interaction strength remains poorly understood.

In this manuscript, we test the hypothesis that general size- 
scaling relationships can be used to predict variation in lobster– 
urchin interactions. To test this hypothesis, we first quantified 
how the body size and density of lobster and urchins varied across 
space and through time. We then ask, how does urchin size, lob-
ster size and urchin density alter consumption rates of urchins in 

size- scaling relationships, are necessary to quantitatively predict how reductions 
in body size will alter interaction strengths.

K E Y W O R D S
Bayesian statistics, functional response, interaction strength, kelp forest, lobster, sea urchin
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experimental mesocosms? By combining our empirical estimates of 
consumption rates with long- term observational data, we then dis-
entangle the effects of lobster size, urchin size and urchin density on 
spatio- temporal variation in interaction strength. Finally, we address 
the question: how well do general size- scaling relationships predict 
interaction strength between a specific predator– prey pair across 
natural variation in body size and density?

2  |  MATERIAL S AND METHODS

2.1  |  How do lobsters and urchins vary in body size 
and density across space and through time?

We used 9 years of spatially explicit observational data collected by 
the Santa Barbara coastal long- term ecological research program 
(SBC LTER) to explore how lobster and urchin density (ind.m−2) and 

body size varied across space and time. The SBC LTER collects an-
nual data on the abundance and size distribution of lobsters and ur-
chins at five sites. Briefly, divers count the number of urchins greater 
than 20 mm in six quadrats uniformly spaced along 40 m transects 
at each site (three to eight transects per site; Santa Barbara Coastal 
LTER et al., 2021b). Along a single transect, a diver estimates the test 
diameter of the first ~50 urchins to the nearest 0.5 cm (Santa Barbara 
Coastal LTER et al., 2021c). Divers count and estimate the carapace 
length to the nearest mm of all lobsters in 1200 m2 plots centred 
around each transect (Santa Barbara Coastal LTER et al., 2021a).

2.2  |  How does lobster predation on urchins vary 
with lobster size, urchin size and urchin density?

While there are numerous definitions of interaction strength in 
the literature, here we define interaction strength as a predator's 

F I G U R E  1  Observed body size 
distributions of a predator (Panulirus 

interruptus— lobster) (a) and their prey 
(Strongylocentrotus purpuratus— urchin) (b) 
across five sites monitored annually from 
2012 to 2020. Different processes such as 
variation in recruitment, habitat suitability 
or harvest can cause differences in the 
size of predators, like lobster, relative to 
their prey independent of density (c– e). 
Theory predicts that larger predators will 
consume more total prey biomass than 
smaller predators, and that predators 
tend to consume more small than large 
prey. Such size- dependent foraging at 
the scale of the individual could result in 
large variation in interaction strength at 
the population- scale at different sites or 
years (f).
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nonlinear functional response, which describes how consumption 
rates change as a function of prey density (Berlow et al., 2004 for 
review). Typically, consumption rates increase with prey density 
until predator satiation, at which point consumption becomes den-
sity independent (Jeschke et al., 2002). The initial increase in con-
sumption approximates the rate that a predator searches space 
and finds new prey items (i.e. the attack rate), while the preda-
tor's maximum consumption rate is limited by the time it takes to 
manipulate and digest prey (i.e. the handling time) (Holling, 1959). 

Together, these relationships describe a type II functional re-
sponse, such that

where C is consumption rate, N is the initial density of prey, α is attack 
rate and h is handling time, or the inverse of a predator's maximum 
consumption rate (1/Cmax).

Theory predicts that maximum consumption rates (i.e. 1/h) scale 
with consumer body size at the same rate that metabolism scales 
with body size (Brown et al., 2004; Yodzis & Innes, 1992). Therefore, 
handling time (1/Cmax) will decrease with consumer body size ac-
cording to a negative power- law function (h ∝ m

−�

c ). A predator's 
handling time may also be a function of prey size. Larger prey can be 
more challenging to manipulate or digest resulting in longer handling 
times (Rall et al., 2012). Together, consumption rates at saturating 
prey densities are expected to vary according to:

where mc and mr are predator and prey mass, respectively, h0 is 
a constant, and βh,c and βh,r are scaling coefficients (Uiterwaal & 
DeLong, 2020).

Foraging theory and biomechanical arguments also provide ex-
pectations for how a predator's attack rate should vary with body 
size. Larger predators have higher mobility and larger prey are more 
easily detected (McGill & Mittelbach, 2006). Therefore, attack rates 
should increase according to power- law functions of predator and 
prey size, such that

where α0 is a constant, and β
α,c and β

α,r are scaling exponents (Rall 
et al., 2012; Uiterwaal & DeLong, 2020). Previous work suggests that 
attack rates increase and then decrease as a function of predator size at 
a fixed prey size (Kalinkat et al., 2013; Uiterwaal et al., 2017). However, 
in preliminary analyses we found no evidence for a hump- shaped rela-
tionship between attack rates and size (see Supplement 1.1). Therefore, 
we focus on the power- law scaling relationship (Equation 3).

To determine the size dependence of the lobster functional re-
sponse, we conducted a factorial experiment where we manipulated 
urchin density, urchin size and lobster size in mesocosms. The lob-
sters and urchins used in these experiments spanned the size range 

of local populations surveyed by the SBC LTER. We collected all 
specimen with permission from the California Department of Fish 
and Wildlife (Scientific Research Permit #13746), and our study did 
not require ethical approval. We placed a single lobster in an experi-
mental arena, and fed each lobster one of three size classes of urchin 
at six different densities (N = 2,3,5,10,16,26 ind.arena−1). We se-
lected urchin densities such that the highest density in experimental 
trials was representative of that in urchin- dominated areas (Rennick 
et al., 2022). We conducted all foraging trials for 48 h in 200 L arenas. 
Prior to a trial, we fed lobsters ad libitum for 48 h and then starved 
the predators for 48 h. For more detail on the specifics of mesocosm 
experiments refer to Supplement 2.

We then estimated the parameters of the size- dependent func-
tional response using a Bayesian hierarchical model. Specifically, we 
estimated the number of urchins eaten as a function of the number 
of urchins offered, lobster size (g), and urchin size (g). We assumed 
that the number of urchins consumed in trial i by lobster j (Ci,j) fol-
lowed a Poisson distribution such that

where, αj is the attack rate (day−1 m−2) of lobster j, hj is the handling time 
(d) of lobster j and mr is the average mass of the urchin size class that 
lobster j foraged on. We constructed informed priors on all � param-
eters, where the �s were normally distributed with a mean based on 
theoretical predictions (Table S1). We assumed gamma distributions 
for the prior variances. We included a random effect of lobster individ-
ual on the estimation of α and h (�

�,j ,�h,j), assuming that errors between 
individuals were normally distributed with mean 0.

We implemented the model in Stan (Stan Development 
Team, 2022) which uses a Hamiltonian Monte Carlo procedure to 
estimate parameters. We ran three chains for 25,000 iterations with 
a burn- in of 12,500 iterations and thinned the chains to retain every 
third iteration. To diagnose model convergence, we visually assessed 
mixing of the model chains and confirmed using the Gelman– Rubin 
convergence diagnostic (�R < 1.1) (Brooks & Gelman, 1998). For more 
details on our modelling approach see Supplement 1.2.

2.3  |  How might lobster– urchin interaction 
strength have varied across space and through time?

To generate plausible estimates for how strongly lobsters and ur-
chins interact under natural conditions, we combined the obser-
vational data with our experimentally parameterized functional 
response. We assumed that interactions were random at a site in 

(1)C =
�N

1 + �hN
,

(2)1
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(
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(
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a particular year, such that (1) any lobster could interact with any 
urchin and (2) lobster and urchin density was homogenous across 
a site. Specifically, we resampled with replacement 1000 individual 
body masses from the size distributions of lobsters and urchins at 
each site/year and estimated the interaction strength (IS) between 
predator i and prey j as

where N and P are the density of urchins and lobsters, respectively, av-
eraged across transects at a site in a particular year, and mx is the mass 
of lobster (c) and urchin (r) individuals in a particular draw from the 
size distribution. For simplicity, we set all parameters (α0, h0, βx) as the 
median posterior estimate from the Bayesian model. Based on this pro-
cedure, IS represents a distribution of plausible interactions between 
lobster and urchin individuals at each site and year.

2.4  |  Disentangling the effects of body size and 
density as drivers of variation in interaction strength

Many empirical studies of interaction strength focus on predator 
and prey density (Berlow et al., 1999; Novak et al., 2016 for reviews). 
However, estimating interaction strengths based on density alone 
may be inaccurate, particularly for species that experience nonlinear, 
indeterminate growth, like many marine species where a single large 
individual has the same mass as many smaller, younger individu-
als. Recent work highlights the importance of accounting for size- 
dependent consumption rates in estimating interaction strength 
(Atkins et al., 2015). But it is unclear how much of the variation in in-
teraction strength would be missed by estimating interactions based 
solely on density.

To partition the amount of variation in interaction strength due 
to differences in body size versus density we used a simulation 
procedure. From Equation 5, it follows that there is an interaction 
between body size and density, such that at low urchin densities con-
sumption rates will be determined by the size dependence of lobster 
attack rates, while at high urchin densities consumption rates will 
be determined by the size dependence of lobster handing times. To 
partition variance, we therefore compared the total variation in esti-
mated interaction strengths accounting for variation in both density 
and body size to simulations where density varied at fixed values of 
lobster and urchin body size. We iterated this procedure across 625 
different values of lobster size and urchin size such that sizes ranged 
from the maximum lobster mass and minimum urchin mass to the 
maximum urchin mass and minimum lobster mass. For each iteration, 
we estimated the proportion of variation due to differences in den-
sity as the correlation coefficient (R2) of the simple linear regression 
between the estimated interaction strengths when both body size 
and density vary to the estimated interaction strengths when den-
sity varied at a fixed combination of body sizes. Considering the only 
sources of uncertainty in our estimates were body size and density, 

we estimated the proportion of variation due to body size as 1 − R2 

for each iteration and report the full range of values (see Supplement 
3.3 for further details).

2.5  |  How well can general size- scaling 
relationships predict species- specific interactions?

Resolving how accurately a given predator's consumption rate can 
be predicted from general size- scaling relationships and their covar-
iates is at the crux of integrating our theoretical and experimental 
depth of knowledge about the size dependence of predator– prey 
interactions into ecosystem- based management practices. To de-
termine how well general size- scaling relationships predict lobster– 
urchin interactions, we compared our experimental predictions 
with estimates from three published size- scaling relationships. 
Based on previous work demonstrating that both traits and tax-
onomy are important for predicting how strongly species interact 
(Rall et al., 2011), we hypothesized that size- scaling relationships 
from the literature would more precisely match our experimental 
predictions as they increased in taxonomic specificity. Therefore, 
we predicted how strongly lobsters and urchins interact based on a 
general cross- taxonomic estimate (Uiterwaal & DeLong, 2020), an 
estimate for marine invertebrates (Rall et al., 2012), and an esti-
mate for active marine crustaceans foraging on static prey (Barrios- 
O'Neill et al., 2019; Table S2). Each of these previous analyses 
included covariates such as temperature, arena size or habitat 
dimensionality in their models of attack rates or handling times 
(Table S2). Therefore, we included these covariates when generat-
ing the predictions and fixed their values at the observed values 
in our mesocosm experiments (see Supplement 3.4 for more de-
tails). We converted the units of our observational variables (body 
size and density) into the units used in each previous study respec-
tively, and then back converted all predicted values of interaction 
strength into urchins consumed per m2 per day in order to compare 
with our experimental predictions. All analyses were implemented 
in R 4.0.4 (R Core Team, 2021).

3  |  RESULTS

3.1  |  Size- frequency distributions of lobsters 
relative to urchins varied widely in space and time

Lobster size ranged more than three orders of magnitude from 6.2 to 
6184.0 g (393.6 [88.8– 897.8] g, X̃ [95% CI] unless otherwise specified), 
while urchin mass was on average 39.2 [8.1– 132.2] g (Figure 1a). 

The relative difference in body mass between lobsters and urchins 
changed from site to site and year to year with some sites at a par-
ticular time having relatively large lobsters and small urchins, while 
others had relatively small lobsters and large urchins (Figure S1). The 
average urchin density was 6.5 [0.8– 27.8] ind.m−2, while the average 
lobster density was 0.03 [0.004– 0.097] ind.m−2.
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3.2  |  Interaction strength between lobsters and 
urchins increased with urchin density and lobster size 

but decreased with urchin size

In mesocosm experiments, the consumption rate of urchins by lob-
ster increased with urchin density and lobster size, and decreased 
as urchin size increased (Figure 2, Figure S2). Only the largest lob-
sters regularly consumed the largest urchins. For example, lobsters 
smaller than the median body size only consumed two individual 
large urchins across all feeding trials. However, all size classes of lob-
ster consumed small urchins, and maximum consumption rates were 
highest for the largest lobsters preying on the smallest urchins. We 
found no evidence for variation in attack rates with lobster size or 
urchin size (Figure 3a, ��,c = 0.050[−0.12 to 0.41], ��,r = 0.093[−0.15 
to 0.45]). However, handling time decreased with lobster size and 
increased with urchin size (Figure 3b, �h,c = −1.61[−2.16 to −1.02], 
�h,r = 1.30[1.03 to 1.64]). Despite the inclusion of informative priors, 
the posterior estimates for the scaling exponents differed from first 
principal expectations (Figure S3, Tables S1 and S3). Handling time 
decreased at a faster rate than expected with lobster size (e.g. �h,c) 
and at a higher rate than expected with urchin size (e.g. �h,r).

3.3  |  How might lobster– urchin interaction 
strength have varied across space and through time?

By integrating our experimental model with long- term data 
on lobster and urchin body sizes and densities, we generated 

plausible estimates for historic interaction strengths. We found 
that the inferred interaction strength between lobsters and urchins 
varied considerably across narrow spatial and temporal scales (0.01 
[0.0004– 0.08] ind.m−2 day−1, Figure 4). The variation in interaction 
strength between sites (

‼

CVspatial = 1.21 ± 0.4, X ̅ ± 1 SD) was similar to 
the variation between years (

‼

CVtemporal = 1.13 ± 0.1).

3.4  |  Variation in lobster– urchin interaction 
strength is caused by asymmetries in lobster and 

urchin body size rather than urchin density

Considering the extent of variation in inferred interaction strength 
across space and time, we tested how much of this variation could 
be attributed to differences in lobster– urchin body sizes versus den-
sities. We found that body size accounted for the majority of the 
variation in inferred interaction strength (75%– 87%) compared to 
variation in density (Figure 5a). To better understand the implica-
tion of body size accounting for the majority of variation, we gen-
erated a hypothetical community of lobster and urchins. We then 
used our experimental estimate of the size- dependent functional 
response to simulate a 10- fold increase in mean urchin density with 
no change in lobster or urchin size distributions relative to a 10- fold 
increase in mean lobster size with no change in the density of urchins 
or lobsters (Figure 5b). The increase in lobster body size resulted 
in a 230% increase in the median interaction strength, whereas the 
increase in urchin density resulted in only a 38% increase in inter-
action strength. In our estimates of interaction strength based on 

F I G U R E  2  Purple sea urchin Strongylocentrotus purpuratus consumption rates by California spiny lobster Panulirus interruptus predators in 
mesocosm foraging trials. Individual lobsters (n = 45) foraged on a single urchin class at six different urchin abundances. Lines are posterior 
predictions (X̃ [95% CI]) from a Bayesian model for the body size dependent functional response. Prediction is for hypothetical lobsters with 
body mass set to the 10th percentile, mean, and 90th percentile (e.g. small, medium, large) of the size distribution of lobster used in the 
experiment.
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the field data, communities characterized by large lobsters relative 
to urchin size and high urchin density displayed the highest interac-
tion strength, while interaction strength in communities with small 
lobsters relative to urchins and low urchin density approached zero 
(Figure S4). Across all sites and years, lobster– urchin interactions 
were log- distributed with far more weak than strong interactions 
(Figure 5a,c).

3.5  |  General size- scaling relationships failed to 
quantitatively predict lobster– urchin interactions

In general, size- scaling relationships from the literature provided 
similar rank order predictions for which sites or years displayed the 
strongest or the weakest interactions compared to our experimen-
tal estimates (Figure S5, Spearman's rank order correlation test, 
p < 0.001). However, published size- scaling relationships failed to 
estimate the magnitude of inferred interactions between lobster and 
urchin. The closest prediction from the literature to the average of 
our experimental prediction was for active crustacean predators for-
aging on static prey (Barrios- O'Neill et al., 2019). However, the aver-
age of this prediction was still 18.7 times greater than the interaction 

strength estimated by our experimental model (Figure 5c, Figure S6). 

Furthermore, there was only a 15.6% overlap between the distribu-
tion of our experimental prediction and the distribution of the clos-
est prediction from the literature. The precision of the predictions 
increased as the taxonomic specificity increased. The average of the 
cross- taxa estimate (Uiterwaal & DeLong, 2020) was five orders of 
magnitude lower than the experimental average, while the average 
estimate for marine invertebrates (Rall et al., 2012) was ~100 times 
less than the experimental average. The estimate for active marine 
crustacean predators performed the best.

4  |  DISCUSSION

Understanding when and where predators will interact strongly 
with prey is critical to disentangling context dependency in 
trophic ecology, and can offer insight into the repercussions of dis-
proportionate harvesting of species at the top of the food chain. 
Spatial and temporal heterogeneity in predator and prey size dis-
tributions driven by demographic variation (De Roos et al., 2003), 
spatially explicit size- structured harvest (Kay et al., 2012) and 

size- structured predation (Rudolf, 2008) may underlie much of the 

F I G U R E  3  Body size scaling of the attack rate (a) and handling time (b) parameters of the functional response of California spiny lobster 
Panulirus interruptus foraging on purple urchins Strongylocentrotus purpuratus. Lines are posterior predictions (X̃ [95% CI]) for the body 
size scaling of each parameter according to power- law functions of predator and prey mass (see Section 2 for details). Data points are 
100 sampled draws from the posterior distributions of α and h for each individual predator foraging on a particular prey size class using a 
Bayesian hierarchical model. Note the log10 transformations of both axes.
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context dependency. Our findings demonstrate that body size is a 
strong determinant of lobster– urchin interactions in experimen-
tal trials and suggest that natural-  and human- induced variation 
in body size in the field may be a powerful driver of interaction 
strength between lobsters and urchins. Our results provide insight 
into when and where we expect lobsters to play a dominant preda-
tory role, and suggest that harvest- induced reductions in lobster 
size may have significant ecological consequences in kelp forest 
ecosystems.

4.1  |  Body size drives variation in the role of 
lobsters in the kelp forest

The hypothesis that lobsters control urchin populations is contested, 
with some research finding evidence for predator- induced declines 
in urchins (Ling et al., 2009) and other research finding no evidence 
at all (Malakhoff & Miller, 2021). Our results suggest two scenarios 
when lobsters could potentially impact urchin populations, thereby 
potentially buffering macroalgae resources. We found that interac-
tion strength is greatest when urchin density is high, lobsters are 
large, and urchins are small. In marine protected areas where lobsters 
are protected from fishing, lobster size and density are greater than 
in fished areas (Kay et al., 2012; Peters et al., 2019). With a relatively 
high density of large lobsters our results suggest that there could 
be substantial predation pressure on urchins, which is consistent 

with recent modelling work that highlights the importance of size- 
selective predation on the recovery of kelp communities under dif-
ferent management strategies (Dunn et al., 2021). Alternatively, our 
foraging trials demonstrate that even small lobsters can be effec-
tive predators of small urchins. Purple urchins can recruit in large 
numbers to reefs if environmental and biological conditions allow 
(Okamoto et al., 2020). High densities of lobsters, even if small, may 
provide a bottleneck of mortality for small urchin recruits, effec-
tively reducing the capacity of the urchin population to consume 
kelp (e.g. Rennick et al., 2022). However, strong interactions at one 
point in time could lead to weak interactions in the future as urchins 
grow large enough to experience reduced predation. Accounting 
for dynamic interactions between density and size structure can 
lead to counterintuitive predictions, such as increases in total prey 
biomass even when predator induced mortality increases (Schröder 
et al., 2009). Therefore, to understand the long- term dynamics of 
lobster– urchin interactions a critical next step is to explicitly model 
the dynamics of size- structured communities.

4.2  |  Body size— Not density— Accounts for the 
majority of variation in interaction strength

Empirical research on predator– prey interactions has historically 
focused on estimating interaction strength based on species 
abundances (Novak et al., 2016). Typically, interaction strength 

F I G U R E  4  Predicted interaction strength between California spiny lobster Panulirus interruptus predators and purple sea urchin 
Strongylocentrotus purpuratus prey at five sites in the Santa Barbara Channel, USA from 2012 to 2020 (a, b). Points and surrounding 
greyscale circles represent the median and upper 95% CI of interaction strength simulated for historic observations of lobster and urchin 
size distributions and densities using a body size- dependent functional response parameterized from mesocosm foraging experiments. Inset 
plots (c– g) are the median interaction strength through time at each site. Green polygons along coastline are the historic extent of giant kelp 
forests estimated via satellite imagery (Santa Barbara Coastal LTER et al., 2022).
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is quantified by measuring the abundance of a focal species in 
the presence or absence of the interacting species (Wootton & 
Emmerson, 2005). This abundance- based approach implicitly as-
sumes that intraspecific variation in traits has little impact on how 
strongly populations interact. Yet, there is evidence that intraspe-
cific variation in traits can overshadow interspecific effects (Des 
Roches et al., 2018). For example, recent work showed that ac-
counting for size- specific differences in consumption rates using 

theoretical size- scaling relationships (e.g. m0.75) better predicts 
empirical interaction strength than density or biomass (Atkins 
et al., 2015).

Our study provides additional support for the critical role of ac-
counting for intraspecific variation in body size in predicting inter-
action strength by demonstrating that lobster– urchin interactions 
are determined by their respective size distributions, more so than 
density. We attributed up to 89% of the variation in inferred interac-
tion strength to variation in body size. One possible reason for this 
pattern is because lobster maximum consumption rates, not attack 
rates, were size dependent. As consumption becomes more density 
independent (e.g. approaches Cmax) it becomes more size dependent. 
Across our observational dataset, urchin densities were high rela-
tive to the average maximum consumption rates of lobster at a site. 
Thus, it was unlikely that lobsters were limited by urchin availabil-
ity, but rather by lobsters' ability to handle prey— a parameter that 
is strongly size dependent. Therefore, we speculate that variation in 
predator and prey body size accounted for the majority of variation 
in interaction strength because at the observed urchin densities lob-
sters foraged in a size- dependent, rather than density- dependent, 
manner.

Together, our results highlight the extent to which focusing on 
species densities or biomass alone could lead to inaccurate esti-
mates of interactions. Accounting for traits like body size could re-
solve long- standing debates on the role of predators in regulating 
prey populations (Poisot et al., 2015) and move debates from the 
static question of if predators impact prey dynamics, to when and 

where predators play a strong role in a community.

4.3  |  Naïve predictions of interaction strength

Researchers are increasingly focused on implementing ecosystem- 
based approaches to management (EBM) that account for species 
interactions, physical forces, social drivers and economic considera-
tions (Long et al., 2015). One challenge to effective implementation 
of EBM is uncertainty in the strength of species interactions, particu-
larly when system- specific data are limited (Hunsicker et al., 2011). 

Previous work in food web ecology has utilized theoretical scaling 
relationships to determine the structure and resilience of ecologi-
cal networks (Brose et al., 2006; Petchey et al., 2008). Recently, 
applied ecologists have adapted a similar approach to parameter-
ize stage-  or size- structured models, where they assume theoreti-
cal size- scaling exponents to estimate interaction strength along 
with other life- history parameters (Blanchard et al., 2017; see Reum 
et al., 2019, Spence et al., 2021 for exceptions). These models have 
led to conceptual advances in the consequences of harvest on popu-
lations (Andersen et al., 2009), communities (Andersen et al., 2015; 

Claessen et al., 2009) or whole ecosystems (Fulton et al., 2011; 

Heymans et al., 2016). Our results suggest that qualitative predic-
tions for when predators display strong or weak interactions with 
their prey may be resilient to inaccurate estimates of how consump-
tion varies with body size for particular species. However, our case 

F I G U R E  5  (a) Predicted interaction strengths between 
individual lobster predators Panulirus interruptus and their urchin 
prey Strongylocentrotus purpuratus across five sites and 9 years 
of observational data. Variation in urchin and lobster body size 
accounted for 82%– 89% of the total variation in interactions, while 
variation in density accounted for the remainder. (b) A hypothetical 
simulation demonstrating the change in interaction strength for 
a 10- fold increase in urchin density with no change in lobster 
size compared to a 10- fold increase in lobster body mass with no 
change in urchin density. In this simulation, interaction strength 
was estimated using the parameters from the experimental size- 
scaling relationship for lobster– urchin interactions. (c) Comparison 
of three estimates of the size scaling of interaction strength from 
the literature with experimental predictions. Points and intervals 
at the bottom are mean and 95% CI's of each distribution. Note the 
log10 transformation on the x- axes in panels (a and c).
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study on lobster– urchin interactions suggests that relying on gen-
eral size- scaling relationships may fail to quantitatively predict the 
magnitude of trophic interactions between specific species. In other 
words, naïve estimates may accurately predict the direction and rank 
order of when and where predators interact strongly with prey but 
not the magnitude of these interactions. Failing to quantitatively es-
timate interactions is a critical deficiency in predicting harvest quo-
tas in an EBM framework.

There are two likely reasons for the large discrepancy between 
our experimental estimates of interaction strength and estimates 
based on published size- scaling relationships. The first is that the 
relationship between body size and interaction strength is highly 
variable across different species and taxa (Rall et al., 2012; Uiterwaal 
& DeLong, 2020), or even among different functional groups in the 
marine benthos (Barrios- O'Neill et al., 2019). Here, we focused on 
the mean trend in the relationship between size and interaction 
strength from these studies to determine how much information 
could be borrowed to estimate the interaction strength of particular 
predator– prey pairs. However, the considerable variation around the 
mean is certainly a source of imprecision in using cross- species size- 
scaling relationships to estimate interactions for specific species.

The other likely reason our experimental estimates differed 
from estimates based on published size- scaling relationships is dis-
crepancies between consumption- size relationships within species 
pairs compared to across species pairs (Brose et al., 2017). Previous 
metanalyses used the average body size of a predator species and 
the average body size of its prey species to estimate how the func-
tional response varies with body size (Rall et al., 2012; Uiterwaal & 
DeLong, 2020). However, body size varies among individuals, and 
consumption is a nonlinear function of body size. Therefore, the 
consumption rate of the average sized individual will poorly ap-
proximate the average consumption rate across variation in body 
size (Bolnick et al., 2011). While size- scaling relationships generated 
across the average body size of species may uncover general ecolog-
ical patterns (White et al., 2019), our results add to a growing body 
of evidence that general relationships may have little bearing on 
how a particular predator's consumption rate on a prey changes with 
ontogenetic growth (Aljetlawi et al., 2004; Uiterwaal et al., 2017). 

Exploring if there are any general patterns in the consumption- 
body size relationship within species pairs could improve the utility 
of using body size to estimate ontogenetic variation in interaction 
strength in the absence of species- specific data.

5  |  CONCLUSIONS

To sustainably harvest and conserve ecosystems, it is critical to pre-
dict how strongly predators interact with their prey— a challenging 
task considering the same species of predator can interact with its 
prey differently in different spatial or temporal contexts. Here, we 
used a simulation procedure to infer how strongly lobster and urchin 
may have interacted across narrow spatial and temporal scales. Our 
analysis suggests that variation in the body size of predator and prey, 

more so than variation in density, accounted for the majority of vari-
ation in lobster– urchin interaction strength. Our results highlight the 
importance of accounting for body size when determining fine- scale 
variation in interaction strength, as two sites may have the same 
density of species, but species may interact strongly at one site and 
not at all at the other depending on variation in individual body size. 
For lobsters and urchins, species- specific estimates for how con-
sumption changes with body size, rather than general size- scaling 
relationships, are necessary to sufficiently predict how changes in 
size drive changes in interaction strength.

Humans are driving reductions in the size of predators (Blanchard 
et al., 2005; Robinson et al., 2017) through the interactive effects of 
harvest and warming temperatures (Baudron et al., 2014; Lindmark 
et al., 2018; Pauly & Cheung, 2018). Such reductions in body size not 
only alter the economic and cultural value of the target population 
(Oke et al., 2020), but also lead to shifts in how strongly species in-
teract in communities. Incorporating body size as a means of approx-
imating how strongly species interact will improve ecologists' ability 
to predict when and where predators have strong effects on prey, a 
critical step in clarifying the context dependence of trophic interac-
tions and understanding the repercussions of the ongoing losses of 
large predators.
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https://doi.org/10.6073/PASTA/ 0BCDC 7E8B2 2B8F2 C1801 085E8 
CA24D59 (Santa Barbara Coastal LTER et al., 2021a). For urchin 
size data see https://doi.org/10.6073/PASTA/ FD564 DDDFE 7B77F 
E9E4B D8417 F166057 (Santa Barbara Coastal LTER et al., 2021b) 

and urchin density data see https://doi.org/10.6073/pasta/ f1cf0 
70648 d7654 ada05 2835a fb2cfe9 (Santa Barbara Coastal LTER 
et al., 2021c). Experimental results of the foraging trials can be found 
at https://doi.org/10.6073/pasta/ f3878 aad62 2dfe9 b05a7 d0e75 
d39bddb (Santa Barbara Coastal LTER et al., 2023). Code to source 
data files directly from EDI, analyse the data and generate figures 
is archived on Zenodo at https://doi.org/10.5281/zenodo.7737746 

(DiFiore & Stier, 2023).
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SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.
Table S1. Summary of prior distributions used to model the body- 
size dependence of the lobster functional response.
Table S2. Summary of the final model structure, units, and fixed 
values of covariates used to predict interaction strength based on 
relationships from the literature.
Table S3. Summary of equations and parameter estimates for the 
size- scaling of the functional response based on theoretical and 
empirical sources.
Figure S1. Change in the predator (California spiny lobster) to prey 
(purple urchin) body mass ratio between sites and years. The mean 
and variance of the predator:prey ratio varies between sites and 
years. The predator:prey ratio was estimated by resampling from the 
size distributions of predators and prey with replacement. The y- axis 
is log10 transformed for visualization purposes.
Figure S2. The functional responses of individual lobster predators 
foraging on urchin prey in mesocosms. Lines are median predictions 
(±95% CI) from a Bayesian hierarchical model that estimated the 
number of urchins consumed as a function of lobster body size, prey 
body size, and prey density. Panels are arranged in descending order 
of lobster body size within a particular prey size class.
Figure S3. Comparison of posterior and prior predictive distributions 
for population level parameters from a Bayesian hierarchical model. 
Priors are informed based on theoretical predictions (see Table S2 for 

details on each prior).

Figure S4. The median rate of urchins consumed per lobster predator 
(e.g. per predator interaction strength) as a function of the median 
predator:prey body mass ratio (top) and urchin density (bottom). 
Each point represents a site in a particular year. Sites or times with 
large lobster, small urchins, and high urchin density were estimated 
to have the strongest interactions.
Figure S5. Rank order of interaction strength estimated via 
experimentation and three different predictions from the literature 
for the size- scaling of consumption rates. Site- year combinations 
are arranged in decreasing order according to the experimental 
prediction.
Figure S6. Median and 95% CI's of simulated predictions for interaction 
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strength based on our experimental estimates and estimates of the 
size- scaling of interaction strength from the literature. UD (Uiterwaal 
and DeLong 2020), Rall et al. (2012), BO (Barrios- O'Neill et al. 2019), 
and Experimental match the predictions reported in the main text. 
However, UD w/uncertainty and Exp. w/uncertainty incorporate 
uncertainty in the regression coefficients. For experimental estimates, 
we sampled from the posterior distribution of each parameter, such 
that each draw in the simulation paired a unique lobster body size, 
urchin body size, and parameter set. Uiterwaal and Delong report 
mean ± SE of the regression parameters. To incorporate uncertainty, 
we sampled from a uniform distribution, where the bounds were 

defined by the 95% CI's of the mean of each parameter. Rall et al. 
(2012) and Barrios- O'Neill et al. (2019) do not report confidence 
intervals on their parameter estimates.

How to cite this article: DiFiore, B. P., & Stier, A. C. (2023). 
Variation in body size drives spatial and temporal variation in 
lobster– urchin interaction strength. Journal of Animal Ecology, 
92, 1075–1088. https://doi.org/10.1111/1365-2656.13918
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