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despite seasonal changes and variation in resource abun-
dance. Individuals differed considerably in their daily travel 
distance, with some traveling up to 2000 m along the reef, 
while others moved only between deep and shallow areas. 
Activity levels consistently peaked around mid-day, regard-
less of the location of their daytime areas, which behavioral 
surveys confirm are associated with feeding activities. We 
also detected peaks in activity during early mornings when 
surveys detect that parrotfish interacted in large aggregates 
(typically 30–60 individuals). Our findings indicate that 
space-use patterns vary among individuals but are extremely 
conservative within individuals over long time periods. This 
in turn may have important consequences to the health of 
reefs, as individual parrotfish may be less likely to alter 
foraging patterns as conditions change. Furthermore, the 
high fidelity to limited sleeping and daytime areas may be 
a source of concern, as local small-scale disturbances may 
strongly disrupt individual space-use patterns.

Keywords Space-use · Herbivory · Individual behavioral 
variation · Parrotfish · Site fidelity · Telemetry

Introduction

Grazing can have a dramatic influence on the structure of 
plant and algal communities in both terrestrial and marine 
systems (Sommer 2000; Adler et al. 2001) and can affect 
ecosystem dynamics (Palmer et al. 2004). Ecologists and 
conservationists are increasingly interested in understand-
ing the degree to which individual grazers differ from one 
another, as well as the persistence of these differences across 
time with respect to environmental conditions and resource 
availability (Riotte-Lambert and Matthiopoulos 2020; Shaw 
2020; Webber et al. 2020). Marked inter-individual variation 

Abstract Understanding space-use patterns in parrotfish 
(Scarini) is especially important for coral reefs, where her-
bivores play a key role in maintaining reef health. However, 
we lack the long-term high-resolution data needed to under-
stand parrotfish space-use patterns over time. We examine 
long-term space-use dynamics in parrotfish (median dura-
tion: 359 days) by tracking 23 terminal-males of three spe-
cies along a coral reef in the Northern Red Sea Gulf of 
Aqaba. We used acoustic telemetry to track horizontal move-
ment along the reef, depth, and activity (through tri-axial 
accelerometers), and quantify the effect of environmental 
factors such as water temperature and algal abundance on 
long-term patterns. We found that in the species examined, 
nearly all individuals maintained a highly consistent spa-
tial pattern throughout the study duration, in which they 
repeatedly moved along a distinct route between nighttime 
sleeping areas and spatially constrained daytime areas. 
Individual patterns were surprisingly conserved over time, 
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can have consequences for population dynamics, dispersal, 
management, and conservation (Dall et al. 2012; Bierbach 
et al. 2016; Spiegel et al. 2017; Hertel et al. 2019; Moiron 
et al. 2020).

Heterogeneity in grazing intensity is particularly impor-
tant for coral reefs whose resilience relies heavily on the 
ability to resist shifts toward a macro-algae-dominated state 
(Bellwood et al. 2004; Hughes et al. 2010). Resistance to 
such phase-shifts is largely attributed to herbivorous fish 
that feed on the algae that would otherwise outcompete the 
corals (Mumby et al. 2006; Hughes et al. 2007). Delivery 
of such critical ecosystem functions by herbivorous reef 
fishes has been shown to be highly heterogeneous and spa-
tially restricted, which may have significant ramifications 
when assessing overall reef resilience (Streit et al. 2019). 
Among herbivorous reef fish, parrotfish (Labridae: Scarini) 
are widely considered key to maintaining healthy coral 
reefs (Bonaldo et al. 2014; Cramer et al. 2017). As such, 
the behavior and patterns of parrotfish habitat utilization are 
increasingly a focus of ecological and conservation studies.

Several studies have tracked parrotfish, mostly through 
acoustic telemetry, which allows the study of aquatic ani-
mals in their natural habitat (Hussey et al. 2015). Some gen-
eral characteristics of parrotfish movement emerge despite 
the range of focal species and regions studied. Parrotfish 
utilize deeper habitats at night and migrate daily to shallower 
waters where they feed (Afonso et al. 2008; Welsh and Bell-
wood 2011; Gomi et al. 2021). Davis et al. (2017a) tracked 
Chlorurus microrhinos in Palmyra Atoll for up to 543 days 
and found that fish commonly traveled through the same 
areas during early mornings and evenings on their way from 
and to offshore sleeping sites. Parrotfish also consistently 
return to the same, often spatially constrained, feeding areas 
or sites (Welsh and Bellwood 2012; Davis et al. 2017a). 
Carlson et al. (2017) found that parrotfish defended and re-
grazed the same areas, and that the most intensely grazed 
areas were highly restricted (250–800  m2). Suggested fac-
tors that shape parrotfish space-use patterns include habitat 
complexity (Welsh and Bellwood 2011), dietary preference 
and resource availability (Carlson et al. 2017), social status 
(Afonso et al. 2008), and competition with other herbivores 
(Davis et al. 2017b). However, as most studies to date have 
either been limited to less than two months or conducted at 
relatively coarse spatial resolution  (km2), variation in fine-
scale fish space use patterns over time remain unclear.

Behavioral ecologists have commonly examined individ-
ual variation in space-use in response to external factors such 
as social dynamics and environmental conditions (Hertel 
et al. 2020). However, a growing body of research indicates 
the importance of behavioral variation among individuals 
(e.g., Sih et al. 2004; Réale et al. 2007). Individual variation 
has been shown in relation to foraging site fidelity—where 
individuals can either repeatedly forage at the same site or 

utilize different areas over time (Baylis et al. 2012). Indi-
vidual variation in space-use, particularly movement and site 
fidelity, can be indicative of individual variation in utilizing 
heterogeneous environments (Bell et al. 2009; Thorbjørnsen 
et al. 2021) and may have consequences for individual forag-
ing efficiency under varying climate conditions (Hertel et al. 
2020 and references therein). Behavioral variation in site 
fidelity within and among individuals can provide insight 
into processes that shape space-use dynamics, and have con-
sequences for population resilience and conservation (Wake-
field et al. 2015; Hertel et al. 2020). Tracking studies have 
reported behavioral variation among individual parrotfish 
(e.g., Lindholm et al. 2006; Afonso et al. 2008; La Mesa 
et al. 2012). However, the prevalence of individual variation 
in parrotfish behavior and its contribution to overall space-
use patterns has not been assessed directly. This is key to 
understanding the underpinnings of grazing and space use 
patterns at both the individual and population level.

In this study, we used acoustic telemetry to examine pat-
terns of habitat utilization by three species of parrotfish 
common to the Red Sea Gulf of Aqaba: daisy parrotfish 
(Chlorurus sordidus), rusty parrotfish (Scarus ferrug-
ineus), and purple-brown parrotfish (S. fuscopurpureus). 
We continuously tracked individuals at high sampling rates 
(median < 5 min) for up to 18 months. We used these data 
to evaluate the degree of variation in space-use exhibited 
by individuals, and how space-use changes over time and in 
response to environmental factors.

Material and methods

Study species

As with most scarine labrids, C. sordidus, S. ferrugineus, 
and S. fuscopurpureus are all sequential protogynous her-
maphrodites (Chaot and Randall 1986), who feed primarily 
on algae (Khalaf 2004; Hoey et al. 2016). We focused on 
terminal-phase males in order to avoid the potentially con-
founding effect of ontogenetic shifts in habitat-utilization 
(Welsh et al. 2013; Pereira et al. 2016; Smith et al. 2018).

Study site

This study was conducted from July 2016 to February 2019, 
along a fringing coral reef in the North-eastern Gulf of 
Aqaba (N29.50156, E34.91792; Fig. 1). This shallow reef is 
mostly continuous but is highly heterogeneous in structural 
complexity. Hard substrate predominates the shoreline for 
several kilometers and is largely devoid of fleshy macroal-
gae (typical of healthy coral reefs; Hughes 1994; McManus 
and Polsenberg 2004). The site is situated within a no-take 
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marine protected area, in which vessel traffic is extremely 
limited.

The reef at the study site is on a steep slope, where bot-
tom depth drops rapidly to approximately 40 m over a dis-
tance of 100 m from shore (Hall 1978). The distribution of 
herbivorous reef fishes, including parrotfish, is limited to 
depths shallower than 30 m (Brokovich et al. 2010); similar 
to other reef systems (Nemeth and Appeldoorn 2009; Ver-
gés et al. 2011; Lindfield et al. 2015). The study site there-
fore provides a uniquely narrow and elongated area where 
herbivorous fish move along two primary axes—along the 
coastline and within a finite depth gradient (which correlates 
to offshore distance). Importantly, parrotfish are highly asso-
ciated with the substrate and typically follow reef topogra-
phy (e.g., Bruggemann et al. 1994; Friedlander and Parrish 
1998; Nemeth and Appeldoorn 2009); a fact that helped us 
estimate their position along the reef (see Fig. 1).

Acoustic telemetry tracking

We deployed an acoustic array of 13 underwater receivers 
(VR2W-69 kHz; Innovasea, Bedford, Nova Scotia) paral-
lel to the coastline (see Fig. 1). The effective detection 
range of receivers (> 90% of transmissions recorded) was 
based on several range tests (see Pickholtz et al. 2018 for 
detailed procedures). Based on range test results, receivers 
were positioned at a conservative distance (90% detection 
rates) of 120 m apart from one another (Espinoza et al. 
2011), and at depths ranging from 7 to 12 m. All receiv-
ers were moored to permanent pre-existing buoys, mostly 
along the deeper reef edge (> 40 m depth), which provided 

a largely unobstructed side-view of the shallow reef where 
parrotfish are commonly found.

Fish were tracked using surgically implanted acoustic 
transmitters (or tags) with unique IDs and equipped with 
a pressure (i.e., depth) sensor, a tri-axial accelerometer, 
or both (see table SI 1 for details). In order to obtain both 
high sampling (i.e., transmission) frequency and maximal 
tracking duration, tags were programmed to transmit at 
a nominal rate of 60 s for the first 70 days, then transmit 
every 300 s (5 min) for the remainder of their battery life. 
In order to avoid physiological or behavioral effects of the 
implanted transmitter, we strictly adhered to the accepted 
transmitter to fish mass ratio of 0.02 (Winter 1996). See 
supplemental information for fish collection and tagging 
procedures.

Space‑use metrics

Depth

Depth was measured by pressure sensors (resolu-
tion = 0.075 m, measurement range 0–52 m). Given the 
tendency of parrotfish to swim close to the substrate and 
the fact that depth contours are essentially parallel to the 
shoreline (Fig. 1), depth measurement served both as an 
independent measure of space use (Matley et al. 2016) and 
as a proxy for horizontal distance from shore.

Fig. 1  The study site, located 
within the Red Sea (A), at the 
northernmost end of the Gulf 
of Aqaba (B). The array was 
deployed along the shallow 
reef, parallel to the coast-
line (C). Reef bathymetry is 
represented by depth contours 
(Monismith et al. 2006; Sade 
et al. 2008), and demarcates the 
depth beyond which parrotfish 
rarely occur (> 40 m; Fig. SI 1). 
Y-axis (C, left) shows the linear 
distance along the shoreline 
relative to the northernmost 
receiver (referred to throughout 
the paper as longshore posi-
tion). Circles represent acoustic 
receivers (VR2W, Innovasea)

A

B

C
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Longshore position

The linear layout of our receiver array did not support three-
dimensional positioning (localization) of tagged fish, so 
detections were used as indicators of presence within the 
range of a given receiver. Given that parrotfish generally 
move within a narrow strip along the shoreline (due to depth 
restrictions), we used presence records to delineate long-
shore movements of fish. In order to not restrict estimated 
positions to those of receivers, we calculated the weighted 
mean position according to the relative frequency of each 
receiver’s detections within 5 min windows (see Simpfend-
orfer et al. 2002 for details).

Longshore movement

Longshore movement is a standardization of longshore posi-
tion references to each individual’s northernmost record and 
scaled at the individual level and is thus less affected by 
the extent of the total array. While longshore position is a 
spatially explicit metric to estimate where fish are detected 
along the reef, longshore movement represents movement 
patterns of individuals throughout the study regardless of 
where on the reef they were detected. For example, in a 
case where two fish exhibit identical horizontal movements 
throughout the study but are located at different areas of 
the reef—longshore position patterns would inform the spa-
tial distinction between the two, while longshore movement 
would capture the similarity in their movement patterns.

Activity

Activity was estimated in terms of acceleration, averaged 
across three axes (x = lateral, y = forward, and z = vertical) 
over each sampling period (5 s, at 5 Hz) (Brownscombe 
et al. 2017). This averaging is necessary with acoustic telem-
etry since tags can only transmit a single value. Though less 
detailed than most acceleration data used in animal tracking, 
valuable information on activity patterns could still be cap-
tured; such as the timing of onset, offset, and peak level of 
detected activity (e.g., de Almeida et al. 2013; Stehfest et al. 
2015; Alos et al. 2017). We used accelerometers with the 
broadest available sampling range (0–5 m ×  s−2; Fig. SI 1.)

Environmental data

Environmental data used as predictors of fish movement 
patterns (see Fig. SI 2–3) were obtained from the Israeli 
National Monitoring program (https:// iui- eilat. huji. ac. il/ 
Resea rch/ NMPAb out. aspx), which maintains a meteorologi-
cal station near the center of our acoustic array. These data 

include solar radiation (S_rad, W/m2), water temperature 
(Temp, °C), and water level (W_level, cm), and are recorded 
every 10 min.

Seasonal variation in benthic algal availability was 
estimated through the use of settlement plates. Six sets of 
10 × 10 cm PVC plates were placed arbitrarily at depths of 
7–10 m in the middle of the acoustic array. Each set con-
sisted of a plate protected by plastic mesh with 1  cm2 holes. 
The plates provide a substrate for benthic algae settlement, 
while protecting it from herbivores such as fishes and sea 
urchins. Once a month, three sets were retrieved and replaced 
by a clean set, giving each set a two-month period of soaking 
underwater. Once extracted from the water, algal material 
was scraped off and filtered through a glass fiber GF/F filter. 
The filter was then placed in an acetone-methanol solution 
to extract photosynthetic pigments used to approximate the 
algal mass. Light absorption in the photosynthetic pigment 
wavelength (E647, E630, E664) was measured on a spectro-
photometer for calculation of the amount of Chlorophyll-a 
(Chl-a, mg/cm2). Due to local variability in algae settlement 
rates, each monthly estimate is the averaged abundance of 
the three sets retrieved that month. Settlement plates were 
maintained and measured by the Israeli National Monitoring 
program that tracks algal growth rates on the reef. A similar 
setup was used by Brokovich et al. (2010) to estimate growth 
rates of benthic algae, which also found that abundance of 
benthic algae on settlement plates coincided with the abun-
dance of algal turf measured in situ. Many herbivorous reef 
fishes including parrotfishes have been shown to feed on 
turf algae (e.g., Tebbett et al. 2017, 2022), and target endo-
lithic and epiphytic phototrophs (e.g., Clements et al. 2016; 
Clements and Choat 2018; Nicholson and Clements 2020). 
While Chl-a measurements from settlement plates do not 
discriminate between different algae nor their associated 
fauna, variation in Chl-a is used as an indirect approxima-
tion for long-term variation in resource availability.

The time of sunset and sunrise changed throughout the 
study. Thus, to model the effect of different periods of day 
(Time) on each of the dependent variables, we used solar 
position to divide the day into ordinal sections: 0 = midnight 
(nadir); 1 = sunrise; 2 = twilight end; 3 = mid-day (solar 
noon); 4 = twilight start; 5 = sunset; 6 = night starts; 7 = mid-
night. Decimal values represent relative time between cat-
egories (see Fig. SI 3). Sunlight phases and solar positions 
were obtained through r packages suncalc (Thieurmel et al. 
2019) and oce (Kelley et al. 2021).

Behavioral surveys

Behavioral surveys were conducted to characterize fish 
behavior independently from the acoustic data. Surveys were 
performed within the area of the acoustic array and focused 
on male S. fuscopurpureus (the majority of the parrotfish 

https://iui-eilat.huji.ac.il/Research/NMPAbout.aspx
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tagged in this study) during 2019 and 2021. In each sur-
vey (n = 150, total cumulative survey duration = 58 h.), a 
snorkeler followed a single fish for up to an hour, recording 
start and end time of focal activities, such as swimming and 
feeding. Behaviors were classified by a minimal threshold 
of five seconds. For example, when a fish was observed 
feeding, swimming, and resuming feeding while the time 
between feeding events lasted less than five seconds, the 
entire time was recorded as feeding. For longer intervals, 
behaviors were recorded as feeding and then swimming. 
Surveys began at randomized locations along the reef and 
times of day, and focal fish were selected at random (i.e., 
first male S. fuscopurpureus to be located). In the event of 
losing visual contact with a fish, e.g., when a fish descended 
to depths where it was no longer visible to the surveyor, the 
survey of that individual was terminated, and the cause of 
termination was recorded. Survey data were summarized as 
the ratio of time allocated per activity in each period of day 
(Time), rounded to 0.25 intervals (see Fig. SI 3).

Analyses

We excluded data from the first 21 days post-release, fol-
lowing recommendations for parrotfishes in tropical reefs 
(Chateau and Wantiez 2021). This acclimation period was to 
avoid irregular or misrepresentative behaviors after implan-
tation of tags, the extent of which can vary significantly 
among species and habitats (e.g., Le Pichon et al. 2015; 
Wilson et al. 2017). In order to facilitate examination of 
space-use patterns at high temporal resolution (i.e., high 
sampling rates), we also excluded fish that had an overall 
median detection frequency > 60 min.

Space‑use patterns

Diel patterns were analyzed through a generalized additive 
mixed effects model (GAMM), for each of the metrics (long-
shore position, longshore movement, depth, activity) using 
Time, Fish ID and their interaction as predictors. This ena-
bled us to examine space-use patterns according to the time 
of day, without explicitly incorporating any other factor. We 
chose GAMMs to describe nonlinear patterns while includ-
ing fish identity to account for variability among individuals 
(e.g., Papastamatiou et al. 2015). A cyclical smooth term 
was applied to Time. In order to avoid overrepresentation 
of days with more detections (or during specific periods), 
we used Date (which represents a specific calendar date) 
as a random effect. For each metric, we used model coef-
ficients and associated errors for each individual to simulate 
the predicted responses throughout the day. GAMMs were 
performed in R (Team 2013) using the mgcv package (Wood 
2006).

To estimate drivers of individual variation in long term 
patterns of longshore position, longshore movement, depth, 
and activity we used additional GAMMs in which Fish ID 
was used as a random-effect, and S_rad, Temp, W_level, Chl-
a, Species, Size (nested within Species), and Time were fixed 
effect terms. A cyclical smooth term was applied to Time. By 
incorporating Fish ID as a random-effect term, our models 
control for unbalanced sample sizes (i.e., number of detec-
tions) among individuals (Gillies et al. 2006; Schielzeth 
et al. 2020) thus avoiding biases due to pseudo-replication 
or oversampling of individuals (Hegel et al. 2010). Statistical 
significance of incorporating the random effect term (Fish 
ID) was tested using likelihood ratio test (LRT), compar-
ing the fit of a model including the random effect term to a 
model with fixed effects alone (null). Due to the boundary of 
possible parameter space (i.e., zero variance at the individual 
level), difference in log-likelihoods is assumed to follow a 
mixture distribution of a χ2-distribution with one degree-of-
freedom (Nakagawa and Schielzeth 2010).

Utilization distribution kernels (KUDs)

To estimate and visualize space-use throughout the study, we 
used longshore positions and depth to estimate fish locations 
(i.e., coordinates). Based on positions of each fish across 
the entire tracking duration, we calculated individual ker-
nel utilization distributions (KUDs, Worton 1989) based on 
all daylight positions, and for the following diel categories: 
night (sleeping) ranges including all records between night-
fall and sunrise, and daylight ranges including all records 
between sunrise and sunset. An overall home range was 
estimated from daylight positions at a 95% probability level 
(KUD 95%) in order to estimate the overall area occupied 
by individuals during hours of activity. For periods of day 
and night, KUDs were estimated at 50% probability levels 
(also referred to as core areas). Day and night areas were 
described through KUD 50% as they are less likely to cap-
ture spatial variation occurring over short time frames (such 
as during crepuscular periods). KUD estimates accounted 
for the truncation produced by a physical barrier (i.e., the 
shoreline, Benhamou and Cornelis 2010; Calenge 2011). 
Two fish that were not equipped with depth sensors did not 
have the necessary data for calculating KUDs.

Repeatability estimates

The variation in individual space-use can be quantified using 
an index of ‘repeatability,’ R—the fraction of the pheno-
typic variation attributable to differences among individuals 
(Dingemanse et al. 2002). In mixed effects models, with 
individuals as the random effect, the adjusted repeatability 
is calculated as
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where BIC is the between-individual component and rep-
resents the mean variation between individuals, and WIC 
is the within-individual component representing the mean 
variation associated with the residual variance of the model 
(Eqn. 1; Nakagawa and Schielzeth 2010; Dingemanse and 
Dochtermann 2013; Stoffel et al. 2017). We used an adjusted 
repeatability score which expresses the degree of individual 
variation after controlling for all other (fixed) effects (Ding-
emanse and Dochtermann 2013). Thus, R captures the varia-
tion across individual patterns (BIC) and the variance within 
individual patterns (predictability, WIC) while controlling 
for the effect of all exogenous factors (biological and envi-
ronmental covariates). A theoretical maximal value of R = 1, 
indicating high repeatability would be obtained if each fish 
strictly adhered to a specific pattern (low WIC due to indi-
viduals exhibiting repetitive and predictable patterns) while 
displaying different patterns from one another (high BIC). 
Alternatively, a theoretical minimal value of R = 0 would 
be a result of each fish exhibiting high variation in space-
use patterns (high WIC), and all individuals exhibiting a 
similar pattern (low BIC). Validity of estimated repeatability 
was tested using permutations by fitting a model without 
the random effect term, then adding permutated residuals to 
the fitted values of the model, and confidence intervals were 
calculated through parametric bootstrapping (Stoffel et al. 
2017). All records during nighttime hours (from nightfall 
to sunrise) were excluded from repeatability analyses, to 
avoid artificially reducing or inflating variations in behav-
ior. (e.g., activity patterns would appear to be highly similar 
when including periods when parrotfish sleep). Repeatability 

(1)R =
BIC

BIC +WIC

estimates from GAMMs were performed with the rptGam 
function in r (https:// github. com/ elipi ckh/ rptGam). The 
function was adjusted from the rptR package which esti-
mates repeatability from generalized mixed-effect models 
(Stoffel et al. 2017).

Repeatability (R) is inherently a relative measure, and 
thus can rarely be interpreted in absolute terms (e.g., high vs. 
low individual variation). Moreover, the degree of expected 
individual variation depends on the trait, species, and scale 
of interest (Bell et al. 2009; Hertel et al. 2020). A meta-
analysis of studies reporting repeatability in behavioral traits 
specifies a mean repeatability of 0.37 across all taxa, and 
0.32 in fish. An increasing number of studies have reported 
repeatedly estimates for marine fish in the wild, specifically 
for movement, home-range, and site fidelity (e.g., Har-
rison et al. 2014 [R = 0.2–0.4]; Villegas-Rios et al. 2017 
[R = 0.41]) and diel activity patterns (e.g., Nakayama et al. 
2016 [R = 0.24]; Alos et al. 2017 [R = 0.3–0.5]; Gavriel et al. 
2021 [R = 0.23]).

Results

We tagged a total of 29 parrotfish of which 23 provided 
adequate data to be used in the analyses, (tracking dura-
tion > 21 days, median detection frequency < 60 min; see 
Tables 1, SI 1).

Utilization distribution kernels (KUDs)

KUDs were estimated for 21 fish (individuals with suffi-
cient data and those equipped with a depth sensor, necessary 
for approximating positions). Area of overall home range 

Table 1  Summary of tagged 
fish, by species, with tracking 
durations (shortest, longest, and 
median), detection frequencies 
and size (TL) range

Species Fish tagged Tracking duration 
(days)

Detection interval 
(median; minutes)

Size range (cm)

Median Min Max

C. sordidus, daisy parrotfish 5 96 76 365 2.5 28–31
S. ferrugineus, rusty parrotfish 4 371 48 440 3.6 34–52
S. fuscopurpureus, purple–

brown parrotfish
14 362 64 516 3 34–41

Table 2  Area  (m2) of estimated 
KUDs for parrotfish throughout 
their entire tracking duration

KUDs were calculated separately as overall home range  (KUD95%) using all positions, and core areas 
 (KUD50%) for night (nightfall to sunrise) and day (end of twilight to beginning of twilight). KUDs were 
calculated for 21 of 23 fish, as two lacked a depth sensor required to approximate geo-referenced positions

Period KUD (%) Fish Mean Median SE Min Max

Overall 95 21 51,990 43,730 7174 21,994 134,097
Day 50 21 7155 6447 800 3397 19,913
Night 50 21 7752 7800 189 5635 15,165

https://github.com/elipickh/rptGam
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varied greatly among individuals, ranging from 21,994 to 
134,097  m2 (mean ± SE = 51,990 ± 7174  m2, Table 2; Fig. 
SI 6), mirroring the high variation in daily travel distances 
along the reef. Core areas utilized at night were much 
smaller with a mean (± SE) area of 7155 (± 800)  m2. The 
difference in size between overall home range and core areas 
at night was expected, and ’movement’ is primarily driven 
by displacement between nights. Surprisingly, individual 
core areas (KUD 50%) during the day were found to be as 
confined as night with a mean (± SE) of 7752 (± 189)  m2. 
Thus, core areas utilized by parrotfish during the day consti-
tute a small fraction of the individuals’ overall home ranges 
(mean ± SE = 18 ± 0.4%, Table SI 2), on par with the size of 
sleeping areas.

Vertical movement (depth)

Parrotfish exhibited a consistent diel vertical (depth) pat-
tern; in which they utilized deeper sleeping sites at night, 
and shallow parts of the reef where they remained during 
most of the day (Wilcoxon signed rank test for paired sam-
ples; p value = 0.0016; see Table SI 3). Depth ranges varied 
among parrotfish—ranging from 6.2 to 24.6 m (median = 10) 
at nighttime, and from 0.01 to 8.5 m (median = 3.4) during 
daytime. Individual patterns, however, remained highly con-
sistent throughout the study. Individual vertical movements 
were consistent not only in terms of nighttime vs. daytime 
depth, but also in the path and timing of commutes between 
the areas. Vertical movement to daytime areas commonly 
began between the end of twilight and ended at noon, and 
travel back to sleeping areas began at the start of twilight 
and ended before sunset (see Fig. 2). Environmental and 
biological variables had little effect on depth use, with vari-
ation in individual patterns (random effect term, Fish ID) 
accounting for 28% of variance explained for depth versus 
15% explained by fixed effects. Accordingly, the full model 
with Fish ID outperformed the model which excluded it 
(ΔAIC = 18,896).

Horizontal movement (longshore position 
and movement)

Most parrotfish tracked in this study exhibited a con-
sistent longshore pattern, in which they were found at a 
specific area when inactive at nighttime (i.e., sleeping) 
and another (often different) area during the day. The two 
spatial endpoints (nighttime and daytime areas) and the 
consistent commute between them are discernable in many 
individuals tracked. Individuals repeatedly and consist-
ently utilized their respective sleeping and daytime areas 
throughout the study and commuted to and from daytime 
areas at times that correspond to vertical movement (i.e., 
at the end of twilight and start of twilight; Fig. 2). The 

distance separating the sleeping and daytime areas (com-
mute distance) varied considerably among individuals, 
ranging from zero to 1.3 km (400 ± 137 m; mean ± SE; see 
Fig. SI 4; Fig. SI 6 for individual space-use patterns). No 
significant differences in daily commuting distance were 
found among species (Kruskal–Wallis chi-squared = 1.82, 
df = 2, p value = 0.4).

A

A

B

B

C

C

Fig. 2  Examples of three S. fuscopurpureus fish individuals (A–C), 
showing diel space-use and activity patterns from GAMMs with the 
interaction between the response variable and Time for each month 
separately. Longshore position (m) and depth (m) are shown as 
mean (solid line) and CI (shaded areas) in black and blue, respec-
tively. These data illustrate the highly consistent and repetitive diel 
patterns of fish; spatial patterns (longshore movement, depth) are 
highly similar within-individuals across months yet vary substantially 
among-individuals. Contrarily, activity (m ×  s−2) patterns show higher 
within-individual variation, and higher similarity among individuals. 
See Fig. SI 4 and Fig. SI 5 for diel spatial patterns and activity pat-
terns for all fish across the entire study
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Biological and environmental (fixed effects) variables 
consistently accounted for less variation in the horizontal 
patterns of tracked parrotfish, compared to the contribution 
of variation among individuals (Table 3). In longshore posi-
tions, variation in individual patterns (random effect term, 
Fish ID) accounted for 62% of variance versus 9% explained 
by fixed effects, and in longshore movement fixed effects 
explained 37% of variance compared to 38% explained by 
the random effect. The adjusted repeatability of long-shore 
movement, based on the full model (including all predic-
tor variables), was R = 0.79 ± 0.1 (mean ± CI, p < 0.001; 
Table 4), resulting from high BIC and low WIC scores. 
Accordingly, removing Fish ID from the full model resulted 
in a model with lower empirical support (ΔAIC = 128,667). 
For longshore movement, repeatability estimates were 
lower (mean ± CI) 0.59 ± 0.14, and here too the model with-
out the random effect term was inferior to the full model 
(ΔAIC = 102,917). Lower repeatability in longshore move-
ment is expected as this metric does not account for where 
fish are situated on the reef compared to one another, which 
reduced between-individual variation (lower BIC). Moreo-
ver, longshore movement is more sensitive to variation 
within individual patterns (higher WIC), especially for par-
rotfish that occupy a highly limited region of the reef (such 
as fish C, Fig. 2). Overall, we find that individual parrotfish 
maintained highly consistent longshore patterns over time, 
while varying substantially from one another (high BIC and 
low WIC). Compared to horizontal (longshore) patterns, 

vertical movements showed higher similarity among indi-
viduals (higher BIC) as all individuals generally traveled 
between deep sleeping sites and shallow daytime areas, 
while also varying more at the individual level across time 
(higher WIC, Table 4).

Activity

All individuals tracked in this study exhibited a similar diel 
activity pattern, measured through body acceleration. Activ-
ity gradually increased from the end of twilight to noon, 
was maintained at high levels until the start of twilight, and 
gradually decreased toward sunset. Increases in activity lev-
els correspond to the time of day when fish commute to 
their respective daytime areas and decrease while fish return 
to their sleeping sites. Similarity in diel activity patterns 
among individuals is surprising considering that some fish 
commute long distances between night and daytime areas, 
while others travel very short distances (see Fig. 2, Fish B 
and C, respectively). Diel activity patterns indicate that high 
activity levels are predictably and consistently exhibited in 
all individuals during a specific (and similar) time of day.

Parrotfish exhibited highly similar patterns of activity 
throughout the day, with little variation among species and 
individuals, regardless of their respective longshore and 
depth positions (low BIC, Table 4). Concomitantly, par-
rotfish showed little repeatability in diel activity patterns 
(mean ± CI; 0.14 ± 0.1), due to the high similarity between 
individuals (low BIC), relative to the variation within indi-
viduals (high WIC). Exclusion of the random effect term 
(Fish ID) also resulted in a model with reduced empirical 
support (ΔAIC = 3280) though the fixed effects explained 
12% of variance compared to 10% by the random effect term. 
The high variation in activity levels is likely a result of the 
tri-axial accelerometers which provide a single value for 
overall body movement within the limited sampling win-
dows (5 s).

Behavioral surveys

Visual surveys were initially intended to focus on feed-
ing and swimming behaviors. However, another regularly 

Table 3  Summary of GAMMs 
for each space-use metric 
used in this study, specifying 
variance explained by all 
environmental and biological 
variables (fixed effects), Fish 
ID (random effect), and model 
residuals

Statistical significance is tested by likelihood ratio test (LRT) comparing the model fit of a model including 
the random effect-term to a model with fixed effects alone (null)

Metric Variance explained LRT

Fixed effects Random effect Residuals χ2 F p value

Longshore position (m) 0.089 0.618 0.293 1,541,151.6 70,052  < 0.01
Longshore movement (m) 0.366 0.382 0.252 425,022.8 19,319  < 0.01
Depth (m) 0.148 0.284 0.568 39,729.3 2091  < 0.01
Activity (m ×  s−2) 0.12 0.103 0.777 17,736.2 806  < 0.01

Table 4  Summary of GAMMs for each space-use metric used in this 
study, specifying variance explained by all environmental and bio-
logical variables (fixed effects) and Fish ID (random effect, also the 
unadjusted repeatability); variation between individuals (BIC), within 
individuals (WIC), and adjusted repeatability estimates R [± CI]

Metric Repeatability Permutations

BIC WIC R p value

Longshore position (m) 0.618 0.161 0.79 [± 0.1]  < 0.001
Longshore movement 

(m)
0.382 0.262 0.59 [± 0.14]  < 0.001

Depth (m) 0.284 0.567 0.33 [± 0.14]  < 0.001
Activity (m ×  s−2) 0.103 0.637 0.14 [± 0.1]  < 0.001
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observed behavior was that of males and females aggre-
gating in large groups (typically 30–60 fish) during early 
morning (sunrise to twilight end). These social interactions 
(classified in surveys as ‘aggregating’) commonly entailed 
directed movement of individuals toward sites of aggrega-
tion (see Video SI 1), limited horizontal movement upon 
arrival, and high levels of body movement as fish interact 
within the group. All aggregations observed in our surveys 
varied in depth, ranging from 1 to 20 m.

Visual surveys show a surprisingly consistent behavioral 
pattern throughout the day (Fig. 3). At sunrise individuals 
swam toward aggregation sites in a highly directed move-
ment, often accompanied by other parrotfish. Toward the end 
of twilight, aggregation ended and individuals commenced 
swimming along the reef. Nearly, all records between sun-
rise to late morning were either aggregating or swimming 
behaviors. Feeding gradually increased toward the middle 
of the day and peaked in the afternoon (Time = 2.75–3.75) 
with nearly 75% of time allocated to feeding. While 25% 
of time was classified as swimming, these movements 
were commonly within very small areas where parrotfish 
grazed. Toward evening parrotfish stopped feeding, often 
abruptly, and swam away, usually in highly directional and 
fast movements.

Discussion

We found that most parrotfish tracked in this study all exhib-
ited a similar spatial use pattern in which fish were highly 
centered around two areas—a deep area utilized for sleep-
ing at night, and a shallow (daytime) area where fish spent 
most of the time while highly active. Individuals repeat-
edly and consistently utilized their same respective night-
time and daytime areas throughout the study’s duration and 

commuted between the two on a daily basis. All individu-
als displayed surprisingly high fidelity to their respective 
sleeping and activity areas over an extended period (up to 
18 months) despite seasonal changes in ambient conditions, 
including resource availability. We also detected peaks in 
activity during early mornings when parrotfish often inter-
acted in large aggregates (typically 30–60 individuals) 
which, to our knowledge, has not been reported previously. 
Such long-term site fidelity is likely to have large implica-
tions for parrotfish grazing patterns across space and time, 
and their ability to maintain healthy coral reefs.

Parrotfish concentrated their daytime activity in a con-
fined longshore reef stretch of 170 ± 17 m (mean ± SE), 
area = 7155 ± 800  m2, regardless of their commuting dis-
tance (Fig. 4). This high activity area compares to a total 
home range of 51,990 ± 7174  m2 (mean ± SE). Further 
support for highly constrained and temporal conserved 
space-use patterns of individuals can be found in several 
herbivorous reef fishes including parrotfish (e.g., Welsh and 
Bellwood 2012; Carlson et al. 2017; Semmler et al. 2021), 
surgeonfish (Claisse et al. 2011; Marshell et al. 2011), and 
rabbitfish (Fox and Bellwood 2011; Pickholtz et al. 2018). 
Previous studies on parrotfish report home range sizes of 
800–2,400,000  m2 (e.g., Lindholm et al. 2006; Afonso et al. 
2008; La Mesa et al. 2012; Welsh and Bellwood 2012), 
which is consistent with this study, but may wrongly imply 
that individuals forage across a larger fraction of their over-
all home range. Although we cannot equate high activity lev-
els to foraging, we can say that tracked parrotfish remained 
within an area far smaller than their overall home range dur-
ing most of their waking hours. The gap between overall area 
traversed by individual parrotfish and limited space utilized 
during the day may suggest that the spatial extent of grazing 
may be substantially overestimated based on home range 
estimates alone.

Fig. 3  Direct observational 
data from behavioral surveys 
on the time spent swimming, 
feeding, and aggregating 
(mean ± SE), across all surveys 
(n = 150 fish, total survey dura-
tion = 58 h.). Survey data were 
summarized as the ratio of time 
allocated per activity in each 
period of day (Time), rounded 
to 0.25 intervals



 Coral Reefs

1 3

Individual behavioral variation is increasingly rec-
ognized in shaping space-use and diel activity patterns. 
As such, a growing number of studies have estimated the 
degree of individual repeatability in wildlife populations, 
including mammals (e.g., Hertel et al. 2019), birds (e.g., 
Potier et al. 2015; Wakefield et al. 2015), reptiles (Spiegel 
et  al. 2015), and fishes (Harrison et  al. 2014; Gavriel 
et al. 2021). The highly consistent individuals-level habi-
tat utilization patterns found in this study are supported 
by previous studies on parrotfish conducted over shorter 
time scales of days or weeks (Afonso et al. 2008; Welsh 
and Bellwood 2011; Davis et al. 2017a). At those scales, 
space use patterns were attributed to habitat complexity 
(Welsh and Bellwood 2011), reef topography (Howard 
et al. 2013), feeding selectivity (Davis et al. 2017a), and 
habitat and resource availability (Afonso et al. 2008, for 
a temperate species). Over long durations, we expected to 
observe intra-individual variations in space use as envi-
ronmental conditions, reproductive activity, and social 
interactions vary throughout the year (Romare and Hans-
son 2003; Dubois and Giraldeau 2014). Surprisingly, our 
data showed a markedly low degree of variation over a 
2–18 month period, resulting in unexpectedly high homo-
geneity in space-use. These persistent individual-level pat-
terns suggest that the importance of direct environmental 
effects on spatial and activity patterns is surprisingly low.

Our findings that parrotfish maintain highly consistent 
space-use patterns across seasons seemingly contrast with 
a previous study by Afeworki et al. (2013). They report a 
significant shift in habitat use between low and high water-
temperature seasons (January–March and July–September, 
respectively) for herbivorous reef fish (including C. sordidus 
and S. ferrugineus) in the Southern Red Sea. This shift was 
attributed to extreme temperatures at the study site during 
summer (up to 36 °C), conditions uncommon to most coral 
reefs, including our study site, which typically do not exceed 
28 °C. Thus, temporally consistent individuals-level space 
use patterns may be restricted to non-extreme environmental 
conditions.

Macroalgae blooms regularly occur in the Gulf of Aqaba 
mid-winter, with macroalgae more than doubling in mass 
(Israel National Monitoring Program; Genin and Silverman 
2004; Haas et al. 2009). These blooms are patchy, occur-
ring more in shallow parts of the reef than in deeper and 
sand-dominated areas (Haas et al. 2009). Tracked parrotfish 
maintained their respective space-use patterns throughout 
the year, despite this variation in resource abundance and 
distribution, indicating that they may not actively track algae 
abundances at a reef-scale; although they may at finer scales 
within foraging sites (Nash et al. 2012; Carlson et al. 2017). 
Notably, Tootell and Steele (2016) visually tracked daisy 
parrotfish (C. sordidus) over short periods of time (3–5 m.), 

Fig. 4  Estimated utilization 
distributions for three fish 
(A–C) shown in Fig. 2, across 
their entire tracking duration, 
A = 516 days; B = 446 days; 
C = 438 days. Red dashed 
lines depict the overall home 
range (KUD 95%) and include 
all recorded positions during 
daylight (sunrise to sunset). 
Core areas (KUD 50%) were 
calculated separately by period 
of day for daytime positions 
(between sunrise and sunset, 
green) and night-time (from 
nightfall to sunrise, gray). Note 
that distance between day and 
night areas varies among fish 
by an order of magnitude (for 
example, fish B = 1284 m, 
C = 34 m). See Fig. SI 6 for 
maps of all fish
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and found that parrotfish increase their foraging area as algal 
abundance decrease, presumably swimming longer distances 
where resources are more scarce. However, as their behavio-
ral surveys did not differentiate between surveyed parrotfish, 
differences in foraging areas might have stemmed from vari-
ation among individuals rather than a response to exogenous 
factors such as resource abundance. Our findings suggest 
that even though parrotfish may differ substantially in range 
of diel movements, behavior remains constant within indi-
viduals, even as resource abundance fluctuates.

Parrotfish exhibited higher similarities in vertical (i.e., 
depth) patterns compared to horizontal movement (lower 
BIC, Table 4), as most fish traveled away from deeper areas 
at sunrise and were restricted to very shallow areas (0–5 m) 
while highly active around mid-day (Figs. 2, SI 4). However, 
fish also exhibit higher within-individual variation (WIC) 
in depth patterns, mostly at crepuscular periods, which sug-
gests that although parrotfish have a clear fidelity to specific 
areas of the reef for sleeping, the precise site (e.g., a reef 
hole or crevice) at any given night might change. Nocturnal 
ecology, and specifically the influence of ecological fac-
tors of selection of sleeping sites is severely understudied 
(e.g., Lima et al. 2005; Singhal et al. 2007; Mohanty et al. 
2021). Further investigation should aim at understanding 
what drives habitat selection at night, and why individuals 
commute daily (up to a kilometer in each direction) between 
daytime activity areas and highly conserved nighttime sleep-
ing grounds.

Body kinematics and acceleration in herbivorous reef 
fishes have been shown to be a major component in feeding 
by herbivorous reef fishes (Perevolotsky et al. 2020). Spe-
cies from the genus Chlorurus are commonly classified as 
excavators, while Scarus are considered to be scrapers (Bell-
wood and Choat 1990). The two groups have been shown to 
exhibit marked differences in body acceleration and body 
angle when feeding (Rice and Westneat 2005). Interestingly, 
we find that while individuals tracked in this study show a 
similar diel activity pattern, the amplitude of overall body 
acceleration differs by functional groups, with excavators 
exhibiting consistently higher values compared to scrapers 
(Chlorurus and Scarus, respectively; Fig. SI 7). However, 
in order to directly evaluate spatial and temporal patterns 
of grazing over extended periods of time, it is necessary to 
distinguish feeding from other behaviors, using information 
such as accelerometers and tilt (Føre et al. 2011), which was 
beyond the scope of this study.

In this study, tracking a large number of individuals at 
high sampling rates and over a long duration, we found 
that parrotfish commute daily between highly conserved 
sleeping areas and surprisingly small areas where they 
remain throughout most of the day. Patterns did not change 

with environmental conditions, biological conditions, or 
across seasons. While previous work attributed small for-
aging areas to feeding selectivity (Davis et al. 2017a) and 
resource abundance (Carlson et al. 2017), this study dem-
onstrates that individual space-use patterns persist over 
months and seasons despite varying resources. Highly con-
served space-use patterns may indicate stability in local 
reef conditions. However, as space-use dynamics seem less 
responsive to exogenous factors such as algal abundance, 
consistency in space use may also mean individual parrot-
fish are unlikely to alter foraging patterns when conditions 
change. This may hinder parrotfish’s ability to mitigate 
phase shifts (Green and Bellwood 2009; Roff et al. 2018). 
Furthermore, the high fidelity parrotfish exhibit to unex-
pectedly limited areas (sleeping and daytime areas) may 
be a source of concern, as local small-scale disturbances 
may strongly disrupt individual space-use patterns. To 
understand the implications of conserved individuals-level 
space-use patterns, further studies are needed in which 
parrotfish are explicitly tracked over reefs that are under-
going disturbances or shifts in their ecological state.
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