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Abstract
Non-genetic maternal effects are widespread across taxa and challenge our traditional
understanding of inheritance. Maternal experience with predators, for example, can have lifelong
consequences for offspring traits, including fitness. Previous work in threespine sticklebacks
showed that females exposed to simulated predation risk produced eggs with higher cortisol
content and offspring with altered anti-predator behavior. However, it is unknown whether this
maternal effect is mediated via the offspring glucocorticoid stress response and if it is retained
over the entire lifetime of offspring. Therefore, we tested the hypothesis that maternal exposure to
simulated predation risk has long-lasting effects on the cortisol response to simulated predation
risk in stickleback offspring. We measured circulating concentrations of cortisol before (baseline),
15 min after, and 60 min after exposure to a simulated predation risk. We compared adult
offspring of predator-exposed mothers and control mothers in two different social environments
(alone or in a group). Relative to baseline, offspring plasma cortisol was highest 15 min after
exposure to simulated predation risk and decreased after 60 min. Offspring of predator-exposed
mothers differed in the cortisol response to simulated predation risk compared to offspring of
control mothers. In general, females had higher cortisol than males, and fish in a group had lower
cortisol than fish that were by themselves. The buffering effect of the social environment did not
differ between maternal treatments or between males and females. Altogether the results show that
while a mother’s experience with simulated predation risk might affect the physiological response
of her adult offspring to a predator, sex and social isolation have much larger effects on the stress
response to predation risk in sticklebacks.
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1. Introduction
Non-genetic maternal effects occur when conditions experienced by mothers influence the
phenotype of their offspring [1]. Maternal effects occur in diverse taxa (plants [2]; insects
[3]; amphibians [4]; and mammals [5]) and their effect on offspring fitness can be
maladaptive [4,6,7] or adaptive [3,8]. There is growing evidence that some maternal effects
are mediated by maternal steroid hormones (sex steroids [9], and glucocorticoids [10]). For
example high levels of circulating glucocorticoids in stressed mothers are transferred to
developing eggs in birds, affecting offspring phenotype [11].
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Studies in diverse taxa have shown that maternal stress can have long-lasting effects on
offspring traits including survival [5,12-14], growth [5,15,16], morphology [5,12,13],
learning [17], and behavior [17-20]. In addition, some studies have shown long-lasting
effects of maternal stress on the offspring glucocorticoid response to stressors [21,22],
suggesting that maternal steroids have organizational effects [23] on the development of the
offspring hypothalamus–pituitary–adrenal (HPA) or, in fishes, hypothalamus–pituitary–
interrenal (HPI) axis that persist throughout an offspring’s lifetime. Therefore it is possible
that mothers might ‘program’ their offspring for the types of environments they are likely to
experience later in life [24,25].

Predators are one of the most important naturally occurring stressors for animals in natural
populations [26,27]. Predator-induced maternal effects have been documented in diverse
taxa, with effects on multiple offspring traits [5,8,20,28-30]. A previous study on threespine
stickleback fish found that predator-exposed mothers produced offspring that exhibited
higher levels of shoaling behavior than offspring of control mothers [31]. Shoaling involves
swimming in close proximity to conspecifics, resulting in the formation of groups [32], and
is an effective antipredator defense in small fishes [33]. Female sticklebacks exposed to
simulated predator attacks also produced eggs with higher concentrations of cortisol [31].
Predator exposure triggers the release of cortisol in sticklebacks [34], therefore a plausible
explanation for the maternal effect observed by Giesing et al. [31] is that maternally derived
cortisol diffused into eggs and induced an organizational effect on the HPI axis during
offspring development. If this is the case, then offspring of predator-exposed mothers might
have an altered cortisol response to a stressor compared to offspring of control mothers.

Other studies have shown a buffering effect of the social environment on the cortisol
response to stressors (cows [35], pigs [36], guinea pigs [37], and gorillas [38]). Therefore we
hypothesized that a maternal effect on the stickleback cortisol response might differ
according to the social environment. For example, offspring of predator-exposed stickleback
mothers might shoal together in order to cope with simulated predation risk, and might
perceive simulated predation risk as more threatening if they do not have the opportunity to
shoal.

In this study we tested the maternal programming hypothesis in sticklebacks. Specifically,
we examined whether maternal experience with a simulated predation risk by Northern pike
(Esox lucius), a natural predator of sticklebacks, influences offspring cortisol response to
simulated predation risk by pike. We measured circulating plasma cortisol of adult offspring
of predator-exposed and unexposed mothers before (baseline), 15 min after and 60 min after
exposure to simulated predation risk by pike. We predicted that offspring of predator-
exposed mothers have higher baseline and predator-induced cortisol than offspring of
control mothers. To test the hypothesis that the presence of a social group during exposure
to simulated predation risk buffers the glucocorticoid response of offspring, we compared
adult offspring of predator-exposed and unexposed mothers that were either alone or in a
group at the time of exposure to simulated predation risk. Finally, hormonally mediated
maternal effects are often sex-specific [26,27,39,40]. For example, pregnant mice exposed to
stressors during the first week of gestation gave birth to male offspring that as adults
exhibited a larger glucocorticoid response than male offspring of control mothers, an effect
not seen in female offspring [25]. Therefore we also investigated the influence of sex on the
cortisol response to predation risk.
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2. Materials and methods
2.1. Maternal predator exposure

Adult threespine sticklebacks were collected from Putah Creek, CA in May 2010 and were
acclimated to the laboratory for at least one month before experiments began. Throughout,
all fish were maintained in a flow-through system with UV, charcoal, particulate and
biological filters that remove olfactory cues and a photoperiod that mimics seasonal
changes. Fish were fed ad libitum once daily frozen bloodworms, brine shrimp, mysis
shrimp, and cyclopeez, and uneaten food removed at the end of the day.

Females were exposed to simulated predation risk by exposing them to a model pike as in
McGhee et al. [14]. Briefly, they were housed in 38 L tanks (53 L × 33 W × 24 H cm) with
artificial plant refuges, gravel bottom and opaque external shading. Females were randomly
assigned to one of six 38 L tanks (‘treatment tanks’) at a density of five females per tank and
either exposed to simulated predation risk (‘predator-exposed’ mothers) or left undisturbed
(‘control’ mothers) until they became gravid. Predator-exposed females were chased for 30
s/day at a randomly chosen time with a painted clay model of Northern pike (23 cm standard
length) to simulate exposure to predation risk [31]. Predator-exposed mothers were chased
once daily for 56 ± 21 days (mean ± standard deviation, range 22 to 85 days) before being
stripped of eggs. Consistent with a previous study (Giesing et al. 2011), there was no effect
of the number of days in the maternal treatment on offspring cortisol (results not shown).
Live Northern pike have been shown to elicit a cortisol response in sticklebacks [34] and
simulated attack by a model pike has been shown to elicit antipredator behaviors as
compared to a non-threatening stimulus [41]. Pike do not inhabit the section of Putah Creek
where sticklebacks were caught; therefore, we know that mothers did not have experience
with pike before the experiment. When females became gravid, they were stripped of eggs
by hand and were replaced by a marked female in order to maintain the same density.

Testes were dissected from wild-caught males from the same population, and macerated to
release sperm, and the sperm was used to fertilize eggs. Sperm was used from nine different
males: sperm from three males fertilized eggs from control mothers only (n = 5 clutches),
sperm from three other males fertilized eggs from predator-exposed mothers only (n = 5
clutches), and sperm from three additional males fertilized eggs from both control and
predator-exposed mothers (n = 10 clutches). Altogether, clutches were collected from n = 10
predator-exposed mothers and n = 10 control mothers. After contributing one clutch of eggs,
females were no longer used in the experiment.

2.2. Rearing offspring
Offspring rearing for this experiment was carried out as described in McGhee et al. [14].
Briefly, fertilized eggs were artificially incubated in plastic cups with air bubblers. Juveniles
were transferred to 38 L tanks (‘tank of origin’, 53 L × 33 W × 24 H cm) surrounded by
opaque shading and artificial plants for refuge in either single family groups (n = 11
families) or mixed family groups (n = 9 families) within each maternal treatment. Fry were
fed newly hatched brine shrimp nauplii. Offspring were reared in their tank of origin until
they entered the simulated predation risk experiment (see below) in August 2011, when they
were approximately one year old (standard length 3.83 ± 0.39 cm mean ± standard
deviation). On average, the number of offspring surviving to adulthood per mother did not
differ between maternal treatments: control mothers had 60.5 ± 15.9 surviving offspring
(mean ± standard error) per mother and predator-exposed mothers had 61.2 ± 9.9 surviving
offspring per mother.
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The number of offspring used in the experiment from each family housed in single family
tanks did not differ between maternal treatments. A total of 14.33 ± 5.37 offspring (mean ±
standard error) per mother were used from control mothers and 14.83 ± 3.54 offspring per
mother used from predator-exposed mothers. Mixed and single family groups of offspring
were equally represented across all treatments. Since individuals in mixed family tanks were
not identified by parentage, it is possible that some families were overrepresented in the
mixed family tanks.

2.3. Simulated predation risk experiment
Twelve 38 L observation tanks (53 L × 33 W × 24 H cm) with artificial plant refugia and
surrounded on the sides with opaque material to minimize the effect of external visual
stimuli were used for the offspring simulated predation risk experiment. Tanks were
assigned to one of three different ‘time’ treatments for sampling: baseline, 15 min and 60
min, with n = 4 replicate tanks per treatment. Focal fish in the ‘baseline’ tanks were not
exposed to simulated predation risk, focal fish in the ‘15 min’ tanks were exposed to
simulated predation risk and sacrificed for cortisol 15 min later and focal fish in the ‘60 min’
tanks were exposed to simulated predation risk and sacrificed for cortisol 60 min later
(described further, below).

Half of the 12 tanks were randomly assigned to one of two different social environment
treatments (alone vs. group) with the constraint that the two social environments were
equally distributed between the different ‘times’. The ‘group’ tanks contained four
‘background’ individuals from a pool of approximately 30 fish that were maintained in two
38 L holding tanks when not being used in the experiment. The background fish were spine-
clipped one week prior to the experiment in order to distinguish them from the focal fish,
which were unmarked. The ‘alone’ tanks did not contain background individuals.

Twelve focal sticklebacks were randomly assigned to the 12 observation tanks with one
focal fish per observation tank, with the constraint that maternal treatments were equally
represented across social environments and time and that no more than one individual was
drawn from each tank of origin per day. In order to avoid pseudoreplication, there was only
one focal fish per observation tank in the ‘group’ treatment. Focal fish were acclimated to
the observation tanks for 2 h, an amount of time previously found to be sufficient for
stickleback whole body cortisol to reach and maintain a stable 24-h level after handling and
transfer [42]. Individuals in the ‘baseline’ tanks were sacrificed immediately after the 2-h
acclimation period. Fish in the ‘15 min’ and ‘60 min’ tanks were exposed to simulated
predation risk. A deceased and frozen Northern pike (Spirit Lake Fish Hatchery, Spirit Lake,
IA; SL = 18.5 cm, mass = 68.8 g) was thawed, suspended from a dowel with fishing line,
and used to simulate the predation risk, which consisted of repeated rounds of orientation,
slow approach, and lunging at the stickleback for 60 s. Although different procedures were
used to apply simulated predation risk to mothers (model pike) and their offspring (frozen
pike), we assume that the model pike and the frozen pike were both perceived as a
threatening pike predator by the sticklebacks [41]. The pike was frozen and thawed between
successive days of the experiment.

Either 15 or 60 min after applying simulated predation risk, the opaque shading was
removed from the observation tank in order to distinguish focal from background
individuals; the focal fish was netted from the observation tank and immediately sacrificed
with a fatal concentration (>0.2 mM) of MS-222 anesthetic. Time to opercular arrest was
<30 s and the time from shade removal to opercular arrest was <60 s. After opercular arrest,
the fish was blotted with paper towel, standard length was measured, and the caudal
peduncle was severed posterior to the cloaca. Blood was drawn by capillary action from the
caudal vein into a 75 mm heparinized microhematocrit tube (Statspin, Westwood, MA).
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Tubes were centrifuged on a microhematocrit rotor (Statspin, Westwood, MA) to pellet
circulating cells, and plasma supernatant aspirated to a microfuge tube and stored at −20 °C.
A small sample of muscle tissue was taken from the tail for determination of genetic sex
using a sex-specific genetic marker [43].

This procedure (random assignment of observation tanks, addition of n = 12 focal animals to
the observation tanks) was repeated 15 times between 2 and 17 August 2011. On some days
(n = 6 days), the procedure was repeated twice, with at least 2 h between procedures. In 2 h,
the water in the observation tanks was replaced at least four times; therefore there was no
carryover of olfactory cues between procedures (82.2 ± 6.0 L/h mean ± SEM flow rate).
Altogether we sampled n = 15 focal individuals per maternal treatment * time * social
environment combination.

Individual offspring that entered the simulated predation risk experiment were not replaced,
so the density of offspring in tanks of origin decreased over time as the experiment
progressed. The density of offspring in the tanks of origin at the start of the offspring
experiment was 10.0 ± 0.94 fish (mean ± standard error) and at the end of the experiment
was 3.36 ± 0.65 fish. Feeding rates were adjusted according to density. Mortality of adult
offspring during the course of the offspring simulated predation risk experiment was very
low (number of deaths: offspring of control mothers = 0.25 ± 0.16 adults per mother (mean
± standard error); there were no deaths of adult offspring of predator-exposed mothers).

2.4. Cortisol assay
Plasma samples were thawed and their cortisol concentration measured in duplicate by
competitive enzyme-linked immunosorbent assay (ELISA) according to the manufacturer’s
protocol (Enzo Life Sciences, Plymouth Meeting, PA). The antibody used in this assay is
reported by the manufacturer to have a sensitivity of 56.72 pg/ml and a 27.7% cross
reactivity with corticosterone, 4.0% with 11-deoxycortisol, 3.6% with progesterone, and
0.1% or less with testosterone, androstenedione, cortisone, and estradiol. Samples of
adequate volume (~4 μl) were treated with 1:10 dilution of steroid-displacement reagent to
free cortisol from its binding proteins, diluted to 1:50 sample:assay buffer ratio, and divided
in half to be measured as duplicates. To extend the manufacturer’s recommended standard
curve for the ELISA an 8th standard of cortisol (78 pg/ml) was included on each plate.
Following the manufacturer’s protocol, the plates were prepared and absorbance read at 405
nm for each sample in duplicate in a 96-well ELISA plate (Enzo Life Sciences, Plymouth
Meeting, PA) on a FilterMax F3 microplate reader (Molecular Devices, Sunnyvale, CA) and
absorbance data averaged across duplicate samples with Multi-Mode Analysis software
(Molecular Devices version 3.4.0.25).

Blank-corrected, total-activity-corrected optical densities were converted to ‘percent bound’
for each sample by applying an equation derived from each plate’s standard curve. Both
linear and four-factor polynomial standard curves were produced for each ELISA plate and
tested for accuracy in calculating sample cortisol concentration from ‘percent bound’ value
of the known standards. The polynomial method (which is recommended by the
manufacturer) fit the expected concentration of the standards more closely than the linear
method, and so was employed for the final analysis. Values were multiplied by their dilution
factor to obtain plasma cortisol concentration in ng/ml of the original, undiluted plasma
sample.

Plasma samples across all levels of maternal treatment (predator-exposed and control),
social environment (alone and group), and time (0, 15, and 60) were represented on each of
the six plates. The inter-assay coefficient of variation (CV) between all ELISA plates (n = 6
plates) was 2.40%; intra-assay CVs averaged 5.02 ± 2.37% (mean ± standard deviation). Six
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individuals either gave very little blood or the plasma was lost from the capillary tube during
isolation; therefore the final sample size was 174 focal individuals.

2.5. Statistical analysis
All analyses were performed using SAS version 9.3. The cortisol data were ln-transformed
to meet the assumptions of parametric tests. Cortisol data were analyzed with a general
linear model using the “proc GLM” command in SAS. We started with a full model that
included sex, social environment, time, and maternal treatment as fixed effects, date as a
covariate and all the two- and three-way interactions. ‘Date’ was the day in August 2011
when a sample was collected. Terms with p-value > 0.05 were step-wise removed from the
model, unless their interaction with another variable was statistically significant (p < 0.05).
We plotted lncort against date for each level of time, and also for each level of maternal
treatment * social environment * time, and we found no significant interactions between the
covariate and these variables (data not shown).

Although the analyses were carried out on ln-transformed data, for ease of comparison with
other studies we show the raw (untransformed) data in figures. Post-hoc tests were
performed on a pairwise basis on all terms deemed significant by the statistical model. Least
squares estimates of the mean of each term were obtained using the LSMEANS statement in
SAS, and were compared between levels within each term.

3. Results
Relative to baseline, levels of plasma cortisol increased 15 min after exposure to simulated
predation risk and dropped by 60 min (Table 1, main effect of time). We did not detect a
main effect of maternal treatment on concentrations of cortisol. However, maternal exposure
to simulated predation risk influenced the time course of the cortisol response of offspring
(Table 1, maternal treatment * time interaction). That is, offspring of predator-exposed
mothers mounted a different cortisol response to simulated predation risk than the offspring
of control mothers (Fig. 1). Post-hoc tests comparing least squares means between levels of
maternal treatment * time were non-significant (p-values > 0.05).

By comparison there was a relatively large effect of sex on plasma cortisol. Females had
higher plasma cortisol than males (29.4 ± 4.3 ng/ml vs. 14.3 ± 1.7 ng/ml, Table 1, main
effect of sex). We did not detect an interaction between sex and social environment; females
had higher plasma cortisol in both the ‘alone’ and ‘group’ treatments (Fig. 2).

There was a strong buffering effect of the presence of a social group on the cortisol response
to simulated predation risk; fish that were in a group had lower levels of plasma cortisol than
fish that were by themselves (Fig. 3, Table 1, main effect of social environment). However
there was no evidence that the social environment had more of a buffering effect on the
response to a stressor of offspring of predator-exposed mothers: there was not a statistically
significant interaction between the social environment and maternal treatment (Table 1).

There was an effect of date on plasma cortisol (Table 1): fish that were sampled later in the
experiment had lower concentrations of cortisol than fish that were sampled at an earlier
date. There were no significant interactions between date and maternal treatment, social
environment, sex, or time (all p-values > 0.05).

Mean effect size for several studies that measured the glucocorticoid response to stressors in
offspring exposed to either real or simulated maternal stress and compared to control
offspring was 0.895 (range 0.317 to 2.189) [44-48]. Power analysis using our sample size
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confirmed that our study had high power (mean = 0.866) to detect the effect sizes of
published studies.

The range of plasma cortisol levels observed in this study (22.00 ± 2.23 ng/ml SEM) is
similar to whole body cortisol measured in sticklebacks [34,42], and was similar to the
natural range between baseline and predator-induced levels observed in the plasma of other
teleost species (25–110 ng/ml in rainbow trout [49],and 20–110 ng/ml in Atlantic cod [50]).

4. Discussion
These results show that sticklebacks mounted a cortisol response to simulated predation risk:
plasma cortisol increased 15 min and then dropped 60 min after exposure to simulated
predation risk. This pattern differs from another study which found that whole body cortisol
continued to increase up to 60 min post exposure to simulated predation risk [34], but is
consistent with studies in other animals which have found that the plasma cortisol response
to an acute stressor declines by 60 min after a stressor [21,22]. The high cortisol levels 60
min after exposure to a predator observed in Bell et al. [34] likely reflect additional
intracellular cortisol and cortisol byproducts in whole body extracts. Our results add to the
growing literature on the cortisol response to predators, a naturally occurring, ecologically
relevant stressor.

We tested the hypothesis that maternal experience with a pike predator influences offspring
cortisol response to pike in sticklebacks. The hypothesis was partially supported in that there
was a significant interaction between maternal treatment and time. The pattern in Fig. 1
suggests that offspring of predator-exposed mothers mounted a stronger cortisol response to
predation risk (compare offspring of control and predator-exposed mothers at baseline
versus at 15 min). However, post-hoc comparisons of least squares means between levels of
maternal treatment and time were not significant.

We detected a significant sex difference in circulating plasma cortisol: females had higher
cortisol than males. This result is similar to findings in other fish including sockeye salmon
[51] and the poeciliid B. episcopi [52], but differs from the roach R. rutilus, in which males
of the species had higher cortisol during spawning [53]. Offspring measured in this
experiment were reproductive adults, so it is possible that cortisol levels we observed reflect
the naturally occurring sex differences during spawning in sticklebacks. The lack of
interaction between sex and maternal treatment in our study suggests that this maternal
effect in sticklebacks does not depend on sex (unlike [26,27,39,40]).

We also found that the presence of a social group buffered the cortisol response for all
offspring, independent of maternal treatment. A likely explanation for lower levels of
cortisol in a group is the dilution effect: the risk of predation is lower in a group and
therefore an individual’s perceived vulnerability is lower [33]. Although the maternal effect
on the cortisol response did not depend on the presence of a social group in this experiment,
it is possible that in natural populations where individuals are free to choose their own social
environments (as opposed to an experimentally imposed environment), offspring of
predator-exposed mothers might be more likely to actively seek out social groups. Indeed,
Giesing et al. [31] found that offspring of predator-exposed stickleback mothers swam closer
to their neighbors than offspring of control mothers.

We detected a significant effect of ‘date’ on plasma cortisol: fish that were sampled later in
the experiment had lower cortisol than fish that were sampled earlier in the experiment.
There are at least three non-exclusive explanations for this finding. First, a frozen and
thawed pike was repeatedly used to chase offspring. It is possible that olfactory cues present
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in the pike’s skin degraded over the course of the experiment such that sticklebacks exposed
to the pike towards the end of the experiment experienced fewer olfactory cues than
sticklebacks exposed to the pike towards the beginning of the experiment. Second,
individual offspring were not replaced in the tanks of origin; therefore sticklebacks
measured towards the end of the experiment came from tanks at lower density than focal
sticklebacks measured towards the beginning of the experiment. Given our finding that
individuals housed with a social group had lower cortisol than individuals that were isolated,
it is possible that fish tested later in the experiment which had experienced lower density
were more stressed. Finally, it is possible that decreasing concentrations of cortisol over
time reflect seasonal changes.

5. Conclusions
We found that sex, exposure to predation risk, the presence or absence of a social group, and
a mother’s experience with predators all influence the cortisol content of an adult
stickleback’s plasma. While sex and the social environment have a clear and strong
influence, our data show a more subtle contribution of maternal experience with predation
risk. However, these results suggest that if a female stickleback encounters a predator during
her lifetime, the experience might influence the lifelong responses of her offspring to
predators. The mechanism whereby information about a stickleback mother’s experience
with predators is encoded and passed to her offspring to alter their cortisol response to
stressors remains to be determined, as does its adaptive significance.
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HIGHLIGHTS

• Sticklebacks mounted a cortisol response to predation risk.

• Maternal experience with a predator influenced offspring response to a predator.

• The maternal effect on offspring cortisol depended on when cortisol was
measured.

• Female sticklebacks had higher cortisol than males.

• There was a buffering effect of the social environment on cortisol.
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Fig. 1.
The cortisol response of offspring of mothers exposed to simulated predation risk compared
to offspring of control mothers. There was a significant interaction between maternal
treatment and time (Table 1), indicating that the time course of the plasma cortisol response
differs between offspring of predator-exposed mothers and control mothers. However, the
post-hoc comparison of least squares means between maternal treatments at each time point
was not significant (p > 0.05). n = 28–30 per bar. Data represent least squares (LS) means ±
1 standard error of raw (not transformed) data. LS-means with the same letter are not
significantly different.
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Fig. 2.
Sticklebacks that were alone had higher circulating concentrations of cortisol than
sticklebacks that were in a group, and females had higher cortisol than males. Data within
each level of sex * social environment represent all three time periods combined. n = 43–51
per bar. Data represent least squares (LS) means ± 1 standard error of raw (not transformed)
data. LS-means with the same letter are not significantly different.
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Fig. 3.
Levels of plasma cortisol increased 15 min after exposure to simulated predation risk and
subsided by 60 min after exposure. Fish that were in a group consistently had lower plasma
cortisol than fish that were alone. n = 28–30 individuals per bar. Data represent least squares
(LS) means ± 1 standard error of raw (not transformed) data. LS-means with the same letter
are not significantly different.
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Table 1

GLM model testing the effect of maternal treatment, social environment, sex, and exposure to predation risk
over time on plasma cortisol in the threespine stickleback.

Source DF Type I SS Mean square F value p

Maternal treatment 1 0.07183249 0.07183249 0.10 0.7515

Time 2 22.41042515 11.20521258 15.69 <.0001

Social environment 1 22.04691896 22.04691896 30.87 <.0001

Sex 1 10.24221408 10.24221408 14.34 0.0002

Date 1 7.17508595 7.17508595 10.05 0.0018

Maternal treatment * Time 2 4.38936628 2.19468314 3.07 0.0490

Date was included in the model as a covariate and did not significantly interact with any of the class variables (i.e. p > 0.05 for all interactions).
Interactions that were not significant (i.e. p > 0.05) in the full model were stepwise-removed until only significant interactions remained.
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