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Abstract. Intraspecific variation in primary producer induced defenses may affect how these
defenses contribute to population and community regulation. For instance, inducible defenses may
play larger roles in primary producer populations that are sensitive to low levels of grazing than popu-
lations that only respond to high levels of grazing. Although the incidence of herbivore-induced
defenses is well documented, and there are examples of geographic variation in these defenses, we have
limited knowledge of the factors that affect sensitivity to grazing (i.e., the minimum grazer density
needed to elicit these responses) within and among populations. Filling this gap is necessary to under-
stand the importance of these defenses under different conditions. To address whether the sensitivity
of seaweed induced defenses varies geographically, we exposed Northern and Southern California
populations of the seaweed Silvetia compressa to five densities of the snail Tegula funebralis, under
ambient, regional environmental conditions. Southern seaweeds required high levels of grazing to
induce defenses, while all levels of herbivory decreased Northern seaweed palatability. To better under-
stand these different responses to low levels of grazing, we conducted common garden experiments to
directly test the roles of experimental environment and herbivore source. Consistent with initial experi-
ments, Northern Silvetia responded to low levels of grazing, regardless of environmental conditions,
while Southern Silvetia never responded to low levels of grazing, even after being acclimated to North-
ern environmental conditions for 24 d. Additionally, Southern Silvetia did not respond to grazing by
Northern snails, suggesting that herbivore source did not explain this geographic pattern in inducible
seaweed defenses. Together, these observations suggest that the seaweed source explains this geo-
graphic pattern in sensitivity. Trade-offs with constitutive defenses did not help explain this pattern, as
Southern Silvetia had weaker constitutive defenses than Northern seaweeds. This may be due to a
combination of low grazing pressure and low predictability of attack in the South. Thus, population
variation in sensitivity may be due to long-term differences in environmental histories, resulting in
local adaptation or legacy effects from exposure to local conditions. Overall, our results indicate that
these herbivore-induced responses may be more important in Northern Silvetia populations than
Southern ones.

Key words: geographic variation; inducible defense; macroalgae; rocky intertidal; seaweed-herbivore interactions;
sensitivity; turban snails.

INTRODUCTION

Primary producers commonly induce chemical, morpho-
logical, or physiological changes in response to herbivore
grazing (Karban and Baldwin 1997, Toth and Pavia 2007).
Such plasticity allows primary producers to adapt to spa-
tially or temporally variable environments, while reducing
costs of constantly expressing these induced traits (Brad-
shaw 1965, Dudley and Schmitt 1996, Padilla and Savedo
2013, Murren et al. 2015). Although there is substantial evi-
dence that induced resistance can vary with environmental
conditions (Lou and Baldwin 2004, Weinberger et al. 2011),
spatial or temporal differences in grazing pressure (Long
and Trussell 2007, Long et al. 2011, Haavisto and Jor-
malainen 2014, Wieski and Pennings 2014), or genotype
(Karban and Baldwin 1997, Underwood 2000, Agrawal
et al. 2002, Haavisto et al. 2010, Holeski et al. 2010, Haav-
isto and Jormalainen 2014), we still have a limited under-
standing of how variable these traits may be within a

species, particularly for marine plants and seaweeds.
Because competition between herbivores is often mediated
by changes in primary producer phenotype, intraspecific
variation in resistance may have important implications for
regulating herbivore community composition and function
(Agrawal 2005, Poelman et al. 2008).
Most studies comparing induced resistance between pop-

ulations have focused on the presence, absence, or strength
of induced defenses under ambient or set levels of herbivory.
Few studies have manipulated herbivore densities to explore
resistance under variable grazing pressure (but see Under-
wood 2000, 2010, which focus on density dependence, and
Pineda et al. 2017). No known studies have compared
whether responses to different levels of grazing, i.e., sensitiv-
ities, differ between populations. Such variation could mat-
ter because a primary producer population that is highly
sensitive to herbivore attack will induce defenses at low
levels of grazing while a less sensitive population may
require higher levels of grazing to induce defenses. Manipu-
lative experiments exploring these concepts provide informa-
tion on (1) whether there are density dependent interactions
among herbivores during the elicitation of traits, (2) the
shape of the relationship between grazing damage and
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resistance, (3) whether there are grazing thresholds below
which resistant traits are not induced, and (4) whether
induced resistance saturates at high levels of grazing (Under-
wood 2010). Thus, testing for resistance under a subset of
grazing damage might over or underestimate the importance
of induced resistance within populations. In addition, by
comparing sensitivity between populations, we may gain a
better understanding of the relative role of induced resis-
tance in different communities.
A variety of theories have been proposed to better under-

stand geographic patterns of plant and seaweed defenses
(reviewed by Stamp 2003, Pavia and Toth 2008), as variation
in biotic and abiotic environments can affect primary pro-
ducer palatability. For example, primary producer popula-
tions that experience intense grazing pressure may have
higher constitutive defenses than populations with lower
herbivore abundances and grazing pressure (Long et al.
2011, Wieski and Pennings 2014). In contrast, induced
defenses may be more likely to occur in populations with
low herbivore abundances and patchy or unpredictable graz-
ing (Long et al. 2011, Wieski and Pennings 2014). Resource
availability (nutrients, light) and temperature may also affect
defenses between populations, via effects on primary pro-
ducer growth or carbon-nutrient ratios. For example, areas
with low resources may have higher constitutive defenses
than high resource areas (Yates and Peckol 1993) due to
either higher C:N ratios or allocation of energy to growth
rather than defense. In contrast, resource availability may
have little or no effect on induced defenses (Hemmi et al.
2004, Pavia and Toth 2008). While several of these theories
have been tested for constitutive and induced defenses, they
make few predictions on how the strength or sensitivity of
induced defenses may vary within or between populations
that experience different environmental conditions.
Based on these theories, we can make predictions for how

sensitivity to grazing might vary between populations. For
instance, primary producers growing in stressful environ-
ments may be less tolerant to herbivore damage than ones in
areas with abundant resources (Maschinski and Whitham
1989). Thus, if there are costs to inducing defenses, we might
expect populations with high abiotic stress or limited
resources to be less sensitive to grazing than populations
with lower abiotic stress and high resources. Although sev-
eral studies have investigated the effect of nutrients on herbi-
vore-induced defenses in seaweeds with contrasting findings
(reviewed by Pavia and Toth 2008), these studies primarily
measured the change in a single chemical (e.g., phlorotan-
nins), rather than quantifying resistance to herbivores. Bio-
tic factors may also affect sensitivity, such that populations
with lower grazing, less exposure to herbivore cues, or a low
probability of being attacked may be less sensitive to grazing
than populations with reliable grazing cues and a high pre-
dictability of being grazed (Karban et al. 1999). By compar-
ing populations that differ in geography, we can investigate
how variation in environmental conditions affects sensitiv-
ity, to better understand the relative role of induced defenses
across spatial gradients.
The brown seaweed Silvetia compressa (J. Agardh) E.

Serr~ao, T.O. Cho, S.M. Boo and Brawley, 1999 occurs
across a broad biogeographic gradient from Northern Cali-
fornia to Northern Baja California. Populations in Northern

and Southern California are genetically separated (Dawson
et al. 2014; C. Hays, personal communication) and exposed
to contrasting environmental conditions such as tempera-
ture and nutrients (Jackson 1977, Huyer 1983, Bracken
et al. 2011). Across this range, Silvetia co-occurs with the
snail Tegula funebralis (A. Adams, 1855), with Northern
California snails being larger in size and found lower in the
intertidal than Southern California snails (Frank 1975, Faw-
cett 1984, Cooper and Shanks 2011). Tegula is known to eli-
cit induced defenses in both Northern and Southern
California seaweed populations (Jones 2016, Jones and
Long 2017). These geographic differences in abiotic and bio-
tic conditions create an ideal system for investigating
intraspecific variation in defenses.
In addition to these geographic differences, our prior,

independent experiments suggested that sensitivity might
vary between these populations. We observed that a lower
snail density elicited stronger responses in Northern sea-
weeds (E. Jones, unpublished data) than several experiments
with Southern seaweeds that used a higher snail density
(Jones 2016). Thus, we predicted a higher sensitivity to Teg-
ula grazing in the Northern Silvetia population than in the
Southern population. Using laboratory mesocosm experi-
ments, we tested whether the strength and sensitivity of Sil-
vetia’s induced defenses varied with geography. Then, we
used a series of common garden experiments to investigate
possible mechanisms for why the strength of these induced
defenses differed between regions at low snail abundances.

MATERIALS AND METHODS

Study system

Along the California coast, the seaweed Silvetia compressa
and snail Tegula funebralis are common species in the mid-
to-high intertidal zones. Northern populations are exposed
to cooler temperatures (air: ~5–20°C; water ~10–12°C) and
higher nutrient concentrations (e.g., up to 40 lmol/L
nitrate) than Southern California populations (air: 5–37°C;
water ~14–20°C; <2 lmol/L nitrate). Both Silvetia popula-
tions co-occur with a variety of seaweed and invertebrate
species. However, while Northern California Silvetia is often
found mixed with other seaweed species, in Southern Cali-
fornia, it is often the dominant canopy-forming seaweed on
boulders and rocky benches. In addition, while two common
herbivore species (out of three tested) are known to elicit
defenses in the Northern population (Jones and Long 2017),
only one common herbivore (out of five tested) is known to
elicit Silvetia defenses in the South (Jones 2016).

Field surveys of herbivore abundance and predictability of
attack

Differences in seaweed defenses may arise if grazing pres-
sure, and especially, the predictability of grazing, differs
between Northern and Southern regions. While prior studies
have established a geographic gradient in Tegula size, abun-
dance, and tide height distribution along the Western coast
of North America (Frank 1975, Fawcett 1984, Cooper and
Shanks 2011), we surveyed snail densities at three Northern
and three Southern sites during August 2015 to compare the
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co-occurrence of Silvetia and Tegula in each region. North-
ern sites included Stornetta Ranch (38.94° N, 123.73° W),
Moat Creek (38.88° N, 123.67° W), and Sea Ranch
(38.73° N, 123.49° W), while Southern sites included Coast
Blvd (32.84° N, 117.28° W), Calumet Park (32.81° N,
117.27° W), and Cabrillo National Monument (32.67° N,
123.48° W). Sites in each region were separated by at least
4 km. At each site, we placed two 20 m transects at the
upper, mid, and lower limit of Silvetia, in order to cover the
entire Silvetia zone. We then surveyed Tegula abundance
every 2 m using 0.25 9 0.25 m quadrats (20 plots/tide
height). Although other herbivores were present in both
regions, we focused on Tegula because prior experiments
found that they were the most abundant herbivore and
strongest elicitor of Silvetia responses (Jones 2016, Jones
and Long 2017). Within each quadrat, we recorded the per-
cent cover of Silvetia and the total number of Tegula.
Because many Northern snails were juveniles, we divided
snail abundances for all six sites into two size groups (maxi-
mum width <10 mm or ≥10 mm, Appendix S3: Table S1).
To estimate the size range of snails we also recorded the lar-
gest and smallest snail in each plot.
To test whether predictability of attack differed with tide

height and region, we compared the number of plots with
snails at each tide height for each site using a nominal logis-
tic model, with sites nested within region (JMP v. 11.0, SAS
Institute Inc., Cary, North Carolina, USA). We compared
snail abundances between regions, sites, and tide heights
using a generalized linear model with a Poisson distribution
and log link function (O’Hara and Kotze 2010), with sites
nested within region (JMP v. 11.0).

Herbivore abundance 9 region induction experiments

To investigate whether the strength and sensitivity of Sil-
vetia’s induced defenses vary with grazing pressure, we con-
ducted simultaneous experiments in Northern and Southern
California during May–June 2013. We collected co-occur-
ring Tegula and Silvetia from the high intertidal zones at
Stornetta Ranch, Point Arena, California (North) and
Calumet Park, La Jolla, California (South). Northern
organisms were taken to UC Davis’ Bodega Marine Labora-
tory while Southern organisms were taken to San Diego
State University’s Coastal Marine Institute.
In each location, we placed 29.5 � 0.5 g wet mass of Silve-

tia without recent grazing damage into 2.2 L flow-through
mesocosms. These containers had window screen mesh sides,
which allowed for water movement and air exchange, and
were layered with 3–5 cm pond pebbles, to provide refuge for
herbivores during low tide. This design was appropriate, as
Silvetia does not induce responses to waterborne cues from
neighboring conspecifics (Jones 2016). We then exposed sea-
weeds to one of five herbivore abundance treatments: 1, 4, 7,
10, or 13 snails (n = 9 each) for 14-d (the elicitation phase).
Each herbivore mesocosm was paired with a no grazer treat-
ment (n = 9 for each of the five treatments). These snail den-
sities (no./g seaweed) span the range of those found across
sites in both regions (E. Jones, unpublished data).
We conducted experiments in outdoor, flow-through sea-

water tables, under ambient light, temperature, and seawater
conditions. Air temperatures during elicitation ranged from

7.8° to 14.1°C in the North and 15.6° to 29.4°C in the South,
while water temperatures ranged from 8.3° to 12.0°C in the
North and 20.1° to 22.0°C in the South (http://boon.ucda
vis.edu/, https://www.ncdc.noaa.gov, https://tidesandcurrents.
noaa.gov). To mimic tidal immersion and emersion condi-
tions found in the field, we manually controlled the water
level in the tables based on a semidiurnal tide cycle. Contain-
ers were submerged at tide heights above 0.61 m MLLW in
the South and 0.91 m MLLW in the North and exposed to
low tide conditions below these levels. These tide heights are
representative of where Silvetia and snails co-occur at these
sites. After the 14-d elicitation phase, we weighed all Silvetia
thalli to measure changes in biomass. We calculated con-
sumption using the equation (Hi 9 Cf/Ci) � Hf, where Hi

and Hf are the initial and final mass of the grazed seaweed
and Cf and Ci are the final and initial mass of the non-grazed
tissues. For each population, we used a linear regression to
test whether snail consumption increased with herbivore
abundance (JMP v. 11.0). Midway through the experiment,
high temperatures in Southern California caused snail deaths
and seaweed tissue damage in several mesocosms. As a result,
we excluded replicates from analyses and subsequent paired
choice assays that showed signs of severe heat stress (red and
degrading seaweed tissues and >60% snail death).
We also measured seaweed traits that may change with

herbivore grazing and correspond with feeding preferences:
carbon, nitrogen, and phlorotannin content. Seaweed tissues
from the 0, 1, 4, 7, and 10 herbivore treatments were freeze-
dried and ground to a fine powder. Carbon and nitrogen
content (% dry mass) were measured using an ECS 4010 ele-
mental analyzer (Costech Analytical Technologies Inc.,
Valencia, California, USA) (n = 5/treatment). We compared
%N and %C between the non-grazed and 10-snail grazed
treatments for each region using a 2-way analysis of vari-
ance. We measured total phlorotannin concentration follow-
ing the Folin-Ciocalteu method (van Alstyne 1995), using
phloroglucinol as a standard. Because the phloroglucinol
standard curve for the Northern population was a poorer fit
than expected (R2 = 0.91, compared to an R2 = 0.99 for the
standard curve for the South), we interpreted the absolute
values with caution and analyzed the two populations sepa-
rately. We compared phlorotannin content across the 5 graz-
ing treatments using separate linear regressions for each
region (JMP v. 11.0).
We tested for differences in palatability between the

grazed and non-grazed Silvetia for each Northern and
Southern herbivore abundance treatment using paired-
choice feeding preference assays. For these assays, we used
new individual herbivores, with 6 snails per container. We
paired 7.5 � 0.5 g of grazed seaweed tissue from each herbi-
vore treatment (“grazed”) with 7.5 � 0.5 g tissue from the
no herbivore treatment (“non-grazed”). Paired seaweeds
were then placed into containers with and without herbi-
vores (n = 9 each for North, n = 5–9 for the South). Con-
tainers without herbivores controlled for changes in seaweed
mass unrelated to herbivory. After 5 d, we measured final
masses to determine the amount of seaweed consumed for
each treatment, as described above. We tested for differences
in palatability between grazed and non-grazed tissues for
each herbivore treatment using paired t-tests (JMP v. 11.0).
We did not adjust the critical value for multiple tests, in
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order to avoid increasing the probability of Type II errors
and potentially obscuring ecologically significant effects
(Cabin and Mitchell 2000, Moran 2003, Nakagawa 2004,
Garamszegi 2006). Using paired t-tests allowed us to test for
the presence or absence of induced defenses across treat-
ments, including upper and lower grazing thresholds for
inducing defenses. To test whether the strength of induced
defenses increased with herbivore abundances and differed
between populations, we first calculated the difference
between non-grazed and grazed tissues and divided this dif-
ference by the total consumed. We then analyzed strength
using an analysis of covariance, with herbivore treatment
and region as factors (JMP v. 11.0).

Low grazing common garden experiments

The geographic pattern we observed in the previous
experiment suggested that sensitivity to grazing differed
between Northern and Southern seaweeds, with induced
defenses occurring in Silvetia at low levels of grazing in the
North but not the South (Fig. 1). These differences could
have resulted from differences in experimental conditions or
herbivore origin. To explore these underlying mechanisms,
we conducted a series of common garden experiments from
May to August 2014 at the Bodega Marine Laboratory,
using low snail densities (Fig. 2; Appendix S2: Table S1).
The goal of these common garden experiments was not to
completely remove historical environmental effects, but to
compare induced defenses between populations under the
same environmental conditions. For these experiments, we
collected organisms from the six sites mentioned above, to
represent regional, rather than site, variability. Northern
organisms were stored in coolers with ice packs while South-
ern organisms were transported via coolers with ice packs to
Northern California. We did not observe any negative trans-
portation impacts on seaweeds or snails.

General experimental set-up.—We performed all common
garden experiments in two indoor, recirculating seawater
tables. This allowed us to control experimental conditions and
prevent the introduction of non-native, Southern California
organisms into the local environment. In addition to overhead
ceiling lighting, each table was illuminated by two 122 cm
54W T5 HO light fixtures (Current Nova Extreme Model
1122; Current Inc., Vista, California, USA) equipped with
two 10,000K daylight and two 460-nm actinic fluorescent
bulbs. Average light levels in the tables were
117 � 38 lmol photons�m�2�s�1 out of water and 90 �
19 lmol photons�m�2�s�1 under water. While these levels are
below full daylight conditions (~1,000–2,000 lmol pho-
tons�m�2�s�1), they exceed Silvetia’s light compensation point
and are within the light range where Silvetia’s photosynthetic
rates saturate (Oates and Murray 1983). All lighting was con-
trolled by timers, which were set to mimic the local day/night
cycles during each experiment. Prior to each experiment, a
sump below each table was filled with ambient seawater
(~2,750 L), which was pumped to the above water table via a
submersible pump (EHEIM Compact+Pump 5000, EHEIM
GmbH & Co. KG, Deizisau, Germany). Water was either
warmed or chilled, depending on experiment (see below and
Appendix S2: Table S1 for temperatures). For all experiments,

we manually controlled the water level in the tables based on a
semidiurnal tide cycle of 0.61–0.76 m above MLLW. Follow-
ing each experiment, all water underwent a chlorination/de-
chlorination treatment to kill any non-native, microscopic
organisms, per BML protocol.
Each common garden induction experiment (described

below) consisted of a 14-d elicitation phase, where we exposed
Silvetia (29.5 � 0.5 g wet mass) from each of the 6 sites to
grazing by either 2 snails or no snails. This was followed by a
5-d feeding assay, where we paired grazed with non-grazed
seaweed tissue (7.5 � 0.5 g for each type). For these feeding
assays, we used new individual herbivores that had been accli-
mated to the respective environment, with 6 snails per con-
tainer. Paired seaweeds were placed into containers with and
without herbivores. Containers without herbivores controlled
for changes in seaweed mass unrelated to herbivory.

0

0.2

0.4

0.6

0.8

1

1 4 7 10 13

A
m

ou
nt

 c
on

su
m

ed
 (g

)

Tegula abundance during elicitation 
phase

Grazed
Non-grazed

* * * * *

a) Northern Sensitivity

0

0.2

0.4

0.6

0.8

1

1 4 7 10 13

A
m

ou
nt

 c
on

su
m

ed
 (g

)

Tegula abundance during elicitation 
phase

* *

b) Southern Sensitivity

-0.2

0

0.2

0.4

0.6

1 4 7 10 13

St
re

ng
th

 o
f i

nd
uc

tio
n 

((
N

G
-G

)/T
ot

al
)

Tegula abundance during elicitation 
phase

c) Northern and Southern 

North South

FIG. 1. The amount of grazed and non-grazed Silvetia tissue
consumed by Tegula in paired choice assays for (a) Northern Silve-
tia and Tegula and (b) Southern Silvetia and Tegula. Error bars
are � SE. Significant differences are marked with a *. Panel (c)
shows the strength of induction ((non-grazed � grazed)/ total con-
sumed) for both populations.
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Testing induced defenses in common experimental environ-
ments.—During May–July 2014, we conducted two induction
experiments to test whether the experimental environment,
such as more stressful (e.g., warmer, nutrient poor) Southern
conditions, affected Silvetia’s ability to induce defenses. For
both experiments, we created environments in the recirculat-
ing tables that represented late spring/early summer water
and nutrient conditions for Northern (Point Arena) and
Southern (San Diego) regions. We focused on this season, as
both populations can induce defenses under these conditions
(Jones 2016) and it is when Silvetia is non-reproductive.
Seawater in the Northern environment was maintained at
10–12°C using an in-line chiller (Model DS-CWCT ½ hp;
AquaLogic Inc., San Diego, California, USA) connected to a
temperature controller. Because ambient nutrients were
quickly depleted and undetectable at the start of the experi-
ment, we spiked the seawater with slow release fertilizer
(Osmocote; Scott-Sierra Agricultural Products, Marysville,

Ohio, USA) until the nitrate concentration was >30 lmol/L,
representing an upwelling pulse (Bracken et al. 2011). Seawa-
ter in the Southern environment was warmed to 16–18°C
using a submersible heater connected to a temperature con-
troller, with depleted nitrate levels below 2 lmol/L, similar to
Southern California conditions (Jackson 1977).
Prior to the induction experiments, we acclimated sea-

weeds for either 3 d or 24 d to both environments, in order
to test for both immediate and short-term changes to new
environmental conditions. Mesocosms with Silvetia from
each region were placed into both Northern and Southern
environments (n = 12/region/environment, with and without
herbivores). Snails and seaweeds were paired by collection
site. After 14 d, we weighed all Silvetia thalli and calculated
the amount consumed. For each acclimation experiment, we
tested for differences in consumption between organism ori-
gin and experimental environment using a three-way nested
ANOVA, with site nested within origin (JMP v. 11.0). We
treated environment and origin as fixed factors and site as a
random factor.
Following the elicitation phases, we tested for differences

in palatability between the grazed and non-grazed Silvetia
treatments for each region in each environment using
paired-choice feeding preference assays (n = 12/region/envi-
ronment). After 5 d, we measured final masses to determine
the amount of seaweed consumed for each treatment, as
described above. We then calculated the difference in con-
sumption between non-grazed and grazed tissues and
divided by the total consumed, to test whether the strength
of Silvetia’s induced defense at low grazing varied with ori-
gin and environment. We compared the strength using a
three-way nested ANOVA, with site nested within origin
(JMP v. 11.0). We again treated environment and origin as
fixed factors and site as a random factor.

Testing induced defenses with a common herbivore source.—
To test whether herbivore origin was important for eliciting
seaweed defenses, we tested whether Northern snails (i.e.,
those that elicited inducible responses in other experiments)
could induce defenses in both seaweed populations. Because
experimental environment had no effect on the ability of Sil-
vetia to induce defenses, we tested for an herbivore source
effect at an intermediate set of environmental conditions.
Seawater temperature was maintained at 13–15°C and we
used the ambient nutrient concentrations in the seawater at
the start of the elicitation and feeding assay stages.
Prior to the elicitation phase, we acclimated snails and

seaweeds to the seawater environment for 5 d. We added
two snails from the three Northern sites to half the Silvetia
mesocosms (n = 12/region), while the other half served as a
non-grazed treatment (n = 12/region). After 14 d, we
weighed all Silvetia thalli and calculated the amount con-
sumed. We tested whether Northern snail consumption dif-
fered between seaweed origins using a two-way nested
ANOVA, with site nested within origin (JMP v. 11.0). We
treated origin as a fixed factor and site as a random factor.
Following the elicitation phase, we tested for differences

in palatability between the grazed and non-grazed Silvetia
for each region using paired-choice feeding preference assays
with Northern snails (n = 12/region). After 5 d, we mea-
sured final masses to determine the amount of seaweed

FIG. 2. Flow chart showing the progression of laboratory
experiments.
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consumed for each treatment, as described above. We then
calculated the difference in consumption between non-
grazed and grazed tissues divided by the total consumed, to
test whether the strength of Silvetia’s induced defense to
northern snails varied with seaweed origin. We compared
the strength using a two-way nested ANOVA, with site
nested within origin (JMP v. 11.0). We again treated origin
as a fixed factor and site as a random factor.

Constitutive palatability

Theory predicts that if defenses are costly to create and
maintain, there may be trade-offs between constitutive and
inducible defenses. For instance, if induced defenses are stron-
ger and occur at lower levels of grazing in the North, we
might predict lower constitutive defenses than Southern pop-
ulations. We tested for differences in constitutive palatability
between Northern and Southern seaweeds by conducting
paired-choice assays with herbivores and seaweeds from both
regions. Prior to experiments, we held seaweeds for 2 weeks
under respective Northern or Southern common garden con-
ditions to relax any defenses that may have been induced in
the field. This timeframe was sufficient, as Silvetia induced
defenses only persist for 7 d after grazing has stopped (A.
Warneke, unpublished data). For the choice assay, we pooled
snails by region, with two snails from each site per container

(six snails total). We then offered Northern and Southern
snails a choice between 7.5 � 0.5 g Northern seaweed tissue
and 7.5 � 0.5 g Southern seaweed tissue, comparing all pos-
sible North/South site combinations (n = 18/snail origin).
Containers without herbivores controlled for autogenic
changes in seaweed mass (n = 18). After 5 d, we calculated
the amount consumed. For each snail population, we tested
for differences in palatability between Northern and Southern
seaweeds using paired t-tests (JMP v. 11.0). We did not test
for site differences in palatability due to the low replication
for each site pair (n = 2/snail origin).

RESULTS

Herbivore abundance and predictability of attack

At the Northern sites, 97% of the plots surveyed contained
snails, compared to only 5% of plots at the Southern sites
(Fig. 3a; Appendix S3: Table S2). These numbers were consis-
tent across sites (Stornetta 98%, Moat Creek 100%, Sea
Ranch 93%) and tide heights (high 98%, mid/low 97%) in the
North. At the Southern sites, snails were only found in high
and mid plots at Calumet Park (high 25%) and Cabrillo (high
25%, mid 5%). All of the snails at Coast Blvd were above the
Silvetia zone. Thus, the likelihood of being attacked by Tegula
is much higher in the North than the South.
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Snail abundances in the Silvetia zone were also higher at
the Northern sites, with an average of 15 � 1.3 snails/
0.0625 m2 in the North and 0.25 � 0.13 snails/0.0625 m2 in
the South (Fig. 3b; Appendix S3: Table S3). Snail abun-
dances also varied across sites and tide heights but were
always higher in the North than the South (Appendix S3:
Table S1).

Herbivore abundance 9 region induction experiments

During the 14-d elicitation phase, Tegula consumption
increased with increasing snail abundance for both regions
(North: R2 = 0.49, P < 0.0001, South: R2 = 0.23, P <
0.0001; Appendix S1: Fig. S1). In the North, consumption
ranged from 0.73 g � 0.59 SE in the one-snail treatment to
3.9 g � 0.36 in the 13-snail treatment, while in the South,
consumption ranged from 1.5 g � 0.44 in the one-snail
treatment to 3.5 g � 0.7 in the 13-snail treatment.
Tissue percent nitrogen was slightly higher in the North-

ern population (1.30% � 0.021) than the Southern popula-
tion (1.07% � 0.011; F1,1 = 86, P < 0.0001), but did not
differ between grazed and non-grazed tissues (F1,1 = 1.4,
P = 0.23), nor was there a population by grazing status
interaction (F1,1 = 0.0036, P = 0.95). Tissue percent carbon
also differed between regions (F1,1 = 26, P = 0.0001), with
levels of 39.1% � 0.18 in the North and 38.0% � 0.18 in
the South. Although percent carbon did not differ with
grazing treatment (F1,1 = 0.21, P = 0.66) there was a signifi-
cant interaction between region and grazing treatment
(F1,1 = 10, P = 0.0057). A Tukey’s post-hoc test revealed
that percent carbon in grazed tissues from the North
(39.4% � 0.10) significantly differed from grazed tissues in
the South (37.7% � 0.19), but there was no difference
between non-grazed tissues (North: 38.8% � 0.31; South:
38.4% � 0.14). Phlorotannin concentrations (% dry mass)
increased with increasing grazer abundance in Northern sea-
weeds (R2 = 0.52, P < 0.0001; Appendix S1: Fig. S2), but
non-grazed tissue concentrations were intermediate com-
pared to the different grazing treatments. In contrast,
phlorotannins slightly decreased with increasing herbivore
abundance in Southern seaweeds (R2 = 0.69, P < 0.0001;
Appendix S1: Fig. S2). However, the difference between
grazed and non-grazed tissues was <0.5%.
In choice assays, all levels of previous grazing decreased

Silvetia palatability relative to non-grazed tissues in the
North (Fig. 1a; Appendix S1: Table S1), while only the two
highest levels of grazing significantly decreased palatability
in the South (Fig. 1b; Appendix S1: Table S1). This suggests
that under ambient conditions, the Northern Silvetia popu-
lation was more sensitive to Tegula grazing than the South-
ern Silvetia population. Northern snails consumed 1.5–2.4
times more non-grazed tissues than grazed tissues across all
treatments, while Southern snails consumed 1.6 times more
non-grazed tissues than grazed tissues in both the two high-
est grazing treatments only.
The strength of induced defenses increased with increasing

herbivore abundance (Fig. 1c, R2 = 0.18, F3,77 = 5.6,
P = 0.0016) and differed between herbivore treatments
(F3,77 = 10.2, P = 0.0022). These defenses were stronger in the
North compared to the South (F3,77 = 5.5, P = 0.022). There

was not a significant interaction between region and herbivore
treatment (F3,77 = �0.22, P = 0.83), however, values for
strength at low grazing in the South were close to 0, suggest-
ing little difference between non-grazed and grazed tissues.

Low grazing common garden experiments

Experimental environment.—Under common garden condi-
tions representing the Northern and Southern environments,
herbivores consumed 1.4 and 1.7 times more Silvetia in the
warmer Southern conditions than the colder Northern con-
ditions for the 3-d and 24-d acclimation times, respectively
(Appendix S2: Table S2, Fig. S1a,b). Consumption did not
differ with any other factors, except for site in the 24-d accli-
mation, where grazing was higher on tissues from Cabrillo
in the Southern environment than the other sites.
In choice feeding assays, the difference in consumption

between non-grazed and grazed tissues was greater for Silve-
tia originating from Northern sites than Southern sites
under both environmental conditions and for both acclima-
tion times (Fig. 4; Appendix S2: Table S3). This matched
what we found under ambient conditions (Fig. 1), suggest-
ing that experimental environment did not affect the
strength of induction at low grazer density. There was also a
significant interaction between site and experimental envi-
ronment in the 3-d acclimated tissues, due to contrasting dif-
ferences in consumption for tissues from Coast Blvd. in the
two environmental conditions (positive difference in the
North, negative difference in the South).

Herbivore source.—During the 14-d elicitation phase with
Northern snails only, snails consumed similar amounts of
tissue for seaweeds originating from the North and South
and across sites (Appendix S2: Table S2, Fig. S2.1c). Despite
these similar grazing rates, in choice assays, the difference in
consumption between non-grazed and grazed tissues was
once again greater for Silvetia originating from Northern
sites than Southern sites (Fig. 5, Appendix S2: Table S3).
Northern snails consumed 2.1 times more non-grazed than
grazed tissues from the North, but did not distinguish
between ones from the South (Fig. 5). This suggests that dif-
ferences in induction strength at low gazing are not due to
differences in herbivore traits between northern and south-
ern regions.

Constitutive palatability

Both snail populations preferred Southern Silvetia to
Northern Silvetia, consuming 1.8–2.1 times more Southern
tissue (Fig. 6, Northern snails: t17 = 2.6, P = 0.011; South-
ern snails: t17 = 3.6, P = 0.0021). This suggests that consti-
tutive defenses are lower in the South than in the North,
and reinforces the conclusion above that among-region dif-
ferences in palatability are due to seaweed rather than herbi-
vore traits.

DISCUSSION

The strength and sensitivity of Silvetia induced defenses
differed greatly between Northern and Southern California
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populations. Northern Silvetia induced defenses even at very
low herbivore abundances, suggesting a high sensitivity to
Tegula grazing. In contrast, only high levels of grazing

decreased Southern Silvetia palatability, suggesting a lower
sensitivity to Tegula grazing. We consistently found a stron-
ger seaweed response in the Northern population at low
levels of grazing, even when seaweeds were exposed to the
same experimental conditions. Thus, these geographic differ-
ences in sensitivity did not result from experimental environ-
ment, herbivore source population, or trade-offs with
constitutive palatability. Instead, these differences are likely
due to due to long-term abiotic and/or biotic differences in
environmental history between regions, such as differences
in Tegula co-occurrence, which may have caused long-lasting
effects or local adaptation in the seaweed.
Variation in in the sensitivity of induced defenses may

occur due to different environmental conditions that affect
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the ability of seaweeds to induce defenses. For example, it is
possible that Southern seaweeds do not induce defenses at
low levels of grazing because the cost of tolerating environ-
mental stress (e.g., warm temperatures and low nutrients) is
greater than the cost of grazing damage. In the closely
related seaweed Fucus vesiculosus, both light limitation and
temperature changes inhibited its induced defenses (Wein-
berger et al. 2011). In addition, Lou and Baldwin (2004)
found that low nutrient conditions weakened the induced
defenses in tobacco plants. However, we found that short-
term changes in environmental conditions did not affect
induced defenses in either seaweed population. Instead,
environmental constraints may act on longer time scales
over the course of seaweed development, leading to life his-
tory or genetic differences between populations. Thus, short-
term change in environmental conditions may not remove
legacy effects of environmental history or local adaptation
to environmental conditions.
Population differences in inducible seaweed defenses may

also result from differences in the herbivore populations. If
one population of herbivores causes more grazing damage,
produces a higher concentration of elicitation cue, or is more
responsive to the induced defense, this could result in sea-
weeds being induced at lower snail abundances. For exam-
ple, different strains of spider mites are able to induce,
weaken, and suppress induced defenses in tomato plants
and lima beans because the strains differ in amounts of graz-
ing damage, pathways they induce, and their resistance to
defenses (Takabayashi et al. 2000, Matsushima et al. 2006,
Kant et al. 2008). When we exposed both populations to
Northern snails, grazing rates on the two seaweed popula-
tions were similar (Appendix S2: Table S2). However,
Northern snails did not induce defenses in Southern sea-
weeds (Fig. 5), which suggests that differences in sensitivity
were not due to the herbivore source.
Some theory predicts that weaker and less grazing-sensitive

induced defenses may be associated with higher levels of con-
stitutive defenses (Koricheva et al. 2004, Bingham and Agra-
wal 2010, Kempel et al. 2011, Campbell and Kessler 2013,
Moreira et al. 2014, Rasmann et al. 2015). In contrast to this
prediction, we found that Southern Silvetia was significantly
more palatable (i.e., had lower constitutive defense levels)
than Northern Silvetia to snails from both populations. This
parallels findings from other experiments, where San Diego,
CA Silvetia was more palatable than Silvetia from more
Northern populations in Big Sur, CA and Catalina Island,
CA (E. Jones and R. Dolecal, unpublished data). This lack of
a trade-off may occur because constitutive and induced
defenses are not mutually exclusive (Stamp 2003, Koricheva
et al. 2004, Long et al. 2011). Instead, they provide a consis-
tently effective defense strategy, such that constitutive
defenses provide an immediate defense when defenses are not
induced. This may be particularly valid if constitutive and
induced defenses occur through different mechanisms, such
as morphology and chemistry. For example, Northern sea-
weeds are thicker and more robust than Southern seaweeds
(E. Jones, personal observations and unpublished data), which
could affect constitutive palatability, while Silvetia induced
defenses may be, in part, chemical, as differences in palatabil-
ity persist when morphology is removed (Jones 2016, Jones
and Long 2017). In addition, Wieski and Pennings (2014)

found that constitutive and induced defenses were both stron-
ger in Iva frutescens at low latitudes where herbivore damage
was greater, but also spatially and temporally more variable.
Thus, it is possible that overall grazing is higher in the North
than the South, but variable in intensity, selecting for higher
constitutive and induced defenses. It is also possible that con-
stitutive defenses are driven by other herbivore species in
these communities, which we did not test for in this study.
Variation in the co-occurrence of herbivores with primary

producers may affect sensitivity due to differences in herbi-
vore cues or attack rate (Karban and Baldwin 1997, Karban
et al.1999). One striking difference between the Northern
and Southern populations was the co-occurrence with Teg-
ula in the field. At the Northern sites, snails were common
across the entire Silvetia zone at variable abundances. How-
ever, at the Southern sites, most snails were located above
the Silvetia zone, often in high abundances (E. Jones, per-
sonal observation), and infrequently overlapped with Silvetia.
This suggests that while the predictability and reliability of
being grazed (Karban and Baldwin 1997, Karban
et al.1999) may be high in the North, causing high sensitiv-
ity to grazing and constitutive defenses, the predictability
and reliability may be too low in the South for seaweeds to
respond, unless grazing levels are high. One theory to sup-
port this idea is the evolution of increased competitive abil-
ity, which predicts that reduced herbivore pressure will select
for reduced levels of costly resistance traits, allowing greater
allocation of resources to competitive traits such as growth
rate and reproduction. While support for this hypothesis in
terms of induced defenses is low (Cipollini et al. 2005,
Eigenbrode et al. 2008, Uesugi and Kessler 2016), none of
these studies tested whether induced defenses differed with
the amount of grazing pressure. In a natural experiment,
Uesugi and Kessler (2016) found that induced resistance
was lower in a goldenrod population without herbivores,
but only differed from one of two populations with herbi-
vores. It is possible that these differences might be greater at
lower levels of herbivory.
Tests of upper and lower grazing thresholds on induced

defenses are rare both within and between populations (but
see Underwood 2000, 2010, Pineda et al. 2017). Under-
standing how different levels of herbivory affect the elicita-
tion of defenses, rather than just high, low, or ambient
herbivory, provides a more thorough assessment of the role
of induced defenses. In our study, induced defenses likely
play an important role in mediating interactions between
herbivores in the Northern population, as even one snail
was able to induce defenses. In contrast, induced defenses in
the Southern population likely only play important roles in
areas with very high snail abundances. Although snail densi-
ties similar to those used in our experiments do occur with
Silvetia in the South (i.e., Tegula can occur with Silvetia in
densities >150 snails/0.0625 m2 and >11 snails/30 g), they
are rare, site-specific, and elicitation can be affected by the
presence of other herbivores (Jones 2016).
Variation in the sensitivity of inducible seaweed defenses

may be important for population and community dynamics
in response to biotic or abiotic changes in the environment.
For example, seastar die-offs in Northern California have
allowed small and medium sized Tegula to shift lower in the
intertidal (Gravem and Morgan 2017). Due to their high
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sensitivity to grazing, Northern Silvetia will likely be able to
respond to this shift in grazing pressure as high intertidal
snails move into or lower in the Silvetia zone. In contrast,
Southern seaweeds may not be able to effectively defend
themselves against low or moderate increases in snail abun-
dances, if snails move from the high intertidal into the Silve-
tia zone. In order to make predictions about how
communities may change, however, further research is
needed to understand whether sensitivity differences are
plastic or due to genetic differences between populations.
In order to understand the role of induced defenses in pri-

mary producer communities, it is essential to understand the
ways in which these defenses vary in space and time.
Although a variety of studies have documented the presence
or absence of induced defenses between genotypes, popula-
tions, or seasons, we found populations can also vary in sen-
sitivity, such that population differences depend on the
amount of grazing damage. Therefore, while two primary
producer populations may both be able to induce defenses
under certain scenarios, the relative role of these interactions
may be more important in populations that are more
sensitive to grazing.
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