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ABSTRACT: Understanding the ‘value’ of nursery habitats is increasingly perceived as essential
to conservation management of marine ecosystems globally. Yet, most work on this topic has
assumed that population dynamics are temporally and spatially static, which clearly oversimplifies
some highly complex and integral ecological processes. We used size-frequency data of fish
species from mangrove and seagrass habitats collected at various locations over a > 2 yr period to
explore demographic structure and variability along with potential factors (such as growth, food
abundance, and relative predation risk) that might encourage such variability. While demographics were skewed predominantly towards juveniles, older fish (up to 13 yr) were regularly
observed in some mangroves or seagrass beds, indicating relatively complex population demographics. Juvenile habitats varied substantially in both prey abundance and relative predation
risk — an effect that appeared to give rise to habitat-specific differences in somatic growth rates
and fish densities. Fish population size structure was further related to position within the seascape, suggesting complex spatial dynamics in the production of fish biomass. Our results demonstrate that effectively appraising juvenile habitats will be a more convoluted process than previously thought, as greater integration is needed between basic ecological processes (e.g. predation
risk and food availability) and population demography. Whereas current approaches often identify and manage single, complete nursery habitats based on those that contribute most individuals
to adult populations, our study shows that a more dynamic and spatially-explicit management
approach is needed, as nurseries have divergent benefits for separate life stages, species, and
locations.
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Tropical shallow-water habitats are widely acknowledged as critical settlement and juvenile habitats for myriad coral reef fish species, many of which
are commercially relevant (Beck et al. 2001, Nagel-

kerken 2009). However, environmental degradation
of these habitats (e.g. Valiela et al. 2001, Gillanders
2006) poses large-scale threats to the sustainability of
coastal fisheries that are poorly understood (Gibson
1994, Pihl et al. 2005, Sundblad et al. 2013). Because
of their importance to juveniles, these habitats are
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collectively referred to as ‘nurseries’ (Nagelkerken
2009), a concept that is reinforced by reduced predation risk and increased food abundance relative to
adult reef habitats (Laegdsgaard & Johnson 2001,
Verweij et al. 2006).
Support for the nursery function hypothesis in
nearshore habitats is largely based on the observation that high juvenile densities are found in these
habitats (see reviews by Blaber 2000, Nagelkerken
2009). However, the presence or absence of juveniles
in a habitat alone does not necessarily mean that it
is an essential habitat for the complete life cycle of a
species (Tupper & Boutilier 1995, Rypel & Bayne
2009). This is particularly true if the contribution of
this habitat to the production of individuals in the
adult population is minimal or even zero — as typically occurs in metapopulations with ecological sinks
(Hanski et al. 1996, Beck et al. 2001, Adams et al.
2006). Furthermore, contradictory evidence exists in
some systems that predation risk is not lowered
(Baker & Sheaves 2009a,b, Dorenbosch et al. 2009)
and food availability not increased in some nursery
habitats (Grol et al. 2008, Kimirei et al. 2013b).
Although many coastal environments are widely
recognized to subsidize adjacent reef fish populations
(Verweij et al. 2008, Mateo et al. 2010, Kimirei et al.
2013a), few studies have explored the ramifications of
population variability within nursery habitats. Mangroves and seagrass beds are dynamic environments
with variable fish recruitment, survival, and movement (Nagelkerken 2007), potentially leading to large
and important differences in population structure and
dynamics. For example, many individuals undergo
ontogenetic niche shifts moving from structurally
complex habitats containing predation refuges (Auster
et al. 1997, Dahlgren & Eggleston 2001) towards adult
habitats supporting rapid growth but lacking refuges
(Dahlgren & Eggleston 2000, Grol et al. 2011). However, these same juvenile habitats sometimes also
harbor growth-stunted resident adults that are sexually immature (Nakamura & Sano 2004, Faunce &
Serafy 2007, Unsworth et al. 2009, Kimirei et al. 2011).
It may be over-simplistic to refer to all nearshore habitats in the nursery function sense, especially considering that in-depth studies on population demography
in these habitats are almost completely lacking.
The current study evaluates demographic parameters (frequency distribution, mean, skewness, kurtosis, and mode) and length-at-age data to study size
structure and growth of 4 economically and ecologically relevant fish species, viz. Lethrinus harak, L.
lentjan, Lutjanus fulviflamma, and Siganus sutor,
among different coastal habitats in Tanzania. We

used density data collected over a period > 2 yr to
understand the degree of population stability and to
elucidate differences in growth rates among juvenile
habitats, and test their correlation with potential
environmental and biotic drivers, including food
abundance and predation risk. This information is
critical for understanding ecological processes affecting the function of coastal ecosystems, along with
improving conservation management initiatives of
adult fish populations on coral reefs.

MATERIALS AND METHODS
Study area
The study was conducted in mangroves and seagrass beds at 2 locations, Mbegani and Kunduchi, in
Tanzania. The Mbegani area is characterized by
non-estuarine mangroves, dominated by Sonneratia
alba on the seaward side (Fig. 1a). Visual surveys
were done in the S. alba root zone during high tide
(~1.5 m). Freshwater input is only substantial during
the rainy season (March to May), through an intermittent river. Seagrass in the intertidal zone is dominated by Thalassia hemprichii (> 60% bottom cover).
Surveys were done at approximately 2 m water depth
in T. hemprichii beds. The adult habitats (coral reefs,
deep mudflats) are located 6 to 9 km away from the
mangroves (for a detailed spatial arrangement of the
habitats, see Kimirei et al. 2011).
The Kunduchi area in Dar es Salaam, on the
other hand, has a mangrove-lined creek (Manyema
Creek), an extensive shoreline seagrass bed, and
nearshore islands with shallow mudflats, seagrass
beds, and fringing coral reefs which are separated
from the mainland by a 15 m deep channel running
almost parallel to the coastline (Fig. 1b). Visual surveys in the mangroves were done during high tide at
~1.5 m water depth in the Manyema Creek, which
is dominated by S. alba along its banks. The creek
receives substantial freshwater input only during
heavy rainfall. The seagrass bed along the shoreline
of the mainland mainly consists of T. hemprichii, and
ranges in depth from 0.5 to 5 m. Fish surveys were
done during high tide at ~2.5 to 3 m depth.
Bongoyo and Mbudya Islands are located 1.5 to
3 km from the Kunduchi shoreline. The vertical
gradient of habitats on the islands is a shallow seagrass bed consisting of mixed species (0−2 m depth);
a shallow fringing coral reef (2−4 m depth); a shallow
mudflat at 4 m depth that is approximately 5 m wide;
and a deeper seagrass bed (4−10 m depth) domi-
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Fig. 1. Study locations in Tanzania: (a) Mbegani and (b) Kunduchi, showing all sampling sites (d). Data were collected in mangroves and seagrass beds near the mainland at both locations, and in seagrass beds close to nearshore islands in the Kunduchi
area (Mbudya and Bongoyo Islands). SgM: seagrass bed Mbegani; SgK: seagrass bed Kunduchi; SgMb: seagrass bed Mbudya;
SgBo: seagrass bed Bongoyo; MgM: mangrove Mbegani; MgK: mangrove Kunduchi

nated (> 60% cover) by T. hemprichii (Kimirei et al.
2011). Visual surveys on the islands were conducted
only for the deep seagrass beds.

Sampling design
The study focused on 4 economically important fish
species: Lethrinus harak, L. lentjan, Lutjanus fulviflamma, and Siganus sutor. All 4 species can be
described as ontogenetic shifters sensu Adams et al.
(2006) (see Nakamura & Tsuchiya 2008, Unsworth et
al. 2008). In our study area, results suggest that these
fish move from seagrass (primarily) and mangrove
(secondarily) habitats to deeper, offshore coral reef
and soft substratum habitats (Kimirei et al. 2011).
Furthermore, for 3 of the species (L. harak, L. lentjan,
L. fulviflamma), we confirmed for our study area,
using stable carbon and oxygen isotope signatures in
their otoliths, that they shift ontogenetically from
nearshore vegetated habitats to deeper offshore reef
areas (Kimirei et al. 2013a). The size (total length in
cm, TL) at first maturity, defined as the size at which
50% of all individuals were mature, was about 17 cm
for L. harak in seagrass beds, 14 cm for L. lentjan in
seagrass beds, and 16 cm for L. fulviflamma in

mangroves and seagrass beds (Kimirei et al. 2013b).
Size at first maturity for S. sutor is approx. 22 cm
(Kamukuru 2009).
Density and size (TL) estimations of the 4 species
were performed in mangroves and seagrass beds
during daytime using underwater visual census
(Nagelkerken et al. 2000b). The advantages and disadvantages of this method are discussed by English
et al. (1994). To minimize disturbance to fishes, divers
swam transects at a speed no more than 10 m min−1
and unrolled the transect line while counting target
fish species and estimating sizes.
Fish size, density, and species recognition were
practiced thoroughly in the field prior to census commencement. Size estimation was practiced by estimating sizes of objects (of different sizes at different
distances) underwater and measuring actual sizes following estimation; this was continued until size estimation was precise. Size estimation was also repeated
regularly during the study period so as to eliminate
any discrepancy in estimation over time. Multiple,
spatially (> 30 m) separated belt transects (4 m wide ×
50 m long) were randomly placed at each study site.
Sites were relocated using a GPS (Map 60, Garmin).
About 3 transects were sampled per mangrove or seagrass site at Mbegani and Kunduchi, while at Mbudya
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and Bongoyo Islands, 1 or 2 transects per site were
sampled for each census. All censuses were performed
during neap tide over 25 successive months (March
2007 to March 2009). The target sampling effort was
twice per month, depending on weather conditions
and water clarity. In total 112, 178, 186, and 80 replicate transects were censused in the seagrass beds at
Mbegani, Bongoyo Island, Mbudya Island, and Kunduchi, respectively; for the mangroves at Mbegani
and Kunduchi, the numbers of replicate transects
were 172 and 113, respectively. For each of the 6 (see
Fig. 1) habitat/location combinations (further referred
to as ‘habitat types’), data were averaged across sites
and months to account for the differences in sampling
effort. Snorkeling was used to survey shallow seagrass
beds at Mbudya and Bongoyo Islands and in the mangroves at Kunduchi and Mbegani, while SCUBA diving was used for the deep seagrass beds at Mbudya
and Bongoyo Islands.
Environmental variables (seawater temperature,
salinity, water clarity, and survey depth) were measured on each survey day (approx. every 2 wk). Seawater temperature and salinity were measured using
a Hach SensIon5 conductivity meter, while water
clarity (horizontal Secchi distance) was measured
using a transect line. All environmental variables
were measured at the surface, except visibility,
which was measured at the same depth as where the
fish censuses were done.
Individuals of 3 fish species (L. lentjan, L. fulviflamma, and S. sutor) were collected from the mangroves and seagrass beds for age estimation by analysis of otolith sagittae. Fishes from the mangroves
were collected at low tide from creeks that remained
partly inundated and therefore represent mangroveassociated fish rather than fish showing tidal movements between mangroves and seagrass beds. The
number of otoliths aged for each species were: L. lentjan (mangrove: 0; seagrass: 125), L. fulviflamma (86,
159), and S. sutor (0, 44). Insufficient specimens of L.
harak were obtained for this species to be included.
All fish collections took place at approximately the
same sites, but on different days, as the underwater
visual census surveys. Due to continuous inflow and
outflow of fishes with the tides, the collection of the
fishes for otolith analysis is unlikely to have had any
effect on the fish densities. Fishes from mangrove
habitat were collected with a 1 × 10 m seine dragged
against the current during outgoing tide (towards the
end of ebbing tide). Hook and line angling and a fyke
net were used at low tide to supplement fish catch in
the mangrove habitat and guard against gear selectivity in fish size. Fishes from the seagrass beds were

purchased from local fishermen who used beach
seines at low tide. Otolith sagittae were removed and
used to estimate the age of each fish. Each otolith was
cross-sectioned using standard methodology (Maceina 1988) and examined under a dissecting microscope utilizing reflected light. Ages were determined
blindly (i.e. with no knowledge of the sample number
or fish size) twice by an experienced reader, and discrepancies between reads 1 and 2 (4% of all samples)
were settled using another experienced reader.
Potential fish prey items were sampled using a 50 ×
50 cm quadrat, which was randomly placed at each
study site. All flora and loose substrate within the
quadrat were then collected by hand and placed into
a bag. Only epifauna were collected because the
studied fish species feed on slow-moving prey on the
substratum or those associated with the vegetation
(Carpenter 1996), while S. sutor is a herbivore. For
seagrass beds, all seagrass shoots were carefully cut
and collected into a hand-closed plastic bag to minimize escape of prey. For mangroves, the roots were
cut off and all loose pieces collected in a plastic bag.
A total of 6 and 13 quadrats (replicates) were sampled in the mangrove and seagrass habitats, respectively (for details, see Kimirei et al. 2013b).
Differences in relative predation risk among habitats were estimated using tethering experiments with
one of the focal species (L. fulviflamma). Insufficient
specimens were available to conduct experiments using the other species. Although only 1 species was
tested, juveniles of the 2 Lethrinus species showed
very similar behavior and habitat use. Relative predation risk for L. fulviflamma does not provide exact
measures for predation risk of the other species, but
considering the large differences in predator size and
densities across habitats it is likely that habitat has a
larger effect on predation risk of these juvenile fish in
this case than fish species per se. Such an approach
has previously also been used in other studies comparing coastal habitats (e.g. Hammerschlag et al.
2010). Fish of 1 to 4 cm TL were tethered during daytime at all seagrass and mangrove locations following
the protocol of Dorenbosch et al. (2009). Individuals
were attached by a barbed hook through the lower
jaw to a light monofilament line (50−80 cm length).
The line was attached to an iron pole (~40 cm height)
that was anchored into the substratum. The monofilament line was rated at ~5 kg breaking force, ensuring
that fish could not cut loose from the line. Fish were
able to hide within the surrounding vegetation on the
seagrass beds, or between the mangrove roots. Each
tethering trial lasted 90 min, and at 30, 60, and 90 min
following placement, we assessed whether the fish

Kimirei et al.: Challenges in assessing juvenile habitats

was alive (i.e. survived) or had clearly been attacked
or eaten (i.e. hook and/or part of the line missing).
Fish that were dead on the hook or detached (i.e. line
and hook undamaged) were excluded from the analysis. One trial was conducted for each habitat per
site, during which 9 to 14 fish (replicates) were tethered simultaneously. The time interval at which a fish
was found missing from the tether (i.e. either 30, 60,
or 90 min) was noted and averaged across individuals
for each habitat per location. Other studies have also
used similar tethering durations as the present study
(Shulman 1985, Dorenbosch et al. 2009, Hammerschlag et al. 2010). Although tethering experiments
are commonly used to measure relative predation potential/risk in fishes and invertebrates (e.g. Shulman
1985, Wilson et al. 1990, Dahlgren & Eggleston 2000,
Baker & Sheaves 2007, Dorenbosch et al. 2009,
Kimirei et al. 2013b, Grol et al. 2014), they also produce biases/artifacts that can confound results (see
Peterson & Black 1994). Nonetheless, possible tethering artifacts among treatments were comparatively
similar since the same tethering method was used
across all habitats (Aronson & Heck 1995).

Data analysis
To evaluate demographic patterns, average densities per species, per 1 cm size and 0.5 yr age classes,
per habitat, and per location were computed across
months and years, and used for size/age-frequency
analysis. To transform the size-frequency graphs (see
Fig. 2) to age-frequency graphs (see Fig. 3), fish sizes
were converted into age (see age analysis below)
using equations derived from age−length regressions
specific to species and habitats (because of the difference in regressions across species and habitats; see
Fig. 4). Demographic shape parameters (mean, standard deviation, mode, skewness, kurtosis, and the
probability that data were normally distributed) were
computed for size and age distributions. Frequency
distributions were compared to a normal distribution
and to one another using 1-sample KolmogorovSmirnov (K-S) tests and 2-sample K-S tests, respectively. In total, there were 15 frequency-distribution
comparisons per species, with a Bonferroni correction for the 2-sample K-S tests.
Growth analysis was based on fish age obtained
from the otolith analyses. For each species, fish
growth was modeled using the Von Bertalanffy
Growth Function, Lt = L ∞ (1 − e−k(t − t 0)), where Lt =
length at time t, L ∞ = the theoretical maximum
length, k = a growth coefficient (the rate at which
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length approaches L ∞), t = fish age in years, and t 0 =
theoretical time at age 0. However, because growth
is completed over several habitat types, and is generally non-asymptotic, differences in growth between
habitats for each species (e.g. seagrass versus mangrove) were evaluated using analysis of covariance
(ANCOVA) combined with Tukey’s post hoc tests.
In these models, TL was the dependent variable,
log10(age) was a covariate, and habitat type was a
categorical variable (Rypel 2011).
Similarity among habitat types in fish sizefrequency distributions (see Fig. 2) was analyzed
using the program PRIMER version 6 (Clarke & Warwick 2001). Fish densities were first averaged across
sites and transects within habitat types. All data were
then square-root transformed, and Bray-Curtis similarity coefficients were calculated among the habitat
types. The potential relationship between environmental variables (standardized by subtracting the
mean and dividing by the standard deviation for that
variable) and the fish size-frequency distributions
were then assessed, for each fish species separately,
using the BIO-ENV procedure (Clarke & Warwick
2001), which calculates the correlation (Spearman
rank) between the similarity matrices of the biological (Bray-Curtis) and environmental (Euclidean)
data. All significances for the above tests were calculated on the basis of 999 permutations. The environmental factors consisted of seawater temperature,
salinity, water clarity, and survey water depth, while
the biological factors consisted of survival from predation (for one target species) and total density of
available prey items. These data were collected in
the same habitats as the fish data. Only prey items for
zoobenthivorous fishes were quantified, and for the
current study this consisted of the summed density of
all worms, amphipods, crabs, and shrimps counted in
replicate 50 × 50 cm quadrats per habitat. The food
items considered in the analysis were confirmed to
be the focal food resources for the selected species
through stomach content analysis of the same individuals as caught for age determination; these diet
data are reported elsewhere (Kimirei et al. 2013b).

RESULTS
Demographic structure
Thirteen (57%) of the 23 size-frequency distributions and 9 (45%) of the 20 age-frequency distributions followed a normal distribution (Table 1). Skewness (g1), a parameter that describes symmetry
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around the mean of a frequency distribution, was
positive for all 23 and 20 cases for length and age,
respectively, indicating that the distributions were
asymmetrical around the mean, in favor of small and

young individuals. Kurtosis (g2) is a parameter which
describes the peakedness of a distribution near its
central mode. Almost all distributions were peaked
(i.e. leptokurtic: g2 > 0), and some species showed

Table 1. Distribution parameters of density data for 4 fish species in 2 habitats at different locations (4 seagrass beds: Mbegani,
Kunduchi, Mbudya, and Bongoyo; and 2 mangroves: Mbegani and Kunduchi) for (a) total length and (b) age. SD: standard
deviation; Pnorm: probability that data are from a normal distribution (if Pnorm > 0.05; one-sample Kolmogorov-Smirnov test
using Lilliefors adjusted probability); g1: skewness; g2: kurtosis; n: total number of individuals observed in the field
(a) Total length
Species

Habitat

Location

Mean length

SD

g1

g2

Pnorm

Mode length

n

Lethrinus harak

Seagrass

Mbegani
Kunduchi
Mbudya
Bongoyo
Mbegani
Kunduchi

7.1
10.5
18.9
20.8
13.5
9.0

2.8
5.9
3.6
0.4
5.4
1.4

1.8
1.2
4.0
4.1
1.7
3.0

3.3
0.4
16.9
17.1
2.9
7.6

0.186
0.113
0.003
< 0.001
0.082
< 0.001

6
5
21
21
12
8

648
22
217
9
26
2

Mbegani
Kunduchi
Mbudya
Bongoyo
Mbegani
Kunduchi

7.0
9.3
7.6
7.9
7.3
8.0

2.8
4.5
3.0
3.0
2.0
0.0

1.2
1.9
1.7
1.7
1.7
4.6

0.3
2.6
2.4
1.9
2.1
21.0

0.219
0.001
0.108
0.065
0.003
< 0.001

5
5
5
5
6
8

234
10
849
295
11
2

Mbegani
Kunduchi
Mbudya
Bongoyo
Mbegani
Kunduchi

6.8
6.9
17.5
7.7
8.8
9.8

2.2
2.9
3.3
1.2
3.5
4.1

1.7
2.2
1.3
3.5
1.2
0.8

2.2
5.6
0.4
12.6
0.4
−0.8

0.030
0.110
0.071
< 0.001
0.100
0.252

5
5
21
7
10
10

444
127
98
3
271
367

Mangrove

Mbegani
Kunduchi
Mbudya
Bongoyo
Kunduchi

5.2
3.4
7.6
7.2
8.7

2.8
1.3
3.9
5.0
4.1

2.5
3.2
1.8
3.7
3.5

6.7
11.3
2.9
15.6
12.9

0.090
0.009
0.086
0.077
0.001

3
3
5
2
13

1887
21492
3838
2958
28

(b) Age
Species

Habitat

Location

Mean age

SD

g1

g2

Pnorm

Mode age

L. harak

Seagrass

Mbegani
Kunduchi
Mbudya
Bongoyo
Mbegani
Kunduchi

3.0
3.7
3.8
6.7
4.2
2.4

1.6
2.2
1.9
0.0
1.9
0.3

2.1
1.6
3.1
2.7
2.3
1.4

3.9
2.5
10.2
7.0
4.1
1.0

0.054
0.240
0.085
0.002
0.259
0.003

2
2
7.5
7.5
4
3

648
22
217
9
26
2

Mangrove
Lethrinus lentjan

Seagrass

Mangrove
Lutjanus fulviflamma

Seagrass

Mangrove
Siganus sutor

Seagrass

Mangrove

n

L. lentjan

Seagrass

Mbegani
Kunduchi
Mbudya
Bongoyo

3.2
3.0
3.9
3.9

1.6
1.5
2.4
2.4

2.5
2.3
2.7
2.6

6.1
4.9
7.2
6.1

0.013
0.001
0.022
0.009

2
2
2
2

234
10
849
295

L. fulviflamma

Seagrass

Mbegani
Kunduchi
Mbudya
Bongoyo
Mbegani
Kunduchi

2.6
2.6
6.2
1.9
4.3
4.4

1.4
1.3
2.5
0.0
2.8
3.6

2.2
3.1
1.1
4.4
1.7
1.5

3.8
10.5
0.2
19.0
1.7
0.6

0.004
0.034
0.160
< 0.001
0.017
0.006

2
1.5
6
2
1.5
2

444
127
98
3
271
367

Mbegani
Kunduchi
Mbudya
Bongoyo

1.6
1.4
2.1
2.1

0.6
0.5
0.9
0.9

1.5
1.9
2.3
0.8

0.7
2.9
5.6
−0.9

0.378
0.087
0.607
0.651

1.5
1
1.5
1

1887
21492
3838
2958

Mangrove
S. sutor

Seagrass
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extreme peakedness in some habitats, which can be
partly explained by recruitment peaks. The population structure of all 4 species was dominated by small
individuals (18 of 23 length modes ≤ 10 cm TL). The
mode for age varied largely between 1 and 4 yr,
although some individuals stayed in seagrass beds
up to an age of 11 yr and in mangroves up to 13 yr
(see Fig. 3).
Size/age-frequency distributions revealed variations among habitats and locations in size and age
modes (Figs. 2 & 3). Differences were generally
caused by distributions being skewed either towards
the smaller or towards the larger size and age
classes. In addition, some habitats at some locations
harbored a wide range of fish sizes and ages, while
others were only represented by few size or age
classes. Across species, the largest and oldest individuals were most often observed at the seagrass
beds of Mbudya and Bongoyo islands as opposed to
the seagrass beds along the mainland.
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Potential environmental and biotic drivers
Habitat and location differences in demographic
structure showed strong correlations with environmental or ecological factors. For Lethrinus harak, the
combination of temperature and relative survival
from predation (BIOENV, R = 0.532; with both factors
contributing approximately equally) best explained
the similarity among habitat types based on the sizefrequency distributions of the fish. Habitats and locations with highest relative survival (Table 2; using
data of Lutjanus fulviflamma as a proxy for all species)
also showed highest abundances of small (~ < 8 cm)
fish (Fig. 2a). Furthermore, the 2 largest size-classes
of L. harak predominated in abundance at the 2 offshore seagrass beds of Mbudya and Bongoyo Islands
which were characterized by greater depths with
high water clarity (Table 2). For Lethrinus lentjan, the
combination of temperature and food abundance best
explained the similarity in size-frequencies among

Fig. 2. Frequency distributions (on basis of total length) of 4 fish species from 2 main juvenile habitats (seagrass bed and mangroves) from 2 spatially separated locations (Mbegani and Kunduchi). Note different scales on the vertical axes. Letters show
significant differences (p < 0.05) in the shape of the distributions among the various habitats for each fish species, based on
2-sample Kolmogorov-Smirnov tests and a Bonferroni correction. See habitat abbreviations in legend of Fig. 1
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Fig. 3. Frequency distributions (on basis of age, in 0.5 yr increments) of 4 fish species from 2 main juvenile habitats (seagrass
bed and mangroves) from 2 spatially separated locations (Mbegani and Kunduchi). Note different scales on the vertical axes.
Letters show significant differences (p < 0.05) in the shape of the distributions among the various habitats for each fish species,
based on 2-sample Kolmogorov-Smirnov tests and a Bonferroni correction. See habitat abbreviations in legend of Fig. 1

habitat types, but with food only increasing the correlation coefficient to a small degree (BIOENV, R =
0.711 for temperature vs. R = 0.752 for temperature
and food). For L. fulviflamma, water depth alone best
explained the similarity in size-frequencies among
habitat types (BIOENV, R = 0.466), and the offshore
seagrass beds at Mbudya and Bongoyo Islands har-

bored the highest abundances of large- (~ >17 cm)
and intermediate- (~ 7−9 cm) sized fishes, respectively
(Fig. 2c). For Siganus sutor, temperature alone best
explained the similarity in size-frequencies among
habitat types (BIOENV, R = 0.606). Temperature correlated to the size-distribution patterns for 3 of the 4
species and was higher in mangroves than in seagrass

Table 2. Mean (SD) values of various environmental and biological factors in the different mangrove and seagrass habitats and
locations. Food items are presented as the summed density of all worms, amphipods, crabs, and shrimps counted in replicate
50 × 50 cm quadrats per habitat. Survival from predation is based only on experiments with Lutjanus fulviflamma as prey
Location

Mangrove Mbegani
Mangrove Kunduchi
Seagrass Mbegani
Seagrass Kunduchi
Seagrass Mbudya
Seagrass Bongoyo

Temperature
(°C)

Salinity
(‰)

Water clarity
(m)

Depth
(m)

Food
(ind. m−2)

Survival from predation
(min)

29.4 (2.7)
29.8 (2.3)
28.3 (1.8)
28.3 (1.3)
28.4 (1.4)
28.4 (1.4)

33.9 (1.6)
33.8 (1.2)
33.7 (1.1)
35.7 (2.6)
34.3 (0.8)
34.2 (2.1)

3.2 (1.1)
2.1 (0.2)
6.6 (0.7)
3.7 (1.5)
7.2 (0.9)
7.5 (1.9)

1.2 (0.3)
1.3 (0.4)
2.1 (0.7)
3.0 (2.4)
5.5 (0.7)
5.5 (1.2)

79.9 (42.5)
17.2 (32.7)
13.2 (13.0)
48.0 (22.6)
37.1 (43.5)
15.2 (3.9)

71 (36)
17 (26)
75 (30)
23 (30)
66 (36)
9 (20)
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beds (Table 2); however, other non-measured (a)biotic
factors that are collinear with temperature and that
typically differ between mangrove and seagrass habitats may have been responsible for this pattern.

Growth
Length-at-age differed among habitats and locations for all species, indicating that juveniles of these
species had different growth rates in different juvenile habitat types (Fig. 4). Length-at-age for L. lentjan was significantly reduced (ANCOVA, F1, 31 = 97.6,
p < 0.001, r2 = 0.8) in the seagrass bed at Mbegani
compared to the other 2 seagrass locations which had
similar growth rates (p = 0.171). Juveniles of L. fulviflamma had a significantly larger size-at-age in the
mangroves than in the seagrass bed at Mbegani
(ANCOVA, F1, 23 = 559.5, p < 0.001, r2 = 0.9). Lengthat-age for S. sutor juveniles in seagrass beds varied
significantly in the order Mbudya > Mbegani > Bongoyo (ANCOVA, F1, 35 = 279. 4, p < 0.001, r2 = 0.9).
In contrast to the growth differences (Fig. 4), sizefrequency distributions of L. lentjan and L. fulvi-
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flamma did not differ in shape among the mangroves
and seagrass beds for which length-at-age was determined (Fig. 2). However, total potential food abundance varied among juvenile habitat types and mirrored habitat differences for the 2 zoobenthivorous
fish species in somatic growth rates. Potential food
abundance for L. lentjan and L. fulviflamma was lowest in the seagrass bed at Mbegani, highest at Mbudya seagrass beds and Mbegani mangroves, and
intermediate at Bongoyo seagrass beds (Table 2).

DISCUSSION
Coastal marine habitats are regularly and rightly
acknowledged for being critical nursery areas for
juvenile coral reef fishes (Parrish 1989, Beck et al.
2001, Nagelkerken 2009). Yet, while species clearly
depend on these habitats during juvenile life stages,
this does not imply that all nearshore habitats function equally in their nursery potential (Gillanders et
al. 2003, Nagelkerken & van der Velde 2004, Sheaves
2005, Sheaves et al. 2010, Kimirei et al. 2011, Huijbers et al. 2013). The present study revealed high

Fig. 4. Length-at-age relationships for 3 fish species in mangrove and seagrass habitats at various locations fitted to a
power function (allometric). Sg: seagrass; Mg: mangroves.
Age was based on analysis of otolith growth rings
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juvenile densities at many shallow-water sites harboring mangrove or seagrass vegetation. However,
larger size classes composed of older, non-reproductive fish (see Kimirei et al. 2013b) were frequently
intermingled with juveniles in varied numbers. Some
habitats harbored predominantly small individuals,
some harbored mainly large specimens, while others
harbored small individuals as well as large adults.
This finding indicates that mangrove and seagrass
habitats can function quite differently and have
divergent benefits for separate life stages, species,
and locations.
Seascape structure (i.e. the spatial mosaic and patterning of habitat patches at the landscape level)
could play a major role in the differential responses
of demography to habitat (Dorenbosch et al. 2006,
Olds et al. 2012). While the present study was not
focused on relating specific seascape metrics to fish
population metrics, some clear patterns emerged that
appeared to be linked to the larger-scale seascape
structure at our study sites. Mangroves were colonized at high tide by a wide size and age range of
Lutjanus fulviflamma. Mangrove habitats are often
not permanently accessible by fish, especially in the
Indo-Pacific region, due to high tidal ranges of several meters. This tidal variability creates accessibility
windows for fish to these habitats whereby mangroves can only be transiently accessed during high
tides (Sheridan 1997, Sheaves 2005, Lugendo et al.
2007). Thus, the ‘value’ of these mangrove habitats
and their suitability as juvenile habitats likely differs
from ecosystems in which mangroves are perpetually
connected (e.g. in the Caribbean: Nagelkerken 2009,
Jones et al. 2010). Utilization of more ‘temporary’
habitats by small/juvenile fishes clearly can present
fitness advantages (e.g. lower predation risk: Sheaves
2001, 2005). However, our data show that mangroves
were also frequently used by large individuals, suggesting that this habitat also provides some benefit to
older, adult fish. This benefit can be related to the
structural complexity of mangroves (Huijbers et al.
2011), yet in our study, mangroves at Mbegani had
higher food abundance than the adjacent seagrass
beds, and growth rates were higher in mangroves
than the seagrass beds for all size classes of L. fulviflamma. Thus, overlap in mangrove habitat use by
juvenile and adults in our study area might also be
facilitated by high food abundances that enhanced
somatic growth.
Seagrass beds showed a stronger disparity in sizeand age-class distributions compared to mangroves.
Whereas seagrass beds along the continental coastline harbored a wide range of sizes for all species, the

largest/oldest specimens were mainly found in seagrass beds at greater depths surrounding the nearshore islands. For Lethrinus harak and L. fulviflamma, the islands’ seagrass beds did not harbor any
small individuals. The close proximity of coral reefs
and deeper waters give the islands’ seagrass habitats
the potential of being used by larger reef predators,
which was most evident at Bongoyo Island that
showed the lowest of all relative survival rates for L.
fulviflamma. Seagrass beds away from mangroves
may therefore provide less fitness benefits for smaller
predation-prone individuals than shallower and
shoreline seagrass beds isolated from reefs.
In contrast to the prevailing paradigm that nearshore habitats are exclusively nursery areas for
small, juvenile fishes (Parrish 1989, Nagelkerken
2009), our study revealed that these habitats are also
frequently utilized for long-term residency by adult
fishes. Fishes that colonize mangrove and seagrass
beds during settlement apparently can remain in
these habitats for long periods (Gillanders et al.
2003), in our case up to an age of 13 yr. In fact, in our
study the majority of individuals in these habitats
were older than 13 mo, a pattern that differs substantially from that observed for different species and
ecosystems (Gillanders et al. 2003). These important
variations in fish demography of coastal habitats
have implications for habitat productivity and population/ecosystem connectivity (Sheaves 2009). Longterm residence by larger adult predators in putative
juvenile nursery habitats affects fish communities.
Larger fish would likely act as stronger competitors
to juveniles utilizing more food sources (Almany
2004, Baker & Sheaves 2005), and could alter (i.e.
delay) the timing of ontogenetic diet shifts of juveniles from macrofauna to fish (Kamukuru & Mgaya
2004, Dorenbosch et al. 2009). Larger fish may also
become predators on the juveniles themselves, either
inter-specifically (Sheaves 2001) or via cannibalism
(Manica 2002). Thus, some nursery areas may actually be less effective as nursery habitat, an important
observation that suggests production in these habitats could also be subject to a nursery effect. Secondary production variations are heavily leveraged by
density and biomass of juvenile age classes in particular (Valentine-Rose et al. 2007, Benke 2010).
Predicting nursery function and value at large
spatio-temporal scales will be exceedingly difficult.
For example, higher juvenile densities have been
observed in the study area during the wetter, warmer
periods of the year (i.e. during the NE monsoon;
Kimirei et al. 2011), suggesting that this is the primary recruitment period. Thus, demographic vari-
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ability in time and space could be related to several
controlling factors such as tidal regime (especially
for mangroves), climate cycles (Hare et al. 1999,
Schindler et al. 2008), food availability, alternative
habitat/microhabitat availability (Dorenbosch et al.
2004), mortality, and predation (Phelan et al. 2000,
Sheaves 2005). Furthermore, survival and somatic
growth rates of fish were highly variable across habitats and even within habitat type alone; for example,
spatially separated seagrass beds that were unlikely
to be connected by daily fish movements due to their
large distance of separation often had divergent survival and growth rates for the same species.
We contend that nurseries, and the process of appraising their function and value, are extremely complex and should be handled on a case-by-case basis.
It should be acknowledged that this study focused on
a specific location (coastal Tanzania) containing a
relatively narrow range of habitats in the grand
scheme of marine ecology. Thus, similar studies in
other oceans, eco-regions, or ecosystems could produce divergent results — e.g. more homogenous levels of food availability, predation, growth, and usage
across habitats and age-classes. Based on our knowledge of numerous marine environments, however,
this would likely be the extreme exception rather
than the rule. Even within our study area, fish demography could be similar across several seagrass beds,
but growth rates would differ significantly with food
abundance while fish densities differ significantly in
accordance with relative predation risk. Thus, some
seagrass beds were highly productive (i.e. those with
higher growth as well as relative survival rates) while
others were not, meaning that their contribution to
adult populations was probably much larger.
The current study revealed how the same type of
shallow water habitats can often yield highly dissimilar demographic or ecological patterns. Food
abundances and relative predation risk (using L.
fulviflamma as a proxy for all species) varied significantly within and among habitat types and closely
mirrored patterns in fish growth, leading to potential
differences in productivity and turnover rates. Distance to adjacent reefs and water depth can apparently also actuate demographic change (e.g. by facilitating ingression of large predators). Evaluating the
nursery potential of essential juvenile habitats in any
sort of official capacity is bound to be highly complex
and fraught with uncertainty due to within-habitat
variability of nursery role measures, complicated by
the fact that these factors are not temporally static.
Therefore, occupancy of putative nursery or essential
habitat will depend on the quality of these habitats.
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Low- and high-quality habitats or habitat patches
may thus function as sinks and sources of population
propagules, respectively (Hanski 1994, Huijbers et al.
2013). The source habitats help maintain populations
in an ecosystem. However, with the current rate of
habitat fragmentation and environmental perturbation, habitat quality may continue to deteriorate,
which in the near-term is likely to turn more source
habitats into sinks (Schreiber & Kelton 2005). It is
therefore necessary to conserve networks of habitat
patches (Nagelkerken et al. 2015), including sinks, to
ensure sustainability of and continued provision of
ecosystem services (Hanski et al. 1996, Palumbi et al.
2009). The identification and valuation of critical habitats remains one of the principal challenges to the
conservation and management of marine ecosystems
(Duarte et al. 2008). We do not wish to discourage active conservation efforts that employ an approach
driven by values based on ecosystems as a whole.
Rather, our study suggests that multiple subtypes or
patches within the seascape of essential habitat may
be needed to more fully sustain coastal populations,
perhaps making conservation of mangrove and seagrass habitat more complex than previously thought.
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