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HABITAT FRAGMENTATION DECREASES FISH SECONDARY
PRODUCTION IN BAHAMIAN TIDAL CREEKS

L. Valentine-Rose, C. A. Layman, D. A. Arrington, and A. L. Rypel

ABSTRACT

We provide an example of how fish secondary production can be used to assess
effects of anthropogenic stress on ecosystem function. Specifically, we demonstrate
that fragmentation of hydrologic connectivity in small tidal creeks on Andros Is-
land, Bahamas, decreases secondary production by as much as an order of magni-
tude for five economically important fish species: gray snapper (Lutjanus griseus
Linnaeus, 1758), schoolmaster snapper (Lutjanus apodus (Walbaum, 1792)), cubera
snapper (Lutjanus apodus cyanopterus (Cuvier, 1828)), blue striped grunt (Haemu-
lon sciurus (Shaw, 1803)), and sailor’s choice (Haemulon parra (Desmarest, 1823)).
We conducted more than 800 individual quadrat surveys, in eight creeks that varied
in degree of habitat fragmentation, to estimate total biomass for the focal species.
Biomass values were multiplied by in situ or published growth rates to calculate an-
nual secondary production. Differences in estimates of secondary production among
creeks were attributable to fewer species, fewer individuals, and smaller individuals
in fragmented creeks. Secondary production estimates are a useful way to measure
responses of ecosystem function to anthropogenic stress because they are a com-
posite value that incorporates many important aspects of ecosystem function.

Habitat degradation and alteration is a fundamental cause of global declines in
biodiversity and loss of critical ecosystem services (Naeem et al., 1994; Heywood
and Watson, 1995; Chapin et al., 1997, 1998; Vitousek et al., 1997; Tilman, 1999).
Habitat fragmentation, or the sub-division of natural ecosystems (Saunders et al.,
1991; Fahrig, 2002, 2003), is one of the most common forms of habitat alteration.
In aquatic systems, fragmentation of hydrologic connectivity, i.e., blocking water-
mediated transfer of matter, energy, or organisms within or between elements of the
hydrologic cycle (Pringle, 2001, 2003a,b), is one of the most common anthropogenic
impacts (Holmquist et al., 1998, Benstead et al., 1999, March et al., 2003).

In estuarine ecosystems, habitat fragmentation is wide-spread and particularly
damaging to ecological integrity of the systems (Ray, 2005). Tidal flow is a primary
physical driver in estuaries, and restricting tidal flow alters physicochemical param-
eters as well as floral and faunal community structure (Roman et al., 1984; Warren
et al., 2002). While there are many studies on effects of fragmentation in rivers (For-
man and Alexander, 1998; Trombulak and Frissell, 1999; Pringle, 2003b; Taylor et al.,
2006) and in temperate estuaries (Burdick et al., 1997; Eertman et al., 2002; Roman
et al, 2002; Tanner et al., 2002; Raposa and Roman, 2003; Ray, 2005), there has been
little research in tropical systems (but see Holmquist et al., 1998; Benstead et al.,
1999; March et al.,, 2003; Layman et al., 2004b). Layman et al. (2004b) reported that >
80% of mangrove-lined tidal creek ecosystems on the east coast of Andros Island (the
largest island in the Bahamas archipelago) were fragmented to some degree, caus-
ing substantial shifts in fish assemblage structure. Whereas this and other studies
conducted in tropical coastal systems have documented aspects of altered commu-
nity structure following fragmentation, effects on composite measures of ecosystem
function (i.e., ecosystem processes) remain poorly understood (but see Mallin and
Lewitus, 2004).
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Secondary production, the accumulation of animal biomass over time, is one
composite measure of ecosystem function (Benke, 1993). Secondary production is
an ideal measure in assessing the nursery function of coastal ecosystems, i.e., ability
to support large densities of juvenile marine biota and export these biota to offshore
habitats, as it is a comprehensive measure of biomass, growth, and survival of organ-
isms—three of the four core criteria for a nursery area (Beck et al., 2001; Dahlgren
et al., 2006). Secondary production estimates recently have been used to assess the
functional value of putative nursery habitats, e.g., oyster reefs (Peterson et al., 2003),
artificial patch reefs (Powers et al., 2003), seagrass (Edgar and Shaw, 1995¢; McCay
and Rowe, 2003), and salt marshes (McCay and Rowe, 2003). For example, Peterson
et al. (2003) used secondary production to show that oyster reef restoration could
increase fish biomass values by as much as 5 g m= y* over 30 yrs. In similar fash-
ion, secondary production studies may be an excellent way to quantify effects of es-
tuarine habitat fragmentation, as fragmentation may result in decreased organism
abundance and size (Valentine-Rose et al., in press), two core components of produc-
tion. In the present study, we describe differences in secondary production between
unfragmented and fragmented tidal creeks on Andros Island, Bahamas. We discuss
underlying reasons why fragmentation affected secondary production of these sys-
tems, and how these data can be used to attribute monetary value to a specific eco-
system service provided by these creek systems. This is the first attempt to estimate
secondary production for fishes in mangrove habitat (Faunce and Serafy, 2006).

METHODS

S1TE DESscrIPTION.—Secondary production estimates were calculated for eight tidal creeks
located on the eastern shore of Andros Island, Bahamas. Tidal amplitude in these creeks is ~1
m, with water depths at high tide flooding extensive, shallow intertidal flats. At low tide, wa-
ter is restricted to the main creek channels providing permanent habitat for fishes (i.e., fishes
remain in the main creek channels even on the lowest tides). As an example, inundated area
of two surveyed tidal creeks (Somerset and Bowen) at mean high tide level were 270.32 ha and
82.77 ha, while main channel areas inundated at the mean low tide level were 1.60 ha and 0.24
ha, respectively. Main channel areas may contain multiple habitat types (e.g., mangrove, rock,
seagrass, or sand), and vary substantially in microtopography among systems. Intertidal flats
typically have a sandy substrate with interspersed dwarf red (Rhizophora mangle Linnaeus),
black (Avicennia germinans Linnaeus), white (Laguncularia racemosa (Linnaeus) Gaertn. f.),
and buttonwood (Conocarpus erectus Linnaeus) mangroves.

In the Bahamas, estuary fragmentation frequently results from construction of roads lack-
ing flow conveyance structures (e.g., bridge or culverts) across some portion of the system,
which decreases habitat quality and alters floral and faunal assemblage structure (Layman
et al., 2004b, Valentine-Rose et al. in press). Following Dynesius and Nilsson (1994), we have
identified four categories of estuary fragmentation, ranging from unfragmented systems with
uninterrupted tidal flow to totally fragmented systems in which no tidal flow occurs (Layman
et al., 2004b). Degree of fragmentation of hydrologic connectivity in creeks was defined a priori
(following Layman et al., 2004b) as unfragmented (U), minimally fragmented (MF), partially
fragmented (PF), or completely fragmented (CF). For the purposes of this study, in MF, PF, and
CF systems, “upstream” refers to areas with restricted tidal flow, while “downstream” refers to
areas on the ocean side of the road or causeway. Creek main-channel area, maximum chan-
nel depth at low tide, habitat area at low tide, and degree of fragmentation for each surveyed
system are provided in Table 1.

GENERAL SURVEY METHODOLOGY.—Secondary production estimates were derived from
quantitative measures of density, biomass, and in situ or published growth rates for five ec-



VALENTINE-ROSE ET AL.: HABITAT FRAGMENTATION AND PRODUCTION 865

Table 1. Summary characteristics of surveyed tidal creeks. U = unfragmented, PF = partially frag-
mented, CF = completely fragmented (sensu Layman et al., 2004b). D = downstream areas of
fragmented tidal creeks and Up = upstream areas of fragmented tidal creeks.

Proportion of total creek habitat area

Main  Max. channel
Degree of  channel depth at low

Creek fragmentation area (m?) tide (m) Rock Mangrove Sand/Silt Seagrass
White Bight U 1,008 1 0.59 0.18 0.23 0.01
Somerset U 16,245 0.5 0.10 0.14 0.03 0.74
Buryin Peace U 1,810 0.5 0.60 0.25 0.06 0.10
Love Hill PF-D 8,350 3 0.38 0.20 0.33 0.09
PF-Up 831 0.5 0.45 0.18 0.36 0.01
Davis PF-D 10,020 0.5 0.04 0.10 0.84 0.02
PF-Up 384 0.5 0 0.54 0.46 0
Man o War PF-D 11,718 0.25 0.39 0.02 0.59 0
PF-Up 1,650 0.25 0.04 0.10 0.87 0
Conch Sound PF-D 1,415 0.05 0.68 0.11 0.21 0
PF-Up 150 0.25 0.33 0.67 0 0
Bowen CF-D 2,439 2 0.30 0.33 0.10 0.27
CF-Up n/a 0.1 n/a 0 n/a 0

onomically important fish species (gray snapper: Lutjanus griseus Linnaeus, 1758; school-
master snapper: Lutjanus apodus (Walbaum, 1792); cubera snapper: Lutjanus cyanopterus
(Cuvier, 1828); blue striped grunt: Haemulon sciurus (Shaw, 1803); sailor’s choice: Haemu-
lon parra (Desmarest, 1823)). Density and biomass (based on length-weight regressions) of
these species were estimated in 1 m? sample plots using underwater visual census (UVC)
with mask and snorkel (Brock, 1954; Layman et al., 2004b). Surveys at high tide in creeks are
extremely difficult because of the spatial extent of inundated intertidal areas and dispersal
of fish throughout these shallow-water areas. Thus, surveys were taken within 2 hrs of low
tide, which facilitated estimating fish biomass because focal fish species were constricted to
the main channel. While this resulted in superficially high per unit area (m=) estimates in
all creeks, extrapolated values of whole-creek production (see below) are more robust than
high tide estimates because surveys were conducted when fish biomass was easiest to quan-
tify. Secondary production estimates were based upon UVC samples collected in May 2005.
Because secondary production is calculated on an annual time scale, a single-month survey
of different size-classes and abundance is often combined with size-specific growth rates to
calculate annual production (Huryn, 1996, 1998; Peterson et al., 2003; Powers et al., 2003).
We estimated fish density (N) using 1 m? visualized quadrats (i.e., we visually estimated
the 1 m x 1 m sample area without actually deploying a quadrat prior to observing fish). We
used quadrats instead of belt transects (e.g., Schmitt and Sullivan, 1996; Gust et al., 2001,
Thompson and Mapstone, 2002; Mumby et al., 2004) because of specific underlying aspects
of the tidal creek habitat template. Creeks included in this study are relatively small and, in
most cases, it was not possible to lay out transects > 5 m in length within a single habitat
type. Further, both quadrat and transect methods may bias fish density estimates because of
induced behavioral responses of the target species by overestimating curious individuals that
approach a diver, or underestimating shy individuals that move into refugia (Kulbicki, 1998;
Sneddon, 2003). However, since study creeks had relatively shallow low tide water depths (Ta-
ble 1), swimming along transect lines likely would have induced more behavioral responses in
fishes than use of the quadrat method (due to increased disturbance of benthic habitat during
continual swimming). Both techniques result in an underestimation of all fishes that utilize
creek habitats, as some transient individuals may not remain in the main channel at low tide
and only move into creeks at high tide to feed. However, based on observation of hundreds of



866 BULLETIN OF MARINE SCIENCE, VOL. 80, NO. 3, 2007

individually tagged juvenile snapper (J. E. Allgeier, University of Georgia, unpubl. data) and
hundreds of hours of UVC (Layman et al., 2004b, L. Valentine-Rose, University of Alabama,
unpubl. data), it is apparent that the overwhelming majority of individuals of the focal species
are tidal creek residents, i.e., do not move out of creek systems over a period of days to weeks
(although they may undergo ontogenetic habitat shifts out of creeks as adults). Additionally,
use of quadrats allowed for extensive within-site replication and a more precise estimate of
mean fish densities within habitat types. Although any survey methodology will likely result
in biased fish density estimates, we employed a standardized survey protocol among all sites,
which allowed for robust among-system comparisons.

DEeNsITY EsTiIMATION.—Since fish densities vary significantly among habitat types (Blaber
et al.,, 1989; Sheaves, 1992; Mateo and Tobias, 2001; Eggleston et al., 2004), we conducted
surveys separately in each habitat type in each creek (see Table 1). Quadrat areas were visually
estimated one minute prior to obtaining densities and lengths because use of actual quadrats
resulted in fish behavioral avoidance of the quadrat area. To scale production values for an
entire creek, we calculated the total extent of each of four main habitat types (rock, mangrove,
sand/silt, and seagrass) in the creek channel. We then divided each habitat into 25 equal sec-
tions, and in each sub-section we randomly selected a 1 m? area for the UVC. At survey time,
one author (L.V.-R.) approached the pre-determined quadrat area within ~2 m, waited 1 min
for fish to acclimate, and then noted the density (N) and length (L) of each of the focal species.
For fragmented tidal creeks, this protocol was conducted in each habitat type both upstream
and downstream of the road blockage.

AGE CLAss AND Biomass EsTiMATION.—Age class distributions for each species were esti-
mated by running published or in situ derived Von Bertalanfy growth rate parameters (Table
2) in reverse from known lengths estimated in the field:

Age =—In(L..— L) /k+

where L = field estimated lengths, L = asymptotic maximum length, £, = age at zero length,
and k = Brody growth coefficient. When multiple growth rates were available for a species,
growth rates from similar habitats and environmental conditions were averaged and used to
calculate age classes. Error in production estimates may have resulted from using the same
growth rates for both fragmented and unfragmented tidal creeks for three of the focal species
(Table 2). However, since growth rates are likely slower in fragmented creeks due to stressful
conditions (see Discussion), differences in secondary production estimates presented here are
conservative (i.e., we likely underestimated production differences between fragmented and
unfragmented creeks).

To calculate overall fish biomass, length/weight (L/ W) regressions for each species were de-
rived based on individuals ranging over the entire size distribution in creeks for that species.
Individuals were collected by seining or hook-and-line from each tidal creek in May 2004 (1
yr prior to survey period). Standard length was measured in the lab with calipers to the near-
est 0.1 mm, and wet weight was measured with an electronic scale to the nearest 0.01 g. L/W
regressions were derived from this data (Table 3) based on the following formula:

log W=1loga + blogL

with lengths in millimeters, weights in grams, and species-specific constants a and b.

Age class biomass (B) was calculated by multiplying the N of each age class by the weights
calculated from the L/W regression, and total B was found by summing age class B estimates.
Biomass m~ estimates were calculated for each habitat in each creek to (1) compare fish dis-
tributions across habitats within and among creeks, and (2) for secondary production esti-
mates (see below). While L/W relationships may be affected by fragmentation (i.e., individu-
als of equal length may be different weights in different creeks), using the same regressions for
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Table 2. Parameters and sources given for the Von Bertalanfy (VB) growth equation Ln=L,
(1 — eM=) where L, = ficld estimated lengths, L, = asymptotic maximum length, 7, = age at
zero length, and & = Brody growth coefficient with all lengths L representing standard length
(SL) in millimeters. Size range (min—max) given for fish collected in situ are all within size
ranges used for published VB equations. Temperatures given for published VB equations used
(°C), while for those experienced in situ during the sampling month were 33—35 °C in upstream
areas of fragmented creeks and 25-30 °C in downstream areas of all creeks. Growth rates for
schoolmaster in unfragmented tidal creeks fit a linear model, with the equation y = 24.711x +
50.826, where y is standard length in millimeters, and x is age in years (A. Rypel, University of
Alabama, unpubl. data).

Species L, k { °C Source
Gray snapper

UF 947 .036 -2.5 in situ

FD 238 303 .14 in situ

FU 191 352 .1 in situ
Schoolmaster

FD-U 416 .061 -1.9 in situ
Cubera snapper 877 125 272  Valleetal., 1997
Blue striped grunt 305 22 -.14 27.2  Valleetal., 1997

334 3 0 272 Appeldoorn, 1992

Sailors choice 349 24 =27 27.2  Valleetal., 1997

each creek again likely resulted in conservative estimates of differences between fragmented
and unfragmented tidal creeks.

SECONDARY PRODUCTION CALCULATION.—For each species, annual secondary production
(P) was calculated in each habitat for each age class by subtracting field B estimates from B
estimates predicted for each individual one year later by Von Bertalanfy growth parameters:

Laye+1 =L. (1 — e*k(tfto)).

In other words, P = B, - B, ., Mean P m~2was calculated for each habitat, and then
each habitat was weighted by the proportion of that habitat type in the survey area (Table
1). Weighted habitat P m values were then summed, giving total creek P m~ (Appendix 1).
Secondary production values for each species in unfragmented tidal creeks were statistically
compared to those in fragmented tidal creeks using a paired t-test assuming unequal vari-
ance.

It is important to note that these P values are intended to be used for comparisons among
tidal creeks within this study. Care should be taken in extending these numbers for com-
parisons with other systems. Due to the limitations of our sampling method, they are not
exact whole-ecosystem values, as they do not include in situ growth, survival, or emigration
and immigration rates for all species. The use of published growth rates from similar envi-
ronmental conditions to estimate secondary production is a common practice when in situ
growth rates cannot be obtained (Waters, 1977; Benke, 1993; Peterson et al., 2003; Powers et
al., 2003). The lack of survival, mortality, and migration estimates surely affects our produc-
tion estimates, but these estimates are extremely difficult to obtain in coastal and estuarine
ecosystems (Adams et al., 2006). Nonetheless, the goal of this study was to employ a standard-
ized protocol across sites allowing for robust among-system comparisons of secondary pro-
duction estimates. Therefore, these limitations do not compromise the value of the estimates
in this study to indicate ecosystem functional response to fragmentation.
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RESULTS

Extent of habitat type coverage varied among tidal creeks (Table 1). However, un-
fragmented tidal creeks tended to be characterized by a combination of mangrove,
rock, and seagrass habitats, while fragmented creeks had greater proportion of silt/
sand flats. In areas inundated at low tide, rock was the most common habitat type
in White Bight (58%), Buryin Peace (59%), Love Hill (38%), and Conch Sound (67%),
mangrove was the most common in Bowen (67%), seagrass in Somerset (74%), and
sand/silt flats in Davis (83%) and Man o War (59%) (Table 1). Both natural variability
and human impacts affect the extent of each habitat type. Geology and local hydrol-
ogy drive the extent of exposed rock and can affect areas most conducive for man-
grove and seagrass growth. Human impacts can modify natural habitat coverage,
e.g., by altering abiotic conditions such as light and salinity, or edaphic conditions
through sedimentation, which renders creeks less than optimal for seagrass and/or
mangrove growth and fills in important rock habitat.

Highest fish biomass for each species at low tide was found in association with
mangrove or rock habitat, with the exception of seagrass habitat in Bowen Sound
for blue striped grunt (Fig. 1). For example, in Somerset, > 85% of gray snapper,
schoolmaster snapper, blue striped grunt, and sailor’s choice was associated with
mangrove habitat. In the three creeks with the most disrupted tidal regime (MOW-
partially fragmented, CNC-partially fragmented, BOW-completely fragmented), the
highest fish biomass was never associated with mangrove habitat (with the excep-
tion of schoolmaster snapper in Bowen). In Man o War, fish were never associated
with mangrove habitat, likely because no large-mangroves were found along the
main channel areas. Fish typically were not associated with sand and seagrass habi-
tat (0%—2% across all creeks) at low tide, with the exception of blue striped grunt in
Bowen seagrass habitat (100%), and for schoolmaster (35%) and cubera snapper (25%)
in Buryin Peace seagrass.

Secondary production of fish biomass was significantly higher in unfragmented
tidal creeks than fragmented creeks (t-test P < 0.05 for each species), sometimes as
much as an order of magnitude (Fig. 2). For example, for schoolmaster snapper, val-
ues ranged from 34 to 107 g m~ yr' in unfragmented creeks, and from 0.2 to 6.5 g
m~2yrin fragmented creeks. Cubera snapper, sailor’s choice, and blue striped grunt
were not found in the three creeks with highly disrupted tidal flow (MOW, CNC,
and BOW) with the exception of cubera snapper in MOW (4 g m~? yr') and sailor’s
choice in BOW (2 g m~ yr). Gray and schoolmaster snapper consistently had higher
production values than the other three species (maximum 150 g m= yr~' compared

Table 3. Parameters and sources given for the length-weight (L/W) conversion equation log W =
log a + b log L where a and b are species-specific constants, # = number of individuals used to
develop in situ L/W regressions, with all lengths L representing standard length (SL) in millimeters
and all weights W representing weight in grams. Size range (min—max) given for fish collected
in situ.

Species a b min—-max (mm) r? #

Gray snapper -4.2751 2.8754 40-290 0.9917 115
Schoolmaster -4.3009 2.9107 50-180 0.9509 100
Cubera snapper -4.0684 2.7574 74-310 0.997 37
Blue striped grunt -4.4 2.9437 63-174 0.989 35

Sailors choice -4.4476 2.9803 50-135 0.9839 31
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Figure 1. Relative contribution (out of 100%) of habitat to biomass (“B”) of (A) gray snapper,
(B) schoolmaster, (C) cubera, (D) blue striped grunt, and (E) sailor’s choice. WB = White Bight,
SOM = Somerset, BP = Buryin Peace, LH = Love Hill, DAV = Davis, MOW = Man o War, CNC
= Conch Sound, BOW = Bowen. U = Unfragmented, PF = Partially fragmented, CF = Completely
fragmented (sensu Layman et al., 2004b).

to maximum values of 12, 80, and 55 g m™ yr' for cubera, blue striped grunt, and
sailor’s choice, respectively), largely a function of abundance. For example, there
were a mean of 2.0 gray snapper m and 1.5 schoolmaster snapper m= in White
Bight, with only 0.08 blue striped grunts m= and 0.5 sailor’s choice m=. Production
values in Man o War were more similar to unfragmented creeks than to fragmented
creeks for the three snapper species, perhaps a result of restoration efforts 1 yr prior
to sampling (see Layman et al., 2004a).

Downstream areas of fragmented tidal creeks always had higher production values
than upstream areas (Fig. 3). For example, production values for gray snapper in Love
Hill downstream areas were 150 g myr~ compared to 11 g m~* yr' upstream. Up-
stream areas in Love Hill, Davis, and Bowen consistently had production values close
or equal to zero (due to low abundance and small size classes) in upstream areas.
Within fragmented creeks, blue striped grunt were never found in upstream areas,
sailor’s choice were only found upstream in Love Hill, and cubera snapper were only
found upstream in Man o War. Man o War had similar upstream and downstream
values of schoolmaster snapper production (33 and 25 g m~ yr}, respectively), sug-
gesting that recent restoration of hydrologic connectivity (Layman et al., 2004a)
may have mitigated effects of previous fragmentation. Lower production and species
numbers in upstream areas may be an artifact of shallow waters associated with low-
tide surveys. However, these results also occur in downstream areas, suggesting that
this pattern is to some extent a consequence of fragmentation.
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Figure 2. Estimated annual production values (g m= yr') for (A) gray snapper, (B) schoolmaster,
(C) cubera, (D) blue striped grunt, and (E) sailor’s choice. Note different y-axis values for each
species. WB = White Bight, SOM = Somerset, BP = Buryin Peace, LH = Love Hill, DAV = Davis,
MOW = Man o War, CNC = Conch Sound, BOW = Bowen. U = Unfragmented, PF = Partially
fragmented, CF = Completely fragmented (sensu Layman et al., 2004b).

DiscussioN

Our study suggests that fragmentation of tidal creeks significantly reduces second-
ary production of five economically important fish species in the Bahamas. Lower
production values in fragmented systems resulted from a combination of fewer spe-
cies, lower densities of those species, and smaller size classes of fishes. Secondary
production is directly related to food quality and quantity (Benke et al., 1988; Benke,
1993; Edgar and Shaw, 2004:a,b,c) which is likely reduced in fragmented creeks (Val-
entine-Rose et al. in press). Higher salinity and temperature in upstream areas of
fragmented tidal creeks (Valentine-Rose et al. in press) may decrease productivity by
increasing energy costs in juvenile fishes (Wuenschel et al., 2004, 2005), as well as
by influencing their survival and viability (Green and Fisher, 2004). Recruitment of
post-settlement fishes may be lower in fragmented creeks due to reduction in supply
rates and connectivity to larval sources (Gaines and Roughgarden, 1985; Cowen et
al., 2006) or reduced quantity and quality of preferred habitat (Carr, 1994; Jordan et
al., 1998; Adams and Ebersole, 2004; Mumby et al., 2004; Dorenbosch et al., 2005).
In our study, highest fish production typically was associated with creeks with the
most available mangrove and rock habitat, suggesting habitat complexity likely is a
major factor affecting the levels of secondary production. The correlation between
habitat complexity and fish production also has been observed in freshwater stream
studies (Benke et al., 1988).
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Figure 3. Estimated annual production values (g m= yr™') for (A) gray snapper, (B) schoolmaster,
(C) cubera, (D) blue striped grunt, and (E) sailor’s choice in downstream (filled bars) and up-
stream (unfilled bars) areas of fragmented tidal creeks. LH = Love Hill, DAV = Davis, MOW =
Man o War, CNC = Conch Sound, BOW = Bowen.

Production values in fragmented tidal creeks were typically lower, often substan-
tially so, than in unfragmented tidal creeks. Nonetheless, differences between frag-
mented and unfragmented creeks may have been more pronounced had we not used
the same growth rates in all creeks for three of the five species. It is likely that many
fish species’ growth rates are slower in fragmented creeks due to loss of preferential
food sources (Cocheret de la Moriniére, 2004b; Kieckbusch et al., 2004; Nemerson
and Able, 2004), inadequate refuge habitat (Cocheret de la Moriniére et al., 2004a), or
adverse environmental conditions (Green and Fisher, 2004; Wuenschel et al., 2004,
2005). Furthermore, fish in fragmented creeks were generally smaller and may have
lower survival rates (Fuiman and Werner, 2002). In sum, our methodology did not
employ in situ growth rates for all species or mortality estimates for any species, and
we believe these measures would further the discrepancy between secondary pro-
duction estimates for fragmented and unfragmented tidal creeks.

Because secondary production encompasses three of the four criteria defining a
nursery, i.e., density, growth, and survival (Benke, 1993; Beck et al., 2001; Dahlgren et
al. 2006), secondary production is a first step in assessing nursery function of estuaries.
Complemented with direct evidence of export of juveniles from fragmented estuaries
to off-shore adult habitats (i.e., neighboring back reef and coral reef ecosystems (Dahl-
gren and Marr, 2004; Mumby et al., 2004; Dorenbosch et al., 2005), nursery function of
these systems could be quantitatively estimated. The species in this study are believed
to experience ontogenetic habitat shifts from juvenile to adult habitats (Cocheret de la
Moriniere et al., 2003a,b, 2004; Serafy et al., 2003), and therefore decreases in produc-
tivity in important juvenile nursery habitat through fragmentation most likely results
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in decreased contribution of individuals to oftfshore adult habitats (Mumby et al., 2004;
Dorenbosch et al., 2005).

Secondary production values may be helpful in putting an economic value on eco-
system services, which is often crucial for prioritizing management and conservation
efforts (Costanza et al., 1997). Based on economic value of commercially important
species, secondary production estimates can be directly translated into a dollar value
of one service (i.e., production of consumable animal protein) provided by these creek
systems. For example, an extensive survey of local fisherman and restaurants on An-
dros Island revealed the average price for the five focal species sold by fishermen is
$18/kg for all species 15 cm or longer, while Androsian restaurants charge an aver-
age of $7/fish 15 cm or longer. Applying these numbers to fish secondary production
estimates from our study creeks, hydrologic fragmentation (even of our small creeks)
can result in a loss of up to $9000 of value (for the five focal species). Differences be-
tween estimates of secondary production and loss of economic worth of fish biomass
between unfragmented and fragmented creeks may be even more pronounced in
larger creek systems. In our study, we examined differences in secondary production
between small creeks (< 2 ha). However, some tidal creek systems in the Bahamas
are thousands of hectares in size, such as Fresh Creek, Andros (~4100 ha). Larger
creek systems have a higher abundance of fish, a higher number of species (L. Val-
entine, University of Alabama, unpubl. data), and generally have larger individuals
(pers. obs.), all of which would serve to increase secondary production estimates and
economic value. Our study systems appear to be ideal “natural” systems in which to
work, because they are small enough to thoroughly sample in a quantitative manner
and they can be physically manipulated (e.g., restored) at the ecosystem-scale (e.g.,
Gribsholt et al., 2005). Therefore, they can serve as natural experimental units with
which to make comparisons, as well as to scale-up responses to much larger wetland
systems throughout the Bahamas and Caribbean.

In conclusion, we provide a survey methodology to assess the effects of anthropo-
genic stress on an ecosystem function: secondary production. This is the first attempt
to estimate secondary production for mangrove fishes (Faunce and Serafy, 2006). We
suggest secondary production may be an appropriate measure of ecosystem functional
responses to other anthropogenic stresses, as it is a single, composite value that incorpo-
rates many factors within an ecosystem. Other studies can build upon this framework
to provide more accurate production estimates, e.g., by determining in situ growth for
all species. Although in almost all situations in situ survival and migration will be dif-
ficult to estimate, secondary production estimates without these measures still provide
for a powerful tool to make among-system comparisons. Comparative studies of sec-
ondary production may provide insight into patterns of ecosystem functional response
following environmental change, and may also be useful in applying monetary values
to ecosystem responses to anthropogenic stress or habitat restoration.

ACKNOWLEDGMENTS

We owe sincere thanks to M. Blackwell, Bahamas Environmental Research Center, and the
College of the Bahamas for providing a research facility and logistical support. We would like
to thank J. Grabowski, R. Appledoorn, and J. Bohnsack for advice in various steps of this work.
We would also like to thank the many Androsians that assisted with field work, particularly
C. “Tutu” Bains and M. “Chili” Gibson. This research was funded by the National Science



VALENTINE-ROSE ET AL.: HABITAT FRAGMENTATION AND PRODUCTION 873

Foundation (DGE 0319143), an RJKOSE grant from The Nature Conservancy, and The Acorn
Alcinda Foundation. Work was conducted under permits granted by the Bahamian Depart-
ment of Fisheries.

LITERATURE CITED

Adams, A.J. and J. P. Ebersole. 2004. Processes influencing recruitment inferred from distribu-
tions of coral reef fishes. Bull. Mar. Sci. 75: 153—-174.

, C.P.Dahlgren, G. T. Kellison, M. S. Kendall, C. A. Layman, J. A. Ley, I. Nagelkerken,
and J. E. Serafy. 2006. Nursery function of tropical back-reef systems. Mar. Ecol. Prog. Ser.
318:287-301.

Appeldoorn, R. S. 1992. Interspecific relationships between growth parameters, with applica-
tion to Haemulid fishes. Proc. 7th Int. Coral Reef Symp., Guam 2: 899-904.

Beck, M. W., K. L. Heck, Jr., K. W. Able, D. L. Childers, D. B. Eggleston, B. W. Gillanders, B.
Halpern, C. G. Hays, K. Hoshino, T. J. Minello, R. J. Orth, P. F. Sheridan, and M. P. Wein-
stein. 2001. The identification, conservation, and management of estuarine and marine
nurseries for fish and invertebrates. Bioscience 51: 633-641.

Benke, A. C. 1993. Edgardo Baldi Memorial Lecture: Concepts and patterns of invertebrate
production in running waters. Verh. International Verein. Limnol. 25: 15-38.

, C. A. S. Hall, C. P. Hawkins, R. H. Lowe-McConnell, J. A. Stanford, K. Suberkropp,
and J. V. Ward. 1988. Bioenergetic considerations in the analysis of stream ecosystems. J. N.
Am. Benthol. Soc. 7: 480—502.

Benstead, J. P, J. G. March, C. M. Pringle, and F. N. Scatena. 1999. Effects of a low-head dam
and water abstraction on migratory tropical stream biota. Ecol. Appl. 9: 656—668.

Blaber, S.J. M., D. T. Brewer, and J. P. Salini. 1989. Species composition and biomasses of fishes
in different habitats of a tropical northern Australian estuary: their occurrence in the ad-
joining sea and estuarine dependence. Estuar. Coast. Shelf Sci. 29: 509-531.

Brock, R. E. 1954. A preliminary report on a method of estimating reef fish populations. J.
Wildl. Manage. 18: 297-308.

Burdick, D. M., M. Dionne, R. M. J. Boumans, and F. T. Short. 1997. Ecological responses to tidal
restorations of two northern New England salt marshes. Wetl. Ecol. Manage. 4: 129-144.

Carr, M. H. 1994. Effects of macroalgal dynamics on recruitment of a temperate reef fish. Ecol-
ogy 75: 1320~1333.

Chapin IIL, E. S., B. H. Walker, R.J. Hobbs, D. U. Hooper, J. H. Lawton, O. E. Sala, and D. Tilman.
1997. Biotic control over the functioning of ecosystems. Science 277: 500—504.

, O.E. Sala, I. C. Burke, J. P. Grime, D. U. Hooper, W. K. Lauenroth, A. Lombard,
H. A. Mooney, A. R. Mosier, S. Naeem, S. W. Pacala, J. Roy, W. L. Steffen, and D. Tilman.
1998. Ecosystem consequences of changing biodiversity. Bioscience 48: 45-52.

Cocheret de la Moriniére, E., B. . A. Pollux, I. Nagelkerken, and G. van der Velde. 2003a. Diet
shifts of Caribbean grunts (Haemulidae) and snappers (Lutjanidae) and the relation with
nursery-to-coral reef migrations. Estuar. Coast. Shelf Sci. 57: 1-11.

, , , and . 2003b. Post-settlement life cycle
migration patterns and habitat preference of coral reef fish that use seagrass and mangrove
habitats as nurseries. Estuar. Coast. Shelf Sci 55: 309-321.

, B.J. A. Pollux, I. Nagelkerken, M. A. Hemminga, A. H. L. Huiskes, and G. van der
Velde. 2004. Ontogenetic dietary changes of coral reef fishes in the mangrove-seagrass-reef
continuum: stable isotopes and gut-content analysis? Mar. Ecol. Prog. Ser. 246: 279-289.

Costanza, R. R. d’Arge, R. de Groot, S. Farber, M. Grasso, B. Hannon, K. Limburg, S. Naeem,
R. V. ONeill, J. Paruelo et al. 1997. The value of the world’s ecosystem services and natural
capital. Nature 387: 253-260.

Cowen, R. K,, C. B. Paris, and A. Srinivasan. 2006. Scaling of connectivity in marine popula-
tions. Science 311: 522-527.




874 BULLETIN OF MARINE SCIENCE, VOL. 80, NO. 3, 2007

Dabhlgren, C. P. and J. Marr. 2004. Back reef systems: important but overlooked components of
tropical marine ecosystems. Bull. Mar. Sci. 75: 145-152.

, G. T. Kellison, A.J. Adams, B. M. Gillanders, M. S. Kendall, C. A. Layman, J. A.
Ley, I. Nagelkerken, and J. E. Serafy. 2006. Marine nurseries and effective juvenile habitats:
concepts and applications. Mar. Ecol. Prog. Ser. 312: 291-295.

Dorensbosch, M., M. G. G. Grol, M. J. A. Christianen, I. Nagelkerken, and G. van der Velde.
2005. Indo-Pacific seagrass beds and mangroves contribute to fish density and diversity on
adjacent coral reefs. Mar. Ecol. Prog. Ser. 302: 63-76.

Dynesius, M. and C. Nilsson. 1994. Fragmentation and flow regulation of river systems in the
northern third of the world. Science 266: 753-762.

Edgar, G. J. 1995a. The production and trophic ecology of shallow-water fish assemblages in
southern Australia II. Diets of fishes and trophic relationships between fishes and benthos
at Western Port, Virginia. J. Exp. Mar. Biol. Ecol. 194: 83—106.

. 1995b. The production and trophic ecology of shallow-water fish assemblages in
southern Australia III. General relationships between sediments, seagrasses, invertebrates,
and fishes. J. Exp. Mar. Biol. Ecol. 194: 53-81.

and C. Shaw. 1995c. The production and trophic ecology of shallow-water fish as-
semblages in southern Australia I. Species richness, size-structure, and production of fishes
in Western Port, Virginia. J. Exp. Mar. Biol. Ecol. 194: 53-81.

Eertman, R. H. M., B. A. Kornman, E. Stikvoort, and H. Verbeek. 2002. Restoration of the Sie-
perda Tidal Marsh in the Sheldt Estuary, the Netherlands. Restor. Ecol. 10: 438—449.

Eggleston, D. B., C. P. Dahlgren, and E. G. Johnson. 2004. Fish density, diversity, and size-struc-
ture within multiple back reef habitats of Key West National Wildlife Refuge. Bull. Mar. Sci.
75:175-204.

Fahrig, L. 2002. Effect of habitat fragmentation on the extinction threshold: a synthesis. Ecol.
Appl. 12: 346-353.

. 2003. Effects of habitat fragmentation on biodiversity. Annu. Rev. Ecol. Syst. 34:
487-515.

Faunce, C. H. and J. E. Serafy. 2006. Mangroves as fish habitat: 50 years of field studies. Mar.
Ecol. Prog. Ser. 318: 1-18.

Forman, R. T. T. and L. E. Alexander. 1998. Roads and their major ecological effects. Annu. Rev.
Ecol. Syst. 29: 207-231.

Fuiman, L. A. and R. G. Werner. 2002. Fishery science: the unique contributions of early life
stages. Blackwell Science, Malden.

Gaines, S. and J. Roughgarden. 1985. Larval settlement rate: a leading determinant of struc-
ture in an ecological community of the marine intertidal zone. Proc. Nat. Acad. Sci. 82:
3707-3711.

Green, B. S. and R. Fisher. 2004. Temperature influences swimming speed, growth, and larval
duration in coral reef fish larvae. J. Exp. Mar. Biol. Ecol. 299: 115-132.

Gribsholt, B., H. T. S. Boschker, E. Struyf, M. Andersson, A. Tramper, L. D. Brabandere, S. V.
Damme, N. Brion, P. Meire, F. Dehairs, J. J. Middelburg, and C. H. R. Heip. 2005. Nitro-
gen processing in a tidal freshwater marsh: A whole ecosystem **N labeling study. Limnol.
Oceanogr. 50: 1945-1959.

Gust, N,, J. H. Choat, and M. I. McCormick. 2001. Spatial variability in reef fish distribution,
abundance, size, and biomass: a multi-scale analysis. Mar. Ecol. Prog. Ser. 214: 237-251.
Heywood, V. H. and R. T. Watson. 1995. Global Biodiversity Assessment. UNEP, Cambridge

University Press, New York. 1140 p.

Holmquist, J. G., J. M. Schmidt-Gengenback, and B. B. Yoshioka. 1998. High dams and marine-
freshwater linkages: effects on native and introduced fauna in the Caribbean. Conserv. Biol.
12: 621-630.

Huryn, A. D. 1996. An appraisal of the Allen paradox in a New Zealand trout stream. Limnol.
Oceanogr. 41: 243-252.



VALENTINE-ROSE ET AL.: HABITAT FRAGMENTATION AND PRODUCTION 875

. 1998. Ecosystem-level evidence for top-down and bottom-up control of production
in a grassland stream system. Oecologia 115: 173—183.

Jordan, F., K. J. Babbitt, and C. C. Mclvor. 1998. Seasonal variation in habitat use by marsh
fishes. Ecol. Freshw. Fish. 7: 159-166.

Kieckbusch, D. K., M. S. Koch, J. E. Serafy, and W. T. Anderson. 2004. Trophic linkages among
primary producers and consumers in fringing mangroves of subtropical lagoons. Bull. Mar.
Sci. 74: 271-285.

Kulbikei, M. 1998. How the acquired behavior of commercial reef fishes may influence the
results obtained from visual censuses. J. Exp. Mar. Biol. Ecol. 222: 11-30.

Layman, C. A, D. A. Arrington, and M. A. Blackwell. 2004a. Community-based restoration of
an Andros Island (Bahamas) estuary. Ecol. Restor. 23: 58—59.

, , R. B. Langerhans, and B. R. Silliman. 2004b. Degree of fragmen-
tation affects fish assemblage structure in Andros Island (Bahamas) estuaries. Caribb. J. Sci.
40: 234—-244.

Mallin, M. A. and A. J. Lewitus. 2004. The importance of tidal creek ecosystems. J. Exp. Mar.
Biol. Ecol. 298: 145-149.

March, J. G., J. P. Benstead, C. M. Pringle, and F. N. Scatena. 2003. Damming tropical island
streams: problems, solutions, and alternatives. BioScience 53: 1069—-1078.

Mateo, I. and W. J. Tobias. 2001. Distribution of shallow water coral reef fishes on the northeast
coast of St. Croix, USVI. Carib. J. Sci. 37: 210-226.

McCay, D. P. F. and J. J. Rowe. 2003. Habitat restoration as mitigation for lost production at
multiple trophic levels. Mar. Ecol. Prog. Ser. 264: 233—-247.

Mumby, P. ., A.J. Edwards, J. E. Aria-Gonzalez, K. C. Lindeman, P. G. Blackwell, A. Gall, M. I.
Gorczynska, A. R. Harborne, C. L. Pescod, H. Renken, C. C. C. Wabnitz, and G. Llewellyn.
2004. Mangroves enhance the biomass of coral reef fish communities in the Caribbean.
Nature 427: 533-536.

Naeem, S., L. J. Thompson, S. P. Lawler, J. H. Lawton, and R. M. Woodfin. 1994. Declining bio-
diversity can alter the performance of ecosystems. Nature 368: 734—736.

Nemerson, D. M. and K. W. Able. 2004. Spatial patterns in diet and distribution of juveniles of
four fish species in Delaware Bay marsh creeks: factors influencing fish abundance. Mar.
Ecol. Prog. Ser. 276: 249-262.

Peterson, C. H., J. H. Grabowski, and S. P. Powers. 2003. Estimated enhancement of fish pro-
duction resulting from restoring oyster reef habitat: quantitative valuation. Mar. Ecol. Prog.
Ser. 264: 249-264.

Powers, S. P, J. H. Grabowski, C. H. Peterson, and W. J. Lindberg. 2003. Estimating enhance-
ment of fish production by offshore artificial reefs: uncertainty exhibited by divergent sce-
narios. Mar. Ecol. Prog. Ser. 264: 265-277.

Pringle, C. 2001. Hydrologic connectivity and the management of biological reserves: a global
perspective. Ecol. Appl. 11: 981-998.

. 2003a. The need for a more predictive understanding of hydrologic connectivity.
Aquat. Conserv. Mar. Freshw. Ecos. 13: 467-471.

. 2003b. What is hydrologic connectivity and why is it ecologically important. Hydrol.
Proc. 17: 2685-2689.

Raposa, K. B. and C. T. Roman. 2003. Using gradients in tidal restriction to evaluate nekton
community responses to salt marsh restoration. Estuaries 26: 98—105.

Ray, G. C. 2005. Connectivities of estuarine fishes to the coastal realm. Estuar. Coast. Shelf Sci.
64: 18-32.

Roman, C. T., W. A. Niering, and R. S. Warren. 1984. Salt marsh vegetation change in response
to tidal restriction. Environ. Manage. 8: 141-150.

, K. B. Raposa, S. C. Adamowicz, and J. G. Catena. 2002. Quantifying vegetation
and nekton response to tidal restoration of a New England salt marsh. Restor. Ecol. 10:
450-460.




876 BULLETIN OF MARINE SCIENCE, VOL. 80, NO. 3, 2007

Saunders, D. A, R. J. Hobbs, and C. R. Margules. 1991. Biological consequences of ecosystem
fragmentation: a review. Conserv. Biol. 5: 18-32.

Schmitt, E. F. and K. M. Sullivan. 1996. Analysis of a volunteer method for collecting fish pres-
ence and abundance data in the Florida Keys. Bull. Mar. Sci. 59: 404—416.

Serafy, J. E., C. H. Faunce, and J. J. Lorenz. 2003. Mangrove shoreline fishes of Biscayne Bay,
Florida. Bull. Mar. Sci. 72: 161-180.

Sheaves, M. J. 1992. Patterns of distribution and abundance of fishes in different habitats of a
mangrove-lined tropical estuary, as determined by fish trapping. Aust. J. Mar. Freshw. Res.
43: 1461-1479.

Sneddon, L. U. 2003. The bold and the shy: individual differences in rainbow trout. J. Fish Biol.
62: 971-976.

Tanner, C. D., J. R. Cordell, ]. Rubey, and L. M. Tear. 2002. Restoration of freshwater intertidal
habitat functions at Spencer Island, Everett, Washington Restor. Ecol. 10: 564—576.

Taylor, C. M., T. L. Holder, R. A. Fiorillo, L. R. Williams, R. B. Thomas, and M. L. Warren, Jr.
2006. Distribution, abundance, and diversity of stream fishes under variable environmental
conditions. Can. J. Fish. Aquat. Sci. 63: 43—54.

Thompson, A. A. and B. D. Mapstone. 2002. Intra-versus inter-annual variation in counts of
reef fishes and interpretations of long-term monitoring studies. Mar. Ecol. Prog. Ser. 232:
247-257.

Tilman, D. 1999. The ecological consequences of changes in biodiversity: a search for general
principles. Ecology 80: 1455—1474.

Trombulak, S. C. and C. A. Frissell. 1999. Review of ecological effects of roads on terrestrial
and aquatic communities. Conserv. Biol. 14: 18—-30.

Valentine-Rose, L., D. A. Arrington, J. A. Cherry, J. Culp, C. Layman, K. Perez, and J. Pollock.
In press. Floral, faunal, and physiochemical differences between fragmented and unfrag-
mented Bahamian tidal creeks. Wetlands.

Valle, S. V., J. P. Garcia-Arteaga, and R. Claro. 1997. Growth parameters of marine fishes in
Cuban waters. Naga ICLARM Q. 20: 34—37.

Vitousek, P. M., H. A. Mooney, J. Lubchenco, and J. M. Melillo. 1997. Human domination of
earth’s ecosystems. Science 277: 494—499.

Warren, R. S., P. E. Fell, R. Rozsa, A. H. Brawley, A. C. Orsted, E. T. Olson, V. Swamy, and W.
A. Niering. 2002. Salt Marsh Restoration in Connecticut: 20 years of science and manage-
ment. Restor. Ecol. 10: 497-513.

Waters, T. F. 1977. Secondary production in inland waters. Adv. Ecol. Res. 10: 91-164.

Whuenschel, M. J., A. R. Jugovich, and J. A. Hare. 2004. Effect of temperature and salinity on the
energetics of juvenile gray snapper: implications for nursery habitat value. J. Exp. Mar. Biol.
Ecol. 312: 333-347.

, , and . 2005. Metabolic response of juvenile gray
snapper to temperature and salinity: physiological cost of different environments. J. Exp.
Mar. Biol. Ecol. 321: 145-154.

ADDRESSES: (L.V.-R., A.L.R.) Department of Biological Sciences, University of Alabama, Box
870206, Tuscaloosa, Alabama 35487.(C.A.L.) Marine Biology Program, Department of Bio-
logical Sciences, Florida International University, 3000 NE 151st Street, North Miami, Flor-
ida 33181. (D.A.A.) Director of Water Resources, Loxahatchee River District, 2500 Jupiter
Park Drive, Jupiter, Florida 33458-8964. CORRESPONDING AUTHOR: (L.V.-R.) E-mail: <lori.

m.valentine@ua.edu>.



VALENTINE-ROSE ET AL.: HABITAT FRAGMENTATION AND PRODUCTION 877

Appendix 1. Example of calculation of annual production: schoolmaster snapper in White Bight
tidal creek. N = density m™, B = biomass m~, P = secondary production, and P (weighted) =
production multiplied by percentage of habitat contribution for each habitat. Equations can be
found in the “Methods” section. Habitat area contributions can be found in Table 1. All necessary
parameters for the calculations (length-weight, length-age) appear in Table 2.

P

P P (weighted)

White Bight Rock  Age N e el B..., g2sm’yrgm?’yr' gm?yr'

0 24 400.58 0

1 18 1,563.75 3,078.7

2 7 1,745.04  7,593.75

3 1 811.44 0

4 0 0 930.69
Total 4,520.81 11,603.35 7,082.33 283.29 166.57
Mangrove Age N age feld ages 1

0 41 266.68 0

1 8 1,320.72  5,313.18

2 22 548442 11,9264

3 20 12,8873 6,585.5

4 0 0 9,306.9
Total 19,959.12  33,131.98 13,1729 52691 96.42
Seagrass Age N aze field age s 1

0 3 12.10 0

1 0 0 244.76
Total 12.10 244.76 232.66  58.17 0.23
Sand Age N age field age + 1

0 1 4.41 0

1 0 0 85.19
Total 441 85.19 80.78 3.23 0.77
Total 293.99







