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The establishment of non-native, habitat-forming seaweeds into new areas may trigger changes in ecosystem
functioning, including the spatial redistribution of native biodiversity. These changes can in turn aﬀect socioeconomic systems. We studied the question whether the spatial behaviour of marine anglers is altered by the
presence of a non-native seaweed using a novel image-based method to measure ﬁsher movements. A Hidden
Markov Model (HHM) was applied to high resolution tracking data of marine recreational boat anglers exploiting a coastal ﬁshery half covered by a recently introduced tropical seaweed, Halimeda incrassata. We then
examined if the presence of the non-native seaweed aﬀected the transition probability between two key behavioural states of the anglers: searching and ﬁshing. The analysis revealed a signiﬁcant eﬀect of the seaweed
presence at site-level on angler movement behaviour, but in the opposite direction that we predicted: the presence of the non-native seaweed led a decrease in the use of invaded patches although these patches are known
to host an increased ﬁsh abundance. Invaded sites thus were attractive to the target ﬁshes, but not for anglers,
leading to repulsion. We conclude that, at the patch level non-native habitat forming seaweeds can exert substantial impacts on ﬁsher behaviour in marine recreational ﬁsheries. We discuss future studies needed to shed
light to the social-economic impact of H. incrassata for local temperate recreational ﬁsheries.
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1. Introduction
The redistribution of species across the globe due to climate change
and the anthropogenic spread of non-native organisms has increased
during the last century, aﬀecting all levels of biological organization in
marine systems (García Molinos et al., 2015; Poloczanska et al., 2013;
Rius et al., 2014; Zenetos et al., 2010), particularly in temperate areas
like the Mediterranean Sea (Bianchi, 2007). Here, the increase of tropical non-native seaweeds is a source of concern due to the structural
changes it induces in benthic habitats, which may, in turn, lead to
changes in the biodiversity of native communities, cascading eﬀects in
the food-web or perhaps even regime shifts in native communities
(Dijkstra et al., 2017; Knowlton, 2004; O’Brien et al. (2018); Schaﬀelke
et al., 2007).
Invaded landscapes may also shape human behaviour at local scales
if they aﬀect site-speciﬁc habitat and species that are targeted by
ﬁsheries. In turn, through local-level changes in the attractiveness of
invaded habitat patches invaded seascapes can aﬀect the regional distribution of ﬁshing eﬀort and thus exert macro-scale outcomes – a
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characteristic of complex adaptive systems (Arlinghaus et al., 2017;
Levin et al., 2012; Matsumura et al., 2019; Ward et al., 2016). The
present study aims to analyse if the distribution of local (i.e., patchlevel) ﬁshing eﬀort in a marine recreational ﬁshery is driven by the
occurrence of a non-native seaweed Halimeda incrassata (J. Ellis) J. V.
Lamouroux (Bryopsidales, Chorophyta) (Alós et al., 2016b). If the invasion aﬀects the ability of ﬁshers to target ﬁsh or has other rewardmodifying signals (e.g., by oﬀering ﬁsh refuge from the gear), the invasion can have direct negative consequences for human communities
(Beville et al., 2012). Alternatively, if the invasion front increases ﬁsh
abundance in invaded sites, ﬁshers might beneﬁt from non-native
seaweeds by increasing catches. How non-native habitat-forming seaweeds aﬀect spatial ﬁsher behaviour and the distribution of ﬁshing
eﬀort in marine recreational ﬁsheries is a question that is addressed in
this paper.
The non-native seaweed Halimeda incrassata has quickly spread in
the Mediterranean Sea, creating large extensions of non-native seaweed
beds over shallow sandy and soft-sediment bottom habitats (Alós et al.,
2018). Some of us recently described a pronounced alteration of the
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local abundance signals of ﬁsh, and in turn even if invaded micropatches host large ﬁsh abundances, these patches may not be selected
by anglers, displaying eﬀort elsewhere.
The objective the present work was to explore whether the invasion
of non-native, habitat forming seaweeds aﬀected movement behaviour
of recreational boats exploiting a ﬁshery half covered by H. incrassata
using a novel image-based tracking algorithm. We hypothesized that
anglers respond to the invasion in a way that maintains maximized
encounters with ﬁsh (Carruthers et al., 2018; Mee et al., 2016). Because
H. incrassata has induced a distributional shift of the ﬁsh towards the
invaded area (Alós et al., 2018), we expected similar eﬀects in the ﬁsher
behaviour and a re-distribution of the ﬁshing eﬀort towards the invaded
area. This assumption was warranted because it has previously been
found that catch is mainly determined by encounters in pearly razorﬁsh
(Alós et al., 2016a), and the utility of anglers is strongly aﬀected by
expected catch rates and other catch qualities (e.g., size of ﬁsh) in addition to, for example, costs for travel (Arlinghaus et al., 2013;
Beardmore et al., 2014; Hunt et al., 2019).

spatial distribution of a recreationally valued ﬁsh, Xyrichtys novacula, in
habitats invaded by Halimeda incrassata (Alós et al., 2018). The pearly
razorﬁsh is a prime target of recreational boat anglers and has shown a
strong shift towards habitats invaded by H. incrassata (Alós et al.,
2018). The introduction of the tropical seaweed has thus led to the
spatial redistribution of a prime target of anglers. The eﬀect of such
invasion on the spatial behaviour of anglers is however unknown (Alós
et al., 2018). Understanding the causes and consequence of ﬁsher
spatial behaviour in marine recreational ﬁsheries when searching for
ﬁsh is critical for the design of sustainable governance structures (Monk
et al., 2018). Our work contributes a small piece to this goal.
The ﬁne-scale study of ﬁsher’s spatial behaviour has beneﬁted from
advances in high resolution positioning devices (e.g., mobile phones,
GPS, vessel monitoring systems). These systems have produced unprecedented volumes of data on human movement in seascapes
(Meekan et al., 2017). Detailed movement data of ﬁshers provided by
Vessel Monitoring System (VMS) or Automatic Identiﬁcation Systems
(AIS) has for example informed the design of conservation measures to
tackle management challenges in the high seas (Halpern et al., 2008;
Kroodsma et al., 2018). However, such systems are not mandatory in
recreational ﬁsheries, and the acquisition of movement data is considerable more challenging in small-scale and recreational ﬁsheries, in
particular due to the high diﬀuseness of the sector and the many people
and small vessels that are involved (Arlinghaus et al., 2019). Although
advances in understanding the spatial behaviour of recreational ﬁshers
from theoretical (e.g., Matsumura et al., 2010, 2019; Monk et al., 2018)
and empirical perspectives (Carruthers et al., 2018; Hunt et al., 2011)
have been made, there is a need for technologies and methodologies to
properly deal with movement data in marine recreational ﬁsheries.
The eﬀects of non-native habitat engineering species, like H. incrassata, on ﬁsher behaviour in marine recreational ﬁsheries are diﬃcult to foreseen. On the one hand, following optimal foraging theory
(Bartumeus and Catalan, 2009; Pyke et al., 1977), recreational ﬁshers
should distribute in space matching the spatial redistribution of ﬁsh in a
way that maximizes individual expected utility (Hunt et al., 2011;
Matsumura et al., 2019). Assuming the utility that anglers derive from
ﬁshing is mainly about expected catch rate, for which there is evidence
in the literature (Beardmore et al., 2014; Mee et al., 2016; Wilson et al.,
2020), a strong correlation between ﬁsh abundance and ﬁsher distributions at local scales can be expected. Because the non-native habitat forming seaweeds aﬀects the distribution of ﬁsh and increases its
local abundance, ﬁshers should redistribute accordingly and preferentially choose sites that are invaded and rich in local ﬁsh abundance. On the other hand, constraints imposed by the structure of the
non-native-vegetation on the eﬀectiveness of the ﬁshing gear may limit
catches, even when ﬁsh abundance is locally increased (Kimbro et al.,
2009). Indeed, foraging success may decrease in the presence of an nonnative organism when habitat complexity surpasses a threshold limit
and provides safe shelter for the ﬁsh (Fahrig, 2007; Schultz and Dibble,
2012; Theel and Dibble, 2008). In ﬁsheries jargon, such an eﬀect would
prompt a decrease in the gear-speciﬁc catchability coeﬃcient, meaning
a reduction in the fraction of the ﬁsh abundance that is harvestable per
unit of ﬁshing eﬀort (Arreguín-Sánchez, 1996). In this situation, the
invaded patches would reduce angler utility and thereby reduce the
attractiveness to the ﬁsher even if angler utility is in part related to the
expected catch rates. In short – the expected utility loss from decreased
access to the ﬁsh may compensate the utility gain from the expected
increase in general abundance. Seaweeds may also be considered as
nuisance and reduce angler enjoyment through regular entanglement,
leading to repulsion of the angler away from invaded micro-patches.
Indeed, whenever non-catch aspects of the ﬁshing experience also aﬀect
angler utility (proximity to harbours, shelter from rough sea conditions,
fuel cost, aesthetic quality of a site), systematic deviation from a catchrate based ideal free distribution of anglers in relation to the abundance
of local ﬁsh patches is highly likely (Matsumura et al., 2019). In that
case, the local distribution of anglers would not perfectly match the

2. Material and methods
2.1. Model system
The pearly razorﬁsh is a resident and small-bodied labrid widely
distributed in marine temperate areas (Katsanevakis, 2005; Cardinale
et al., 1997; Castriota et al., 2005). The species is intensively harvested
in the NW Mediterranean mainly by consumptive recreational ﬁshers
(Alós et al., 2016a). The present study was carried out in a popular,
spatially conﬁned, and highly seasonal razorﬁsh ﬁshery located in the
south of Mallorca Island, Balearic Islands (Fig. 1, Alós et al., 2012a).
The ﬁshery is located within a buﬀer zone of the marine protected area
(bMPA) of Palma Bay in Mallorca, Spain (Fig. 1), where ﬁshing for the
pearly razorﬁsh is permitted but regulated. The bMPA of Palma Bay is
one the most important pearly razorﬁsh ﬁsheries in Mallorca Island.
In 2011, the tropical seaweed Halimeda incrassata was found in the
study area (Alós et al., 2016b). It is a small seaweed, formed by ﬂat and
diamond-shaped or round calcareous segments that built extended
green beds in sandy shallow bottoms (Verbruggen et al., 2006). This
species has spread and created large extensions of non-native beds over
soft habitats in temperate coastal areas in the Mediterranean Sea (Alós
et al., 2016b). The status of the invasion by 2016 revealed that the nonnative seaweed had spread to cover 3.1 km2, which equals about half
(48.4%) of our case area (Alós et al., 2018). H. incrassata is strongly
modifying the ecosystem functions through adding biogenic structure;
and is able to maintain or even enhance abundance in upper trophic
levels of communities associated with sandy shallow bottoms. In particular, the highly targeted pearly razorﬁsh has shifted its distribution
towards the invaded patches, and most of the population is now located
within the non-native habitat rather than on sandy bottoms as was
previously the case (Alós et al., 2012a). One reason is the high level of
food resources hosted by the algae into an otherwise food deprived
sandy sediment (see details and maps in Alós et al., 2018).
The exploitation of the pearly razorﬁsh ﬁshery is based on a lowtechnology hook-and-line gear baited with natural baits (small
shrimps), deployed from small boats (Alós et al., 2018). Due to their
burrowing behaviour, pearly razorﬁsh cannot be detected by ﬁsh ﬁnders or similar devices. Hence, the search pattern revealed by the ﬂeet
is characterized by a go-and-try search pattern, where the boats freely
move within the area (see below for movement model). All pearly razorﬁsh ﬁsheries of the Balearic Islands remain closed from April, 1st to
August, 31st. This seasonal closure has led to a strong concentration of
the ﬁshing eﬀort during the ﬁrst day after the opening day on September 1st each year (Alós et al., 2016a). This fact creates a temporally
clustered harvesting boost, thereby oﬀering an opportunity to test how
non-native habitats at local patch scales may aﬀect human foraging
behaviour across the study area in situ (Fig. 1).
2
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Fig. 1. Supervised algorithm to track a swarm of ﬁshing boats. (up) Image of the system for automatic acquisition of high-resolution pictures and a swarm of
recreational ﬁshing boats targeting the pearly razorﬁsh, Xyrichtys novacula. (down-left) Estimated image-based trajectory (positions) of a control boat ﬁshing the
studied area and positioning error. (down-medium) Estimated (white) and real (red, based on GPS positions) trajectory (positions) of a control boat ﬁshing. (downright) Distribution of the positional error (m) across the two states (ﬁshing and searching). The no-take part of the marine protected area of Palma Bay is shown as a
transparent grey polygon. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

2.2. Supervised algorithm to track a swarm of ﬁshing boats

hypothesis (Fig. 1). The tracking system did not allow neither the recognition of individual people ﬁshing in the boat, nor the identiﬁcation
of personal data like boat names or license numbers. Instead, a numerical code was created to identify each boat on the camera footage.

The movement of the ﬂeet of recreational ﬁshing boats exploiting
the ﬁshery from the opening day (from 9:00 to 15:00, covering almost
all of the ﬁshing eﬀort of the day) in 2016 was extracted using a timelapse of high resolution pictures obtained using a Nikon D3100 DSLR
camera. It operated at intervals of 2 s and was placed in the coast on top
of a cliﬀ, located in the south of the study area that allowed covering
the whole ﬁshery (Fig. 1). The collection of high-resolution time-referenced pictures (4608 × 3072 pixels) was used to i) extract the individual trajectory of each boat entering the ﬁshery in two-dimensions
in pixels, and ii) transform the trajectory to latitude and longitude in a
two-dimensional Cartesian coordinate system (UTM), which was used
to calculate the observational error. Brieﬂy, we created a supervised
algorithm to track individual boats programmed in Python and using
the OpenCV (Bradski and Kaehler, 2008) and Numpy (Walt et al., 2011)
libraries. The boats were tracked using clicks with the mouse, and the
trajectories were saved in pixels (as the camera remained immobile
during the whole recording period). The real trajectory of a control boat
(a boat ﬁshing with a GPS) was used to transform all positions saved as
pixels of the image into UTM using a spatial transformation library.
The validation of the positioning system (i.e., positional error as the
Euclidian distance between the know positions and the estimated positions of the control boat) yielded a median error of 6.6 m of the boat
when it was ﬁshing, and 15 m when it was searching, even when the
boat was located in the northern-distant parts of the ﬁshery. Due to the
large extent scale of the non-native habitat we examined, such error
was negligible (see below). To test our hypothesis, and to relax temporal autocorrelation, the realized trajectories were re-discretized from
2 s to 60 s resulting in a total of 20,773 positions from 185 boat trajectories. We selected the boats that were tracked for at least 2 h
yielding a ﬁnal data set of 23 trajectories (4,851 positions) to test our

2.3. Hidden Markov Model (HMM) of human searching behaviour
We used a Hidden Markov Model (HMM) applied to the set of high
resolution movement data described before to test whether the movement trajectory of ﬁshers was aﬀected by the patch-level presence of H.
incrassata. HMMs are a large class of models distinguished in the most
general case by a set of observations that depend on an unobserved
underlying Markov process - a ﬁnite-state Markov chain of ﬁrst order
(Baum and Petrie, 1966). The latent Markov process is used to model
the discrete behavioural states of interest in the movement analysis,
while the set of observations follow a movement process that can also
be Markovian (Langrock et al., 2012; Michelot et al., 2017; Patterson
et al., 2009).
Each boat trajectory is usually composed by diﬀerent behavioural
states, mainly three: cruising, searching and ﬁshing (Vermard et al.,
2010; Walker and Bez, 2010). In our case, ﬁshers had already arrived at
the ﬁshery, and they performed a classical search pattern formed by
two states: ﬁshing vs. searching (Fig. 2). To ﬁt our HMM, we considered
two metrics derived from each ﬁsher trajectory; the step length (lt) and
the turning angle (фt) at time t (Auger-Méthé et al., 2015; Michelot
et al., 2016). We used the R-package moveHMM (Michelot et al., 2016)
to estimate movement HMM parameters, including the parameters of
the transition probability matrix among the two states (ﬁshing and
searching) and co-variates aﬀecting states and switches (see below). A
bi-variate times-series composed of lt (the Euclidean distance between
the positions at moment t and t + 1 in m) and фt (the change of direction between directions of movement during intervals t − 1, t and t,
3
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Fig. 2. Probabilities predicted by our Hidden Markov Model (HMM) across time for six recreational boats. Time-sequence (every minute) of the estimated probabilities of ﬁshing (in red) and searching (in blue) in six recreational ﬁshing boats targeting the pearly razorﬁsh, Xyrichtys novacula. The plot show the estimated
probability predicted by the Viterbi algorithm. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this
article.)

Information Criterion (AIC) for two ﬁtted HMMs; with and without the
eﬀect of the habitat as co-variate (the model with the smaller AIC was
chosen). The CI of all HMM parameters were approximated based on
the Hessian of the negative log-likelihood (i.e., the observed ﬁsher information) using the function CI of the moveHMM package (Michelot
et al., 2016). Finally, we decoded the sequence of states of the underlying hidden Markov process using the Viterbi algorithm and the sequence of probabilities for each state at any moment t implemented in
the functions Viterbi and stateProbs of the package moveHMM
(Michelot et al., 2016).

t + 1 in rad) were computed for each boat’s trajectory using the function prepData for the moveHMM package (Michelot et al., 2016).
The hidden sequence of states by each ﬁsher of our ﬂeet was generated by a 2 × 2 transition probability matrix, Γ (t ) = (yij(t ) ) , where i,
j = 1, …, N (N equals two states here) and yij(t ) = Pr(St+1 = j|St = i)
(Michelot et al., 2016). yij(t ) may be constant over time, but in certain
situations Γ (t ) may co-vary with a time-varying variable. In such a situation, yij(t ) can be linked to the associated co-variables via a multinomial logit link function, and the intercept β0 and the co-variable effect (here β1) can be estimated (Michelot et al., 2016). To formally test
our hypothesis of non-native, habitat forming seaweeds aﬀecting ﬁsher
movement behaviour, we ﬁtted a HMM with the co-variate habitat
(non-invaded = 0 and invaded = 1), as half of the ﬁshery is invaded
and we were able to spatially identify the location (m) of both the ﬁsher
and the local habitat using maps, and estimated the Conﬁdence Interval
(CI) around β1 (i.e., we formally tested whether the presence of H. incrassata aﬀected the probabilities of transition between searching and
ﬁshing based on Alós et al., 2018).

3. Results
The analysis of the AIC of two HMM ﬁtted to the ﬁsher positioning
data suggested the HMM with the non-native habitat co-variate
(AIC = 50,211.8) performed better than the HMM without co-variates
(AIC = 50,214.8). The assessment of the histograms and qq-plots of the
pseudo-residual of the ﬁnal HMM suggested normality of our model.
The estimates and the CI of the HMM parameters are shown in Table 1.
The step length, lt, and the turning angle, фt – both aﬀecting the distribution of both states in our model of ﬁsher foraging behaviour – were
clearly diﬀerent. While the ﬁshing state was characterized by small
length steps and variance, and larger concentration in the turning angle
(induced by the drift of the boats following local winds and currents),
searching was characterized by large step length and lower levels of the
concentration parameter of the von Mises distribution of the turning
angle (Table 1 and Fig. 3). The σ of the step length of searching was
much higher, which was probably caused by the variability of boats and
cruising velocities of the ﬂeet (Table 1). Regarding the eﬀect of interest
(regression coeﬃcient for habitat β1 in the transition probabilities),
unexpectedly, the presence of non-native seaweed in the foraging patch
positively aﬀected the probability of transition from the state of ﬁshing
to the state of searching: the probability to switch from searching to
ﬁshing and change the ﬁshing spot was signiﬁcantly larger when ﬁshing
in non-native seaweeds (Table 1). No such habitat eﬀect was observed
in the transition between searching and ﬁshing (Table 1).

2.4. Fit of the HMM parameters and hypothesis testing
The parameters of the HMM model were estimated using numerical
maximization of the log-likelihood using the function ﬁtHMM of the
package moveHMM (Michelot et al., 2016). That is, we estimated the
parameters of the lt and фt distributions per each state, the regression
coeﬃcients of the transition probabilities (β0 and β1) and the initial
probability distribution (Δ). After visually exploring the distribution lt
and фt, we considered lt to be described by a gamma distribution with
parameters mean μ and σ, and фt to be described by a von Mises distribution with two parameters: μ, which can be interpreted as the mean
angle between steps; and the concentration κ, which can be interpreted
as the size of the directional correlation. A set of realistic initial values
for the HMM parameters were chosen to ﬁnd the global optimum of the
likelihood function (Table 1). The pseudo-residuals of our HMM were
visually inspected for normality using histograms and qq-plots to explore the goodness-of-ﬁt of our HMM. The inclusion of the co-variate
habitat in the HMM was ﬁrst assessed using the scores of the Akaike
4
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Table 1
Parameters of the Hidden Markov Model movement model (HMM) ﬁtted to the positional data of a ﬂeet of recreational ﬁshing boats to test the eﬀect of the invasion
of the tropical macroalgae Halimeda incrassata in the foraging pattern. The table shows the initial and estimated values ( ± Conﬁdence Interval, CI) of the parameters
step length distribution lt and turning angle фt per each state, the regression coeﬃcients of the transition probabilities (β0 and β1) and the initial probability
distribution (Δ). Habitat refers to the presence or absence of H. incrassata in a given position. Bold regression coeﬃcients of the transition probabilities were
signiﬁcant.
HMM (formula∼habitat)
State: ﬁshing

State: searching

μ [CI]
10
10.1 [9.8−10.3]
State: ﬁshing
Turning angle, фt (rad)
μ [CI]
Initial value
0
Estimated
−0.005 [-0.04−0.03]
Regression coeﬀs. for the transition probabilities:
Fishing → Searching
Intercept (β0)
−3.1 [−3.32 to −2.88]
0.34 [0.02−0.66]
Habitat (β1)
Initial distribution (Δ)
Fishing → Searching
0.395

σ
2
5.5

Step length, lt (m)
Initial value
Estimated

κ
5
1.27

μ [CI]
120
112[101.8−123.7]
State: searching
μ [CI]
0
0.04 [-0.05−0.13]

σ
120
125
κ
5
1.17

Searching → Fishing
1.15 [−1.39 to −0.91]
−0.26 [−0.66 to −0.14]
Searching → Fishing
0.605

4. Discussion

(Alós et al., 2018). We demonstrate that H. incrassata may also have the
potential of aﬀect the spatial distribution of the highest trophic level of
the web by altering the ﬁsher movement behaviour in a marine recreational ﬁshery. While pearly razorﬁsh as key target of the local
ﬁshery responded positively to the invasion of the seaweed and relocated their distribution into invaded areas, likely due to enhanced
feeding opportunities (Alós et al., 2018), recreational ﬁshers respond in
the opposite direction, reducing the time ﬁshing in invaded areas and

The tropicalization of temperate areas like the Mediterranean Sea is
aﬀecting all levels of organization of marine systems (Hoﬀman, 2014;
Vergés et al., 2014; Vilà and Hulme, 2017). A recent example is the fastspread of the habitat-forming tropical seaweed H. incrassata, which is
rapidly changing the native seascapes (Alós et al., 2016b) by altering
the natural distribution of marine biodiversity across the food-web

Fig. 3. Foraging pattern based on a two-states Hidden Markov Movement model (HMM) of recreational ﬁshing boats targeting the pearly razorﬁsh, Xyrichtys
novacula. Discrete trajectory (positions every minute) of six recreational boats performing a two-state HMM movement switching from ﬁshing to searching. Seagrass
of Posidonia ocenica is shown in dark green and the area invaded by the tropical macroalgae Halimeda incrassata is shown as light green. Non-coloured underwater
areas show the soft habitat potentially inhabited by the pearly razorﬁsh, Xyrichtys novacula. The no-take part of the marine protected area of Palma Bay is shown as a
transparent grey polygon. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
5
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re-distributing recreational ﬁshing eﬀort outside the invaded areas. The
overall result is that the invasion of a tropical seaweed may decouple
the spatial distribution of ﬁsh and recreational ﬁshers. While this eﬀect
may have beneﬁts for the conservation of the exploited species by reducing ﬁshing mortality, the concentration of the ﬁshing eﬀort outside
the invaded area as well as the expected decrease in catch rates in more
heavily used areas may foster social conﬂicts within the angler community due to crowding eﬀects.
Tracking systems like the vessel monitoring system have oﬀered
novel opportunities to understand movement and foraging behaviour in
commercial ﬁsheries (Kroodsma et al., 2018). However, recreational
ﬁsheries are becoming the dominant or even the sole user of many
freshwater and many coastal recreational ﬁsheries worldwide
(Arlinghaus et al., 2015, 2019), and the lack of tracking systems in this
sector means we usually do not have high-quality positional data.
Commercial and recreational ﬁsheries are driven by diﬀerent motives
and thus understanding the ﬂeet dynamics of commercial ﬁsheries
cannot be easily transferred to recreational contexts (Arlinghaus et al.,
2019). Understanding the movement pattern of ﬁshers, both commercial and recreational, is however of key importance determining the
distribution of ﬁshing eﬀort and hence mortality (Lorenzen et al., 2010;
Stelzenmüller et al., 2008; Walters, 2003), or for studying the compliance of spatial regulations (Boerder et al., 2018; Cabral et al., 2018;
Watson and Tidd, 2018). We present a novel method that allows the
extraction of high resolution data of the behaviour of a ﬂeet of recreational ﬁshers targeting a benthic species. Our method is based on
the acquisition of high-deﬁnition images in a given time-frequency
(time-lapse) and the tracking-based identiﬁcation of recreational
ﬁshing boats, to ultimately reconstruct ﬁne-scale patch choice behaviours in near real time. While previous studies have also used imageanalysis to identify recreational ﬁshing eﬀort (Keller et al., 2016; Taylor
et al., 2018; van Poorten et al., 2015; Wood et al., 2016), we provide a
tool to precisely track the trajectory of the boat and extract movement
data, rather than “just” arriving at boat counts. Our method allowed
extracting position with an accuracy of few meters, which can be
considered highly accurate for practical applications. The method we
present constitutes a promising tool to monitor the spatial and temporal
distribution of ﬁshing eﬀect for recreational ﬁsheries in coastal sites. A
switch from our semi-supervised version to a fully unsupervised version
through the development of tracking algorithms based on machine
learning is the natural next step for further long-term monitoring of
coastal recreational ﬁsheries.
Our high-resolution data allowed us to precisely describe the spatial
ﬁsher behaviour of anglers in a marine ﬁshery. Boat trajectories are
usually formed by a set of behavioural states describing diﬀerent types
of movement (Watson and Haynie, 2016). Commercial boats usually
switch among three diﬀerent behavioural state; cruising, ﬁshing and
searching (Vermard et al., 2010; Walker and Bez, 2010; Walker et al.,
2014). In a similar way, recreational boats arriving at a particular
ﬁshery form two states (searching and ﬁshing) describing a classical
stop-and-go strategy while searching for the target ﬁsh (Alós et al.,
2019; Martorell-Barceló et al., 2018). The results of our analysis revealed a signiﬁcant eﬀect of the presence of H. incrassata in the twostate movement pattern of recreational boats in a marine ﬁshery for
pearly razorﬁsh. There is evidence that native species may change their
behaviour to mitigate the impact of habitat-forming, invasive seaweeds
(Wright et al., 2010), but our study is the ﬁrst evidence, to the best of
our knowledge, that ﬁsher behaviour and movement is also altered by
the presence of a habitat-forming invasive seaweed. Importantly, our
data suggest an opposing eﬀect of the seaweed to the one would expect
when only looking at the ﬁsh distribution and assuming that anglers
primarily follow ﬁsh. Quite to the contrary, we found a repealing eﬀect
of the seaweed and an increase in the search mode by anglers. That is
noteworthy because the invasion of H. incrassata has led to a rapid redistribution of the pearly razorﬁsh (the target species in our ﬁshery)
towards the invaded green seabeds due to enhanced feeding

opportunities (Alós et al., 2018). We therefore would expect that
ﬁshers, in the same manner of a natural predator seeking high catch
rates (Beecham and Engelhard, 2007; Matsumura et al., 2010;
Parkinson et al., 2004), would adjust their spatial foraging choices and
shift the ﬁshing eﬀort towards the invaded area knowing that a key
component of angler satisfaction is suﬃcient catches (Beardmore et al.,
2014).
The fact that our ﬁshers did not follow the ﬁsh either can be explained that they did not beneﬁt from the enhanced ﬁsh abundance (for
possible reasons, see below) or that they experience some other disutility from the seaweed (e.g., entanglement of the gear). It is also
possible that ﬁshers simply did not expect to ﬁnd pearly razorﬁsh near
the seaweed as the ﬁshery is traditionally directed at sandy bottoms,
such that when encountering the macrophytes (e.g., on echosounders or
through entanglement with the bait) a search shift was induced. When
angler utility is mainly about expected catches and there is full access to
any patch in the ﬁshery (invaded and non-invaded), as in our ﬁshery
system, a catch-based ideal-free distribution would predict the homogenization of the catch-based ﬁshing qualities across the invaded and
non-invaded through a rapid redistribution of the ﬁshing eﬀort towards
the invaded area as long as it oﬀers higher ﬁsh abundances than the
non-invaded area (Matsumura et al., 2019; Parkinson et al., 2004).
Assuming that the utility function of the anglers targeting the seasonal,
short-term ﬁshery for pearly razorﬁsh would indeed be mainly catch
rate-related (for which there is abundant anecdotal information in this
highly seasonal and highly consumptive ﬁshery), we expected that the
probability transition matrix that governed the two-state movement
would be aﬀected by the presence of the invasive seaweed species in a
way to retain ﬁshers within the invaded areas as these areas oﬀer
higher ﬁsh abundances (Alós et al., 2018, 2019). However, our data
suggest the opposite. When the ﬁsher boats started ﬁshing in invaded
areas, there was an increase in the probability to change to searching
towards another patch. In other words, when a recreational boat started
to ﬁsh in the invaded area, they tended to change the state and the
position.
We oﬀer four possible mechanisms that deserve further attention
that may be causing the repelling eﬀect of an invasive habitat-forming
seaweed in relation to ﬁshing eﬀort. First, because the invasive seaweed
is not easily identiﬁable from the boats an indirect mechanism causing
repellence is more likely than a direct repellent through physical or
visual interaction between the ﬁsher and the seaweed. The invasion of
H. incrassata has dramatically changed the structure of the seabed favouring the presence of the pearly razorﬁsh, yet other species have also
beneﬁted from the invasion (Alós et al., 2018). The pearly razorﬁsh is a
strongly seasonal ﬁshery of high local importance, yet it is targeted as a
single-species ﬁshery (Morales-Nin et al., 2005). Thus, the capture of
other species while targeting pearly razorﬁsh (like small sarranids or
sparids that usually inhabit seagrasses) may signal to the ﬁshers they
may be in a suboptimal habitat.
Second, the invasive seaweed could have led to a decrease in the
catchability of the pearly razorﬁsh and a drop in the realized catch rates
in areas invaded by the seaweed by decreasing the individual’s vulnerability to hook-and- line (Lennox et al., 2017). This may lead to the
wrong impression to the ﬁshers that there is limited ﬁsh supply in the
invaded area, thereby inducing a change in the state and position in
their foraging. This may help to explain why not only the behaviour
alone explained why catch rates decline much faster than the true
abundance (hyperdepletion of catch rates) as recently described in the
pearly razorﬁsh ﬁshery (Alós et al., 2019). In addition, a change in the
size of the ﬁsh may reduce their vulnerability to hook-and-line (Cerdà
et al., 2010). It is also possible that a change in the daily foraging areas
has led to a reduction in the encounter probability among ﬁsh and
ﬁshers (Alós et al., 2012b) or, in general, any change in physiological,
behavioural or morphological traits induced by the presence of the
invasive species could have aﬀected the vulnerability to hooks negatively (Lennox et al., 2017). For instance, the foraging eﬃciency of
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thus promote the viability of the population. Invasive habitat-forming
seaweeds are usually treated with concern due to the risk to impact
native marine biodiversity (Katsanevakis et al., 2014). However, habitat-forming invasive species have enhanced multi-functionality of
coastal ecosystem by actually promoting native biodiversity (Dijkstra
et al., 2017; Ramus et al., 2017). H. incrassata may be one of these
species that are expanding their geographical limits due to global
warming and may promote resilience of native communities against the
eﬀects of other threats like overﬁshing, habitat fragmentation or loss, or
climatic change. On the other hand, while ecologically the invasion of
H. incrassata may lead to ecosystem beneﬁts, it may also generate
conﬂicts due to losses in some ecosystem services provided by the
coastal biodiversity (Pejchar and Mooney, 2009). Our case provides a
concrete example suggesting the invasion of H. incrassata may aﬀect
ﬁsher catch rates negatively by luring anglers away from ﬁsh-rich invaded areas. This last eﬀect possibly would lead to increasingly less
satisﬁed recreational ﬁshers over time due to a change in the catchability of the species (Beardmore et al., 2014), or even economical
losses in commercial ﬁsheries as the species is occasionally target by
commercial small-scale ﬁshing boats. Therefore, the solution and further steps regarding the invasion of this tropical seaweed are certainly
not easy to foreseen and require the collection of ecological, but also
social data to properly disentangle what are the main consequences of
the invasion of H. incrassata at the socio-ecological system level.

Lepomis macrochirus (bluegill) was found to be negatively aﬀected by
increasing spatial complexity of a non-native macrophyte (Theel and
Dibble, 2008), and is thus possible that the reactivity of pearly razorﬁsh
to angler baits might be lower in invaded compared to non-invaded
areas.
Third, as the traditional pearly razorﬁsh ﬁshery is based on ﬁshing
with natural baits on snag-free sandy bottom, the sudden appearance of
extended seagrass may lead to greater entanglement of seaweed with
the hook, in turn motivating the ﬁshers to move on and search for other
microhabitats that are having less structures, despite the greater
abundance of the target ﬁsh in the invaded areas (Alós et al., 2018).
Fishers might also have developed the expectation that good pearly
razorﬁsh habitat is snag free, in turn motivating to continue searching
once encountering the invaded area. Finally and fourth, density-dependent movement may feedback the attraction/repulsion of the anglers outside the invaded patch. The presence of other angler may aﬀect
movement decision by attracting social anglers or repulse those with
more asocial behaviours that want to ﬁsh outside the crowd. Our
movement model does not consider such density-dependent processes.
Movement modelling that distinguishes between group and individual
level inﬂuences in terms of determinants of movement decisions relative to the group, such as the proposed by Langrock et al. (2014),
should be the next step to extend our individual-based movement
model to a group-level modelling framework and test density-dependent hypotheses.
All four mechanistic explanations are plausible and require further
research to fully understand main cause and eﬀect of how H. incrassata
exactly modiﬁes angler behaviour. This future research should also
focus on addressing the three major limitations of this study: need of
replication to control for potential environmental eﬀects, the need to
extend this study across the ﬁshing season to explore the behavioural
response of the anglers across the exploitation season and the combination of catches with non-catch related methods to obtain real abundance metrics to validate our vulnerability hypotheses (e.g., underwater cameras, Campos-Candela et al., 2018; Follana-Berná et al.,
2019). This study only considers one ﬁshery and only one impacted
area. As the invasion of H. incrassata could be associated to diﬀerent
environmental factors (e.g., depth, sediment size) there is the need to
study other impacted areas to fully disentangle the direct eﬀect of the
invasion on the movement behaviour of the ﬁshers. In addition, this
study is based in the data from only the opening day of a ﬁshing season.
It is possible that anglers learn and adapt their behaviour fairly quickly
and there is a need to further replicate this study throughout the ﬁshing
season. This extended sampling should be combined with the measurement of both catch rates and true abundance along the exploitation
season through catch (e.g., creel survey) and non-catch methods (e.g,
baited cameras, Campos-Candela et al., 2018; Follana-Berná et al.,
2019; Alós et al., 2019). This is turn would help to study changes in
both the vulnerability of the species and whether angler are able to
learn identifying H. incrassata patches. These recommendations should
shed light on the behavioural eﬀects of the invasion of H. incrassata in
the movement of the anglers
Despite these limitations, we can oﬀer some reasoned speculations
on possible ecological and social consequence of the spatial misplacement that we suggest. On the one hand, and irrespectively of the mechanism, the habitats dominated by H. incrassata may provide a safer
habitat for the pearly razorﬁsh populations by decoupling the distribution of the ﬁsh and the ﬁshers. This means that the tropical seaweed is not only increasing the feeding opportunities of the ﬁsh and
enhancing native biodiversity of species at the base of the food-web
through adding biogenic structure to an otherwise bare sediment (Alós
et al., 2018). However, it is also creating a natural marine reserve like
eﬀect, increasingly protecting native biodiversity from harvesting. This
is especially relevant because the pearly razorﬁsh is a highly resident
species subjected to high levels of recreational ﬁshing pressure (Alós
et al., 2016a). The reduction of ﬁshing eﬀort in the invaded areas may
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