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Individual mangrove trees provide 
alternative reef fish habitat 
on backreefs
Hannah von Hammerstein 1,2,3*, Theresa‑Marie Fett 1,2, Sebastian C. A. Ferse 1,2,6,7, 
Véronique Helfer 2, Stuart Kininmonth 4,5 & Sonia Bejarano 2

Mangrove trees occur in a variety of geomorphic and sedimentary settings. Yet, studies investigating 
their role as habitat providers often focus on the most common biophysical types, such as 
deltaic, estuarine, open coast or lagoonal mangroves on soft sediments, disregarding less typical 
environments. Here, we investigated the influence of individual mangrove trees growing on a 
consolidated backreef system (Laucala Bay, Fiji) on habitat use by reef fishes. Combining field surveys 
and an experiment, we quantified the extent to which reef mangrove trees serve as habitat for 
solitary or shoaling reef fishes. Using mangrove tree mimics, we disentangled effects attributable to 
the physical structure of trees from those related to their bio-chemical properties. We found that fish 
numbers were 3.7 times higher within close proximity to the mangrove trees than at control sites and 
correlated significantly with root system perimeter. The roots of larger trees sheltered aggregations of 
juveniles and adults at incoming and high tides. Mangrove trees and mimics attracted fishes alike. We 
show that mangrove trees on backreefs provide habitat for shoaling and adult reef fishes in addition to 
serving as nursery areas, an ecosystem service otherwise lacking on backreef areas with low structural 
complexity.

Mangrove forests and coral reefs are highly productive ecosystems that provide essential socio-economic and 
ecological goods and services1,2. Typically, mangroves border tropical and subtropical coastlines and grow on soft 
sediments of riverbanks, brackish lagoons, or as fringing forests along sheltered coasts. They often are imbedded 
in a mosaic of coastal ecosystems, including seagrass beds and fringing or barrier reefs, that are connected to one 
another through physical and chemical processes but also through the movement of organisms1,3,4. Most studies 
on habitat use by tropical fish have focused separately on mangrove forests, seagrass meadows, or coral reefs, 
rather than assessing how fishes use the seascapes formed at the intersections among these systems4,5. Although 
this ecosystem-centric approach has changed as the importance of ecosystem connectivity is increasingly rec-
ognized, most studies are limited to quantifying connections between spatially separated ecosystems within a 
seascape3,6–9. Unusual seascape configurations formed by the direct intersection between different ecosystems 
are not often recognized as distinct. Further, the ecological interactions (e.g., biota-habitat associations) within 
these intersections require further investigation10,11. Mangroves growing in direct contact with coral reefs, sub-
sequently referred to as ‘reef mangroves’ (also known as ‘oceanic mangroves’12), are examples of such intersecting 
ecosystems which could fulfil unique ecological services due to their specific configuration. Though occurrences 
of reef mangroves have been reported around the tropical and subtropical belt from the Great Barrier Reef to the 
Caribbean and Red Sea (12–14, supplementary material S4), the body of literature classifying their unique settings 
and investigating their ecological particularities is incomplete.

The role of coastal and estuarine mangroves as reef fish nursery areas or feeding grounds is well 
documented3,15. However, mangrove forests in different environmental settings (i.e. riverine, coastal fringing 
mangroves, or reef mangroves) can differ in their importance as fish feeding habitats16. Species composition and 
diversity of fish assemblages differ between the center and boundaries of mangrove forests and change throughout 
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tidal cycles7. Further, the unique environmental setting of an ecosystem within a seascape (e.g. ‘estuarine man-
grove’ vs ‘coastal mangrove’) was recently highlighted as a better indicator for the usage by juvenile fish when 
compared to ecosystem type (e.g. ‘mangrove forest’ without specification of the environmental setting10,17). The 
particular location of mangrove forests appears to influence both their impact on adjacent reefs and the way 
trees are used by reef fish18,19. In fact, reef mangrove habitat patches appear markedly different than estuarine 
mangroves in their utilization by reef fish10. It is therefore crucial to further characterize the environmental 
features of reef mangroves and the extent to which even individual reef mangrove trees are used by reef fish at 
different life stages in such settings.

Identifying habitats used by reef fish as shelter (e.g. from predators or strong water motion induced by wave 
action or tidal currents) is important from a conservation perspective because diverting destructive human 
activities away from these sites can protect valuable fish stocks20,21. Refugia provided by reef mangroves could 
be an important factor in the conservation and resilience of reef fish populations in the areas where such trees 
occur22. This includes not only nurseries for juvenile fish, but also sheltering space for large-bodied sub-adult, 
adult and shoaling reef fish. Climate change can reduce the architectural complexity of coral reefs23, thus reduc-
ing the availability of physical refugia for fish24. Large fish, which often fulfil critical functional roles, compete 
strongly for these rare large refugia24. Sheltering sites large enough to allow for large fish to aggregate are known 
to affect fish communities over extensive reef areas25. Therefore, identifying available sheltering space for shoals 
of large fish could be useful in spatial prioritization approaches aiming to conserve fish populations and preserve 
the ecological processes they are supporting such as nutrient cycling or herbivory, with cascading benefits for 
the health and integrity of entire coral ecosystems25,26. Availability of sheltering habitats can also have effects 
beyond reef systems, affecting presence of herbivorous and bioturbating reef fishes which contribute to shaping 
surrounding ecosystems26,27.

Reef mangroves could potentially provide such sheltering habitats on backreefs of otherwise low structural 
complexity and in proximity to reef crests. Extensive root systems, even of individual trees, could provide space 
not only as nurseries but also for sub-adult, adult and shoaling fish. However, globally, reef mangroves have been 
described and mapped mostly superficially. While mangrove ecosystems cover about 15% of coastlines globally28, 
a literature search identified six distinct locations in which reef mangroves are described fitting the context of 
this paper (supplementary material S4), though there is no indication of the total areal extent of these locations. 
Few detailed characterizations of the environmental features of these systems exists, and none of the studies 
consider the roles of individual trees or the extent to which reef fish use the root systems of these mangrove trees 
on consolidated reef substrate as habitats (supplementary material S4).

South of the Island of Viti-Levu in Laucala Bay (Fiji), numerous mangrove trees, estimated at 5–18 years of 
age (based on historical satellite imagery available via the Google Earth Pro Version 7.3), are growing on the 
backreef plateau of a fringing reef. The occurrence of these trees on consolidated substrates approximately 1 km 
further offshore from well-developed coastal fringe mangrove forests presents an ideal opportunity to study the 
ecological effects of individual mangrove trees on shallow backreefs, since early stages of establishment. Though 
it is unclear why the trees started to develop in this location only in recent decades, they seem to persist and 
spread on the backreef, given the large numbers of not only rooted seedlings but also small established trees 
developing in increasing distance to the larger established trees on the backreef.

Utilizing this opportunity, we quantified the extent to which individual mangrove trees established on back-
reefs are used as habitat by individual fish and/or by intra- and interspecific fish shoals. Additionally, we analyzed 
whether the utilization of individual mangrove trees on backreefs by reef fish is influenced by the individual 
trees’ root system perimeter, exposure to water motion, or the distance to the nearest reef crest, and whether this 
habitat usage differs between the seaward and leeward sides (aspect) of the trees. Deploying artificial mangrove 
tree mimics (hereafter mimics), we tested experimentally whether the effect of reef mangroves on reef fish assem-
blages is linked to properties other than the physical space and effect added by their root systems and shading 
available under their canopy. Our expectation was that the reef mangroves attract individual fish and fish shoals 
on the backreef due to their physical features (i.e., added structural complexity and shade as shown in15,29) and 
that numbers of fish would be higher closer to the nearest reef crest (closeness of habitats affects connectivity, 
fish assemblages and abundance as shown in7,30). We also anticipated that the number of fish found within the 
root systems would increase with increasing root system perimeter15 and reduced exposure to water motion31, 
and therefore expected fish numbers to be higher on the supposedly calmer leeward side of the trees compared 
to the seaward side28).

Results
A total of 3025 individual fishes were counted (supplementary material S1), with Lutjanus spp. (n = 1264), Abu-
defduf spp. (n = 413), Gnatholepsis cauerensis (n = 263) and Siganus spinus (n = 245) recorded as the most abundant 
taxa. Mean total length (TL) of the various fish taxa ranged from ~ 1 cm (unidentified fry) to 16.64 cm (Lutjanus 
spp.) and most Lutjanus spp. and Chrysiptera spp. were likely mature based on their TL (supplementary mate-
rial S2). Most fish shoals (see supplementary material S3) were heterotypic groups of Lutjanus spp. (232 shoals 
observed with a mean shoal size of 44 individuals).

Reef mangroves aggregate fish on backreefs
The presence of individual mangrove trees on backreefs strongly influenced backreef fish abundance. Fish abun-
dance was 3.7 times higher at back reef sites where trees were present (i.e., tree sites) compared to back reef sites 
without trees (i.e., control sites) (p < 0.001, Fig. 1a). Variance in fish abundance was also higher among tree sites 
than among control sites (Fig. 1a).
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Fish numbers associated with natural mangrove trees were strongly and positively influenced by the outer root 
system perimeter, with 3.6 times more fish within the larger root systems than within smallest ones (p < 0.001, 
Fig. 1b). A threshold effect of markedly higher fish abundances was detected associated with reef system perim-
eters of 7.8 m or larger (Fig. 1b, coinciding with the presence of fish shoals as shown in Fig. 3d). Distance to the 
reef crest also influenced fish abundance (p =  < 0.001, Fig. 1c). The fitted mean value (model’s prediction of the 
mean response value) of number of fishes was approximately 4.4 times higher, with up to 110 individual fish 
found closest (300 m) to the reef crests than furthest away from it (25 fishes 600 m away from the crest, Fig. 1c). 
Mean fish numbers were almost double in the seaward compared to the leeward side of tree sites (p < 0.001, 
Fig. 1d). Variance in fish abundance increased with increasing root system perimeter and with decreasing dis-
tance to the reef crest and was higher at the seaward side of the trees when compared to the leeward side (Fig. 1d).

The influence of reef mangroves on backreef fish assemblages is principally physical
To disentangle whether the influence of reef mangroves on backreef fish assemblages is primarily driven by the 
physical or biological properties of the trees, we surveyed root systems of small natural trees and artificial tree 
mimics (Fig. 4e). The effect of reef mangroves on backreef fish assemblages appeared linked mostly to the physical 
properties of the trees (canopy shading and structural complexity added by the roots), given that fish numbers 
within root systems of small trees and mimics did not differ significantly (p = 0.1571), while in comparison, 
control plots showed a significantly lower number of fish (p = 0.0447, Fig. 2).

Reef mangrove trees offer habitat for individual fish and fish shoals
The root systems of reef mangroves were regularly used as habitat and refuge by shoaling fish. Presence/absence 
analysis of shoaling fish from video surveys showed the probability of encountering shoaling fish on the back-
reef was ~ 34.8% at tree sites whereas it was zero at control sites (p =  < 0.001, Fig. 3a). Of all observed fish shoals 

Figure 1.   Results of the fish abundance counts (a) Difference in the total number of fishes observed at tree and 
control sites with fitted values as solid black dots (± 95% CI), and observed values as color-coded dots (tree sites: 
green, control sites: grey). (b) Relationship between the root system perimeter and the number of fish observed 
at mangrove trees sites (± CI) with observed values as green dots. (c) Relationship between the distance to the 
reef crest and the number of fish associated with the tree sites (± CI) with observed values as green dots. (b) 
Differences in number of fish between the leeward and seaward side of tree sites (± CI) with observed values as 
green dots.
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(n = 298), 78% were comprised by adults of the genus Lutjanus (n = 232), 12% were made up of unidentified fry 
(with mean TL ~ 1 cm; n = 36), and 10% were comprised by conspecifics of Abudefduf sexfasciatus (n = 30; Fig. 3b).

The probability of presence of fish shoals was significantly and non-linearly related with both distance of a 
tree site to the reef crest (p = 0.0411, Fig. 3c) and root system perimeter (p = 0.0025, Fig. 3d). Fish shoals were 
present in 70% of video clips collected at the tree sites within 450 m distance to the reef crest. They were also 
observed in 46% of video clips collected at the tree sites between 450 and 550 m distance to the reef crest, and 
in none of the video clips collected at the tree sites in 550—600 m distance to the reef crest (Fig. 3c). Fish shoals 
were never observed within root systems < 7.8 m or > 26 m in perimeter but were present in the majority (52%) 
of the video clips within root systems ranging between 7.8 and 26 m (Fig. 3d).

Discussion
Shallow backreefs, especially when infilled with sediment as in the study site, can offer limited structural com-
plexity for reef fish compared to reef crests, forereefs, reef lagoons or mangrove lagoons32,33. We document a 
seascape configured by individual mangrove trees growing relatively sparsely over a shallow backreef and the 
influence of these trees on reef fish communities. Although the occurrence of mangrove trees on backreefs is not 
rare, their influence on the reef environment or biota has been scarcely investigated12,14,34. As submerged root 
systems of coastal mangrove forests comprise one of the most important nursery habitats for reef fish3,29,35, single 
trees may add sufficient structural complexity to congregate fish on otherwise unpopulated backreefs. Here we 
demonstrate that reef mangrove trees congregate both individual and shoaling fish, much like large sheltering 
spaces and overhangs do in deeper and more complex (e.g. forereef) habitats36,37. Most fish using these trees 
must migrate routinely to and from the forereef at least twice a day, following the tidal cycle as the backreef is 
fully emerged during low tide. Both the number of individual fish present at a site as well as the probability of 
shoaling fish occurring at a site were highest closest to the reef crest, and numbers of fish were also higher on 
the seaward side compared to the leeward side of trees. This supports previous conclusions regarding the effect 
of distance between habitats on their utilization by reef fish18. As expected, the number of fish using mangrove 
roots was directly proportional to the root system perimeter. Further, fish were attracted to the roots of small 
trees regardless of whether these were natural or artificially mimicked, indicating that fish are mostly influenced 
by the physical (rather than biochemical) properties of the trees. Single mangrove trees can thus supply familiar 
services (i.e. providing sheltering or nursery habitats for fish) in peculiar places (e.g. backreefs somewhat distant 
from the shore), contributing regulating or supporting ecosystem services1. These services are similar to those 
supplied by other types of mangrove forests, which could have important implications for effective management 
and conservation efforts aimed at protecting reef mangroves and/or inshore fishery resources.

Our study demonstrates that mangrove trees established on backreefs attract 3.7 times more fish than “bare” 
sections of the backreef (control sites). Both the number of fish and the probability of fish shoals utilizing man-
grove roots as a habitat decreased with increasing distance from the reef crest. This supports the hypothesis that 
the distance between the ecosystem providing a habitat service for reef fish and the closest reef will influence the 
magnitude of the habitat service18, even at comparatively small scales and distances as investigated in this study. 
The negative relationship between a tree’s distance to the reef crest and the number of fish inhabiting its roots 
could furthermore be explained by the fact that the backreef flat is fully emerged during low tide. As a result, 
most fish left the backreef area during low tide, with only juvenile fish and snowflake morays (Echidna nebulosi) 

Figure 2.   ‘Number of fish’ plotted against treatments ‘Tree’ (size category small), ‘Mimic’, and ‘Control’. 
Observed values shown as color coded dots (mimic sites: blue, tree sites: green, control sites: grey), solid black 
dots represent fitted values (± 95% CI).
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retreating into small, inundated crevices (pers. obs.). Hence, closer proximity to the reef crest could be beneficial 
at the onset of low tide in order to quickly move to other refugia available on the reef crest.

The results of the experiment suggest that the physical properties (root structure and shade provided by the 
canopy—as imitated by the mimics) of trees are the main properties driving the habitat provision service, rather 
than biochemical properties or processes, such as quality of mangrove leaves and/or detritus or differences in 
nutrient cycling. This is further supported by the positive relationship between fish abundance and root system 
perimeter. Reasons why the structure added by the mangrove trees affects fish abundance could include i) the 
availability of space for sheltering from predators within the root system, ii) the protection offered by the canopy 
shading, since solar irradiance can be an important driver of shelter use38, and iii) the reduced water motion. 
Water motion in backreef habitats is relatively low due to the wavebreak effect of the adjacent reef crest39. Hence, 
the presence of trees is arguably unlikely to substantially reduce water motion further in these habitats. How-
ever, this backreef lagoon is subject to tidal currents40. We had thus hypothesized that the structure provided 
by the root systems of the trees would further attenuate water motion and thus provide even calmer sheltering 
spaces for fishes. We further postulated that the side of trees opposite the reef crest (leeward) would have a lower 
Water Motion Index (WMI) compared to the side of the tree facing the reef crest (seaward). Accordingly, we 
expected the leeward side to favor larger fish numbers compared to the seaward side. Contrary to this expecta-
tion, no significant difference in water motion between the different side of trees was found by Fett et al. (unpub. 
data), indicating that the presence of the trees does not generate fixed leeward or seaward conditions where we 
expected. However, we observed about twice as many fish and more frequent fish aggregations on the side of the 
root systems directly facing the reef crest. Taken together, this means that fish sheltering in and around the root 
systems of the mangrove trees generally do not seek reduced water movement, but rather shade and protection 
from predators. Additionally, the position of fish aggregations with respect to the trees likely shortens the path 
for diel tidal migrations between the reef and the tree (see above) or provides more direct access to possible 
food sources on the reef.

Figure 3.   Results of quantifying fish aggregating in shoals (a) Difference in the probability of presence of fish 
shoal between tree and control sites. Observed values shown as color-coded bars (tree sites: green, control 
sites: no observations) whereas solid black dots and error bars represent fitted values (± 95% CI). (b) Shoaling 
Lutjanus fulvus, and a few individuals of Abudefduf sexfasciatus at a tree of medium- sized root system captured 
during video surveys. (c) Significant non-linear relationship between the presence-absence of fish shoals and 
the distance to the reef crest. Fitted line (± CI) and observed occurrences shown as dots (tree sites = green). (d) 
Significant non-linear relationship between the presence-absence of fish shoals and the root system perimeter. 
Fitted line (± CI) and observed occurrences shown as dots (tree sites = green).
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Our results underline that mangrove tree roots provide habitat for fish of different species and cohorts 
(juveniles, subadults, or adults) during high tide. Notably, 63% of observed individuals of the genus Lutjanus, 
the genus with the highest abundance (making up more than a third of observed fish), were over 20 cm in TL 
(supplementary material S2). Fish in this size category correspond to either subadult or adult individuals given 
that Lutjanus species observed in the study area are known to mature between 20 and 30 cm TL41. Thus far, 
reviews of habitat use focusing on the overarching term ‘mangrove’ had found that these trees are used mainly 
by juvenile individuals of the genus Lutjanus9. However, studies that consider the environmental contexts found 
that late juveniles of Lutjanus fulviflamma almost exclusively utilize reef mangrove habitats as opposed to other 
late juveniles10. The studied individual mangrove trees also served as a fish nursery, with a large proportion of 
the observed fishes being juveniles (e.g. Halichoeres spp.; Abudefduf spp.) or fish fry (supplementary material 
S2). Thus, the reef mangroves studied here provide additional habitat for juvenile fish found in backreef habi-
tats. Interestingly, compared to the roots of mangroves occurring in other geomorphic settings (e.g., fringing 
shorelines), which are inhabited predominantly by juvenile fish3, reef mangroves here appeared to also provide 
additional habitat for large numbers of subadult and adult fish inhabiting backreefs.

Fish shoals were commonly recorded among the mangrove root systems of trees with a perimeter of at 
least ~ 7 m. Fish shoals never took shelter in trees with a root system perimeter below this threshold and were 
never observed at control sites. Above the ~ 7 m threshold, the probability of fish shoals sheltering within root 
systems increased with the root system perimeter. However, among trees with root systems > 26 m in perim-
eter, this trend reversed. It is possible that fish shoals were present within the largest root systems but were 
not captured by the video cameras because of poor light and/or large distance. Shoals of Lutjanus spp. (n > 20 

Figure 4.   Upper row: Overview of research area (a) Satellite image of the research area showing the location of 
mangrove trees on the backreef area relative to the delta of the Rewa River and the capital city Suva. (Basemap 
©2023 Microsoft, created with QGIS Development Team 2019). (b) Environmental setting of the backreef flat 
exposed during low tide, a mix of coral rock, rubble, and sand. Lower row: Experimental and sampling setup 
(c) Mangrove tree of size category ‘small’ (d) Schematic representation of each of the 8 sampling locations 
with small trees surveyed in this study. Each of these locations comprised one tree site, one control site and 
one mimic site. The remaining sampling locations with medium (n = 8) and large trees (n = 8) comprised only 
one tree site and one control site each, otherwise following the same layout scheme. Color-coded squares 
(green = tree site, grey = control site, blue = mimic site) depict the areas where surveys took place (i.e. leeward 
and seaward of the base of the trees for tree and mimic sites, and at centrally located control sides). Each 
sampling site within the location was located > 20 m away from every other site. (e) Tree mimic.
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individuals) were the most frequently recorded congregating within mangrove roots. Lutjanus spp. are known to 
utilize mangrove areas as juveniles but return to the reef as adults where they often form groups or heterotypic 
shoals29,42. Space for adult Lutjanids (~ 20–40 cm TL) to shelter in shoals is limited by the availability of large 
overhangs, caves, or boulders24,43. Our study shows that single mangrove trees can fulfil this role in an otherwise 
fairly flat habitat. The sheltering opportunities mangroves provide may be frequented by Lutjanid shoals seeking 
protection from predators on the otherwise scarcely vegetated reef flats, which are known to be frequented by 
larger predators such as sharks44,45. We thus argue that the mangrove trees on backreefs attract fish not only as 
nursery areas but are also attractive as refuges for shoaling adult fish. The mangrove trees provide an ecosystem 
service that is otherwise lacking in backreef habitats with little structural complexity and increasingly scarcer 
in flattening reef crests and forereefs46.

Reef flats in general, including shallow backreef areas, are easily accessible to people and thus serve as key 
fishing grounds in many coastal areas worldwide45. On the studied backreef, fishing via hand gleaning and spear-
fishing occurred frequently over the duration of the study. Fish inhabiting this backreef are thus likely used as 
valuable sources of nutrition or income. Especially in light of ongoing global degradation of reef ecosystems and 
declining reef fish populations47, additional fish habitats in close proximity to reefs can play a role supporting 
juvenile and adult reef fish populations which could potentially and eventually supply fish larvae for adjacent 
ecosystems19,25.

Likewise, mangroves are subject to a variety of threats including erosion, extreme weather events such 
as storms, or through direct anthropogenic actions like deforestation for agricultural purposes or urban 
development48. The presence and successful establishment of Rhizophora stylosa on the consolidated substrates 
of a backreef area show this species is able to utilize a small window of opportunity between the semidiurnal 
tidal cycles to settle. Studies have shown that it is more difficult for mangrove seedlings to settle in areas with 
high water stands and in areas with consolidated sediments49. On the studied backreef, seedlings develop root-
ing strong enough to withstand the tidal currents, despite being fully submerged during high tide. Anchoring of 
roots on the consolidated substrates can be sturdier than anchoring in soft sediments50, enhancing the likelihood 
for the seedlings to further develop and grow in this tidal regime and to withstand other threats such as storms.

Highlighting that individual mangrove trees can attract significant numbers of fish underscores the impor-
tance of considering even small patches of mangrove stands in ecosystem management and urban planning. 
Though urban estuarine mangrove habitats can be important habitat for fish species51,52, constraints for urban 
rehabilitation of mangrove areas include space considerations53. While other factors such as turbidity and expo-
sure to frequent disturbances in harbor areas may influence overall fish presence in fragmented patches of man-
grove habitat54, small mangrove stands or even individual trees should be considered as potentially important 
shelters in areas that are found to be frequented by reef fish, in both natural and urban settings.

Fish counts obtained here through stationary visual censuses correspond to the surveyor’s field of view rather 
than to a pre-defined fixed area. Arguably, at large trees (i.e. with root system perimeters > 17.5 m), part of the 
field of vision might be obscured due to the density and complexity of the root system itself. Mangrove root 
complexity can be an important indicator for attractiveness of the root system to fish55, however, no metric of the 
density or complexity of the root systems was quantified in this study, which prevents us from testing whether 
this attribute correlates with the root system perimeter. Hence, it is possible that fish abundance within medium 
and large tree sites was underestimated. A human surveyor, as present in stationary point counts, could alter the 
behavior of fish, which retreat further into the roots as a response, leading to an underestimation of abundance. 
To minimize these effects, fish were given time to acclimate in the surveyor’s presence before counts were started. 
Reliability of the visual point count data despite presence of the surveyor can be supported by data from the video 
analysis. Abundance results from visual point counts register a distinct and steep increase in fish numbers at trees 
with a root system perimeter of 7.8 m, aligning with the same threshold registered for shoaling fish presence, 
which were recorded only in trees with root system perimeters of 7.8 m or more. Visual point counts conducted 
over several minutes also introduce the risk of double-counting individual fish. While the comparability of fish 
numbers between sites is likely still given, the abundance data might not reflect accurate absolute density values. 
Further, while using video cameras for fish surveys removes observer bias and avoids the influence of surveyor 
presence in wary species, the cameras used here were highly light sensitive. Thus, shading within the roots of 
the trees could have led to an underestimation of fish abundance, especially in the larger trees with larger root 
perimeters and canopy. Here too, a metric assessing root system complexity would have allowed us to potentially 
account for this bias. However, as most of these limitations are in turn likely to have led to an underestimation 
of fish abundance at the tree sites, we argue that the significances of the results presented in this study still hold.

Finally, our study only analyzed the total number of individual fish or fish shoals and did not distinguish 
between different species. Future studies incorporating this distinction would be needed to capture potential 
interspecific differences in habitat use on backreefs caused by individual mangrove trees.

Conclusions
Individual mangrove trees attract important numbers of fish within their root systems on shallow otherwise flat 
backreefs. In this backreef system, mangrove trees not only act as nurseries for juvenile fish, but also as sheltering 
habitat for adult reef fish. This close ecological connection between individual mangrove trees and coral reef fish 
could be an important aspect to consider for species replenishment, especially in areas affected by overfishing or 
reef habitat degradation. Our results highlight the need to consider environmental context in studies addressing 
tropical coastal ecosystems. Further studies, including comparisons between the mangroves on these peculiar 
backreefs with fringing mangroves or other surrounding habitats, would help assessing the value of the respective 
systems. In addition, comparison with similar settings (individual mangrove trees on a backreef area) in other 
regions would be required to verify the generality of our results.
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Methods
Study site
The study site is located in Laucala Bay, southeast off the island of Viti Levu (Fiji) in the South Pacific Ocean. The 
backreef lies ~ 8 km east of Fiji’s capital city, Suva, and within the drainage area of the Rewa River (S 18°10′23.403″, 
E178°31′8.722″, WGS 84). Laucala Bay and its mangrove forest are subjected to the Rewa River discharge as major 
source of sediments40. High levels of organic matter, but also heavy metals and microplastic pollution near the 
Suva harbor have been recorded56,57 and could affect all mangroves in Laucala Bay. Mangroves and the adjacent 
reef areas in this region are of high value to the local population for both coastal protection and food provision-
ing. They play a key role as habitats for fishes, and act as nutrient traps buffering the effects of the pollutants in the 
lagoon58. The western part of the backreef is elevated above sea level, forming a small island (Nukulau), and the 
mangrove trees studied here (Rhizophora stylosa) populate the eastern side of the backreef adjacent to Nukulau 
Island. These trees are approximately ~ 1 km apart from established mangrove forests of the Rewa River (Fig. 4a).

The substrate of the backreef comprises a heterogeneous mix of coral rock, rubble and sand, on which small 
patches of seagrass and macroalgae occur (e.g. Thalassia sp. and Halophila sp. mixed with the leathery macroalgae 
Sargassum sp.; Fig. 4b). The area is subjected to semidiurnal tidal cycles and large tidal ranges. It is exposed at low 
tide and reaches water depths of approximately 1.1 m during spring tide. During low tide, water only remains in 
small puddles on the backreef as well as in narrow cracks and crevices in the coral rock.

Survey and experimental setup
Fieldwork took place from November 2018 to February 2019 covering the majority of the wet season. An initial 
characterization of the area accounted for 122 trees over an area of 1.8 km2, from which a total of 24 trees (here-
after referred to as tree sites) were selected for this study. To be considered for inclusion, each mangrove tree had 
to be located at least 20 m away from any other tree and at a distance of at least 100 m from Nukulau Island. The 
outer root system perimeter of each tree that fit these criteria was measured at the substrate level and recorded 
as possible variable affecting utilization by reef fish. To ensure inclusion of trees spanning the entire size range, 
the trees were clustered into three size classes by sorting them based on their outer root system perimeter and 
dividing them into three groups containing equal numbers of trees. The trees were numbered, and eight trees of 
each size class were then randomly chosen from this pool, resulting in a selection of small (0.3–4.6 m) medium 
(7.8–15.1 m) and large trees (17.5–30.3 m). Control sites (backreef sites without trees) were established 20 m 
perpendicular to each of the 24 chosen tree sites in parallel direction to the reef crest to ensure similar water 
motion levels. A pilot experiment placing cameras at different distances to the trees on the backreef had shown 
that even at 4 m distance to the root systems, fish were recorded only sporadically and at a frequency similar to 
a distance of 20 m to the root systems. Leaving 20 m between tree and control sites left us with a reasonable pool 
of suitable study sites distributed across the backreef to draw from.

We expected that reef mangroves would influence fish communities through both the biological and physical 
characteristics of the trees. We thus conducted an experiment to disentangle the physical effects of the space and 
effect added by the root systems of the trees and the shading available under their canopy from all biological 
properties (e.g. sediment microbes, biochemical compounds released from roots, bark, or fallen leaves). To this 
aim, we installed eight mimics constructed of welded metal tubing, plastic pipes (PE and PVC), and mosquito 
netting, similar to designs used in other reef fish studies55,59 (Fig. 4e). Mimics were crafted to imitate the average 
shape and structure of small trees (Fig. 4 c & e) in terms of number of first-, second-, and third-order roots (i.e. 6, 
2, and 1, respectively), and the average cumulative outer root diameter (i.e. 2 m). The degree of shading provided 
by the canopy of small trees was measured using HOBO Pendant® Temperature/Light Data Loggers fixed to the 
base of the trees within the root system and the netting on the mimics was layered to provide the same degree 
of shading. Mimics were placed 20 m apart from control sites on the opposite side of the natural mangrove tree, 
so that each small tree shared a control site with their mimic counterpart, in parallel direction to the reef crest 
(Fig. 4d). Mimics were fixed to the substratum using 1 m metal rods and allowed to precondition (potential set-
tling of microorganisms on the material) for two weeks before commencing any surveys.

In total, 24 sampling locations (one location being comprised of one tree site, one control site and one mimic 
for the small trees) were surveyed.

To investigate whether fish presence was affected by water motion (supposedly attenuated by the root system), 
water motion data (Water Motion Index -WMI- estimated using clod cards60 installed in proximity of the trees, 
mimics and control sites) were derived from a parallel study that aimed at evaluating the effect of the trees on 
their physico-chemical environment (detailed methods in Fett et al., in prep.).

GPS coordinates of each tree, mimic, and control site were taken with a handheld GPS device. Using a satellite 
basemap (©2019 Microsoft Bing Satellite Basemap) and distance measuring tools in a Geographic Information 
System software (QGIS61), the distance of each tree to the nearest point on the reef crest was determined.

Quantifying the effect of reef mangrove trees on backreef fish assemblages
To quantify the effect of individual mangrove trees on fish abundance, stationary visual censuses were conducted 
at tree, control, and mimic sites. Stationary point counts deliver accurate estimates of fish density and size when 
targeting large aggregations like those found within mangrove roots62. Counts were always conducted by the 
same surveyor, remaining stationary one meter away from the perimeter of the root system facing towards the 
tree or mimic. At control sites, the surveyor remained stationary one meter away from a short (~ 10 cm) central 
marker pole inserted into the sediment. The marker ensured that the surveyor could recognize the exact location 
of the control site but was inconspicuous enough to not attract fish. Rather than counting fishes within a fixed 
delimited area, the surveyor counted all fish within the field of vision centered straight towards the root system 
or marker pole ahead. Given that all censuses were conducted within 2 h before or after high tide (~ 0.80 m), the 



9

Vol.:(0123456789)

Scientific Reports |        (2024) 14:18574  | https://doi.org/10.1038/s41598-024-69524-y

www.nature.com/scientificreports/

field of vision encompassed a cone-shaped volume of ca 0.17 m3 and a ca 0.5 m2 area at the outer root line or 
marker pole. The surveyor waited in their stationary position for a duration of 2 min before starting the count 
to reduce effects on fish behavior in response to human presence. Though only abundance data was used for 
analysis, all fish sighted within 10 min were counted, identified to the lowest taxonomic level possible, and their 
total length (TL) was estimated to the nearest centimeter (summarized information available in supplementary 
material S1 and S2).

We used unmanned GoPro video cameras to quantify the presence of fish aggregating in shoals (i.e., groups 
of ≥ 20 individuals) within the root systems. Cameras were mounted onto metal rods one meter away from the 
root system perimeter at the leeward and seaward sides of all the tree and mimic sites as well as at the control 
sites. Cameras were set to record for 20 min per site. For every minute of each recording, 30-s clips were ana-
lyzed for presence or absence of fish shoals (n = 20 clips per tree site), identifying fishes to the lowest taxonomic 
level possible. If any of the clips contained groups of ≥ 20 individuals of the same species or heterotypic groups 
of ≥ 20 individuals of Lutjanus spp., shoaling aggregations would be considered present at the given site. 30-s 
clips were long enough for the surveyor to get a confident estimate on the fish abundance counts but as short as 
possible to reduce effort.

The combination of visual point counts and video surveys was chosen to best fit the two main aspects of the 
study: individual counts and shoaling behavior. Usage of video cameras is advantageous when trying to capture 
behavioral aspects such as shoaling, but identifying individual fish can be challenging on video due to variable 
light conditions, the restricted field of view and need of high water clarity63, which was not always given in the 
study area.

Statistical analyses
To address the different research objectives established in this study, we divided our dataset into three subsets and 
fitted four separate Generalized Linear Mixed-Effects models (GLMMs) and one Generalized Additive Mixed-
effects model (GAMM). The first subset contained all data from tree sites and control sites. The second subset 
contained only data from tree sites, and the third subset contained all data from ‘small’ tree sites and mimic sites. 
Collinearity between all predictors was assessed using a pairwise scatterplot matrix with correlation coefficient 
(‘pairs’ function64) and only non-collinear predictors (Pearson correlation coefficient [r] within the ranges of 
− 0.3 to 0.3) were included within the models. WMI was correlated with the variables ‘root system perimeter’ 
(r = − 0.4) and ‘distance to the reef crest’ (r = − 0.4) and therefore excluded from the models. Location was included 
as a random effect in all models to account for the spatial dependence among sites (tree site, control site, and 
mimic site) within a sampling location (Fig. 1d).

In order to determine whether fish abundance is higher at tree sites than at control sites, a negative binomial 
GLMM65 was fitted to the first data subset, modelling fish abundance as a function of treatment (i.e., factor with 
levels tree site and control site) and distance to the reef crest (m). To test for an effect of tree size on fish abundance, 
we fitted a second negative binomial GLMM to the second data subset, modelling fish abundance as a function 
of root system perimeter, aspect (i.e., factor with levels leeward and seaward), and distance to the reef crest. To 
disentangle the influence of the physical characteristics of the trees (i.e., added shading and structural complex-
ity) from the effect of their biochemical characteristics on fish abundance, a third negative binomial GLMM was 
fitted to the third data subset, modelling fish abundance as a function of treatment (i.e. factor with levels small 
tree site and mimic), aspect (leeward vs. seaward) and distance to the reef crest (m). Aspect was later excluded 
from the model due to insignificant effects, which allowed for inclusion of the treatment factor level control in 
this model, which did not have a corresponding aspect variable.

To determine whether the presence of mangrove trees favors fish aggregations, a binomial GLMM was fit-
ted to the first data subset to model the presence/absence of fish shoals as a function of treatment (tree site and 
control site) and distance to the reef crest66. To test whether the probability of fish shoals aggregating within root 
systems, or the shoal size, were influenced by the root system perimeter, a GAMM was fitted to the second data 
subset, because model residuals of a GLMM indicated nonlinear patterns67. Variables included in this GAMM 
were distance to the reef crest and root system perimeter (the variable aspect was excluded from the GAMM because 
it did not explain a significant amount of variability). The smoothing terms and random effect structure for the 
GAMM were chosen based on the Akaike Information Criterion68. Since no fish shoals were recorded in small 
trees or mimics, we abstained from developing a model comparing the effects of these treatments on fish shoaling.

Models were tested for homoscedasticity and normality inspecting plots of model residuals vs. fitted values69,70. 
If assumptions of homogeneity of variance were not met, a variance structure was incorporated in the model 69. 
This was the case for the heterogeneous variance among treatments as well as with increasing distance to the reef 
crest, root system perimeter, and aspect (leeward/seaward). Initial models were simplified to optimal models 
using stepwise single- term deletions and comparing the AIC. Models were tested for overdispersion and spatial 
autocorrelation69. Post-hoc Tukey tests were conducted when a given treatment was a significant predictor71.

All statistical analyses were carried out in R version 3.5.064. GLMMs were fitted using the R package ‘glm-
mTMB’65 or ‘blme’66 and GAMMs were fitted using the R package ‘mgcv’67. All plots were created using ggplot272.

Ethics approval
All research was conducted in accordance with the research permit issued by the Fiji Immigration Department 
(permit no. PSRS1976555). Permission to conduct field work was obtained from the council and chief of Laucala 
village, who hold the traditional proprietary rights to the research area. Collection of fish abundance data was 
entirely non-invasive and therefore no animal welfare concerns arose.
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