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ABSTRACT
In 2011, the Texas Parks and Wildlife Department deployed 4,000 culverts as an
artificial reef off Port Mansfield, TX to serve as habitat for sport fish species in the Gulf
of Mexico. The aim of this study was to assess juvenile fish recruitment at particular
culvert densities among the reef. Standard monitoring units for the recruitment of reef
fish (SMURFs) were used in this study and acted as sampling devices. SMURFs were
placed at thirteen sampling stations among four different reef patch densities and sampled
repeatedly from 2013-2014. Culvert densities included stations with: zero culverts, 1-50
culverts, 51-100 culverts, and 101+ culverts in a 30m radius. The stations were also
characterized by measurements of rugosity, vertical relief, and percent cover and used as
environmental response variables to elucidate factors that drive juvenile recruitment.
Average species richness was highest in bare stations and lowest in dense culvert stations.
No settlement pattern was observed among recent arrivals measuring ≤ 55mm TL
suggesting that arrival of the smallest fish is stochastic. Species compositions were
significantly different between the bare stations and all stations with culverts with an
average similarity of 33.8%. The belted sandfish, Serranus subligarius was the most
ubiquitous species among all stations. The juvenile community observed in visual
SCUBA surveys showed lower measures of species indices and only 14% similarity to
the community sampled by the SMURFs. These results suggest that SMURFs are a more
effective tool for examining juvenile fish at an artificial reef due to the cryptic nature of
juveniles and the low visibility in shallow reefs along the Texas coast. Commercially
important species Epinephelus flavolimbatus, Epinephelus nigritus, and Lutjanus
campechanus were only found at SMURFs as juveniles in the bare stations. These
findings indicate that fisheries management may benefit from creating small, rubble-reef
patches away from the main reef where juveniles can recruit and grow. The results of
this study reveal aspects of reefs that are important to juvenile fish recruitment and will
be valuable to improve the effectiveness of artificial reefs in the future.

iv

Table of Contents
Acknowledgements……………………………………………………....iii
Abstract…………………………………………………………………..iv
Table of Contents………………………………………………………...v-vi
List of Tables……………………………………………………………..vii
List of Figures………………………………………………………........viii-ix

I. INTRODUCTION
Artificial Reef Use and History……………………………………………1-2
Artificial Reef Construction, Materials, and Installations…………………2-3
Juvenile Recruitment……………………………………………………….3-5
Rugosity, Vertical Relief, and Percent Substrate Cover……………………5-6
Quantifying Juvenile Recruitment………………………………………….7-8
Objectives and Hypotheses………………………………………………….8

II. MATERIALS AND METHODS
Study Site…………………………………………………………….............9
Experimental Design…………………………………………………………9-10
Sampling Stations and Environmental Variables……………………………10-11
Sampling Regime……………………………………………………………11-12
Statistical Analyses………………………………………………………….12-13

v

III. RESULTS
Abiotic and Biotic Characteristics……………………………………….....14
Community Indices……………………………………………………........15
Fish Assemblages………………………………………………………......15-17
Habitat-Species Associations………………………………………………17-18
Comparison of SMURF collections and SCUBA surveys…………………18-19

IV. DISCUSSION…………………………………………………………20-25

V. LITERATURE CITED………………………………………………..26-31

VI. TABLES……………………………………………………………….32-41

VII. FIGURES……………………………………………………………..42-49

vi

LIST OF TABLES

Table 1. Median values (± 1 SD) of the four culvert categories. Rugosity (m), vertical
relief (m), and percent cover measured in a 30-m radius. Kruskal-Wallis test shows
categories 0 and 3 are significantly different at p < 0.05*
Table 2. Total number of fish observed (N) from June 2013-June 2014. Sampling was
conducted 31 times at 13 different sampling stations at the artificial reef (PS-1047) off
Port Mansfield, TX. Mean total length (TL) of species ±1 SE. N/A refers to species only
visually observed but never measured. 1= species observed as adults in concurrent
SCUBA visual survey. 2= species observed as juveniles in concurrent SCUBA visual
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1. INTRODUCTION
Artificial Reef Use and History
Artificial reefs are used throughout the world’s oceans as marine habitat
enhancement and as a mitigation tool to augment exploited fish populations lost to
anthropogenic effects (Alevizon and Gorham, 1989; Bohnsack and Sutherland, 1985;
Carr and Hixon, 1997; Pickering and Whitmarsh, 1997). As of 2002, 18% of marine fish
species were listed as overexploited, according to the Food and Agricultural Organization
of the United Nations (Seaman, 2002); five years later, Grafton et al (2007) found that
25% of the world’s fisheries had been depleted. Overfishing and harmful fishing
practices (Edinger et al., 1998), increased coastal development (Shahidul Islam and
Tanaka, 2004), agricultural runoff (Fabricius, 2005), harmful tourist activities (Van
Treeck and Schuhmacher, 1998), and rising sea surface temperatures (Baker et al., 2008)
are common stressors on natural coral reefs and fish populations.
Both natural and artificial reefs can aggregate reef fish species by boosting natural
biological resources to which the fish and other marine organisms are attracted
(Bohnsack and Sutherland, 1985). Artificial reefs create habitat and offer alternative
shelter to marine recruits (Gil Rilov and Benayahu, 2002; Alevizon and Gorham, 1989;
Ambrose and Swarbrick, 1989). Fishery agencies use artificial reefs as a low-cost, loweffort means of attracting both fish and angler alike (Stone and United States, National
Marine Fisheries Service, 1986). When optimally designed, an artificial reef can provide
important habitat for post-settlement fish and other benthic reef macrofauna (Bohnsack,
1989). Fish and settling corals seek structure for refuge, habitat, and feeding grounds

provided by an artificial reef (Hixon and Beets, 1989). Thus, an increase in available
shelter can potentially increase juvenile fish populations and overall fish abundances
(Ambrose and Swarbrick, 1989; Alevizon and Gorham, 1989; G. Rilov and Benayahu,
2000), Well-managed artificial reefs are intended to preserve, manage, and increase
exploited fish populations (Gallaway, Szedlmayer, and Gazey, 2009).

Artificial Reef Construction, Materials, and Installations
Texas uses three reefing programs for artificial reefs in the Gulf of Mexico: rigsto-reefs, ships-to-reefs, and near-shore reefing. Rigs-to-reefs are decommissioned oil
platforms left in their original location in the Gulf; ships-to-reefs are sunken tugboats,
liberty ships, or Navy barges used specifically to attract marine life. The more common
near-shore reefing technique deploys thousands of large concrete culverts in the Gulf
(TPWD online, 2013). These materials are placed in areas either void of or lacking
marine habitat to provide hard substrate and vertical relief for encrusting organisms and
reef fish
Numerous studies have evaluated artificial reef efficacy through the ‘attraction
versus production’ hypothesis: is the artificial reef producing biomass, or is the reef
merely attracting fish and organisms away from another reef, either natural or artificial
(Bohnsack et al., 1994; Carr and Hixon, 1997)? The attraction debate suggests that a reef
does not produce its own biomass; the reef simply redirects recruits from other sources
(Bohnsack, 1989; Wilson et al., 2001). The production debate argues that an artificial
reef provides recruits natural resources wherein they can produce offspring (Bohnsack,
1989; Osenberg, 2002). Because most marine systems are described as open or
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metapopulations, the question of productivity shifts: Is an artificial reef productive in
terms of providing adequate habitat for new recruits to arrive and complete their life
cycle? Many fish use a variety of different habitats for growth and reproduction; whether
or not an artificial reef produces biomass or simply holds recruits from elsewhere
ultimately determines its benefits and utility.

Juvenile Recruitment
Many biotic and abiotic factors contribute to the productivity of artificial reefs
(Walker et al., 2009). Macrofauna and flora are crucial elements of the reef food chain.
An artificial reef must be productive by providing fish sources in order to be beneficial
(Stephens, 2002). Simple attraction to and presence by adults does not make the reef
productive (Stephens Jr and Pondella II, 2002). Productivity requires spawning and
larval development brought about by natural resources from the reef (Stephens Jr and
Pondella II, 2002). Thus, larval recruitment is one important indicator of production at
an artificial reef (Carr and Hixon, 1997).
Post-settlement processes are known to dictate species abundance and richness of
various adult populations of reef fish. Studies conducted on Stegastes planifrons
(Williams, 1980) and Thalasosoma bifasciatum (Victor, 1983) show that population
dynamics are not controlled by reef characteristics alone but by recruitment systems
(Shulman and Ogden, 1987). Differences in post-recruitment success among species can
be due to geographic location, variable water masses carrying egg larvae, and
physiological and morphological characteristics of the cohorts (Shulman and Ogden,
1987). Larval and juvenile recruits play a large role in reef fish population dynamics
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(Victor, 1986). Significant recruitment to an artificial reef is from settling plankton, fish
larvae, or directed movements of post settlement fish to reefs that contribute to the adult
reef fish population (Victor, 1986).
Despite the numerous studies on adult commercial and reef fish in the Gulf of
Mexico, few studies have been conducted on juvenile recruitment patterns, and evidence
for habitat selection by reef fish larvae is rare (Almany, 2004). Many reef associated fish
remain in the plankton stage for weeks to months before settling over sand or reef
substrate (Barnes, 2003). Newly settled fish are restricted spatially to small home
ranges (Sale and Douglas, 1981). Reef fish mortality is very high after settlement
(Almany, 2004; Barnes, 2003) where juveniles are particularly vulnerable to predation
(Almany, 2003; Carr and Hixon, 1997). Thus there is a trade-off between optimal habitat
availability and predation risks affecting recruit survival rates (Grabowski et al., 2005;
Werner et al., 1983).
Habitat preference is commonly reported for reef fish species, and selection
processes are even present at the larval stage in some species (Montgomery et al., 2001).
The Pomacentrid and Bleniid larval supply on a Caribbean fore-reef was not explained by
oceanographic processes usually thought to dictate larval settlement suggesting that
larvae can be capable and adept swimmers (Milicich, 1994; Montgomery et al., 2001).
Moreover, Thalassoma hardwicke, a benthic reef fish, settled near benthic macro algae
and moved to interstitial coral heads post metamorphosis suggesting that visual cues, and
not the presence of conspecifics at the larval stage, were the driving factors of settlement
(Lecchini et al., 2007). However, habitat requirements for some fish species, like
Lutjanus campechanus and Epinephulus nigritus, change rapidly with development and
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growth. Their post-settlement stage leads to directed movements to new habitat
(Gallaway et al., 2009, 1999; Ross and Moser, 1995; Szedlmayer and Shipp, 1994).
Therefore, varied substrates are needed in their early life history, and this may be an
essential component of recruitment to natural and artificial reef systems. Some
explanations for these movements are habitat partitioning of young and adults to avoid
aggression or predation and ontogenetic shifts in food requirements (Lecchini et al.,
2007).

Rugosity, Vertical Relief, and Percent Substrate Cover
Many environmental and physical components dictate when a fish settles at a reef.
Light, temperature, reef structure, and season are a few of the many important influencers
over settlement (Bohnsack and Sutherland, 1985). Habitat complexity is known to
increase fish abundances on reefs. Reef substrate rugosity, vertical relief, and percent
substrate cover at an artificial reef are potentially powerful dictators of reef fish
populations (Gratwicke and Speight, 2005; Kuffner et al., 2007; Luckhurst and
Luckhurst, 1978) . These environmental variables are common measurements taken at
natural and artificial reefs and are used to characterize available habitat and complexity.
They can also help to assess recruitment patterns in both adult and juvenile reef fish.
Rugosity is a measure of the topographic intricacy of a substrate or structure
(Kuffner et al., 2007). Increased habitat complexity often positively correlates with
species abundance and richness (Caley and John, 1996; Kuffner et al., 2007; Luckhurst
and Luckhurst, 1978): thus, high rugosity should favor high species indices like richness
and abundance (Gratwicke and Speight, 2005; Luckhurst and Luckhurst, 1978). Rugosity
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is often calculated as a ratio of the horizontal distance crossed by a chain over a
substrate’s surface and the total linear horizontal distance (Aronson, et al. 1994; Brock et
al., 2004; Luckhurst and Luckhurst, 1978; Rogers, et al. 1994). Rugosity is known to be
one of the most important influences on reef fish attraction (Gratwicke and Speight,
2005). An artificial reef that provides more shelter, complex spaces, and offers room for
primary producers shows increased species metrics (Gratwicke and Speight, 2005).
Vertical relief at an artificial reef simply refers to the height, or relief, provided by
the structure (Bohnsack and Sutherland, 1985). Rilov and Benayahu (2002) found that
high relief artificial reefs attracted more reef fish than did low relief reefs. This is further
emphasized in studies conducted by Molles (1978) and Walton (1979) and reported by
Bohnsack and Sutherland (1985) where they found more fish in Japanese reefs with
greater vertical relief. While unclear what minimum relief height is necessary to provide
the most efficient amount of fish biomass, more vertical relief is required to attract fish in
deeper waters than in shallower waters (Bohnsack and Sutherland, 1985).
Lastly, percent cover is the volume and area of the artificial reef substrate or
structure (Bohnsack and Sutherland, 1985). A study conducted by Gratwicke and
Speight (2005) found an increase in species richness with increased percent cover. By
increasing the percent substrate cover of an artificial reef, marine flora and invertebrates
have more room to attach and grow thus attracting grazing reef fish (Gratwicke and
Speight, 2005).
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Quantifying Juvenile Recruitment
Numerous studies of reef fish ecology have solely examined adult populations;
however, issues arise in this singular approach (Sale et al., 1980a; Victor, 1986).
Although diver visual censes are non-destructive, they are limited to diurnally active reef
fish (Brock and Norris, 1989). Visually identifying species composition in low visibility
or turbid waters allows for human error; small cryptic reef fish or juveniles are even more
difficult to assess visually in areas of high surface complexity (Brock, 1982). In order to
census reef fish juveniles, biologists have used various quantification methods. The use
of light traps, trawling nets, and visual censes via SCUBA help determine various stages
of reef fish recruitment (Ammann, 2004). A common technique is a diver-towed net
wherein ichthyo-plankton are seined through fine micro-mesh netting and analyzed in a
lab (Jr. et al., 1984). In a more recent study, A.J. Ammann designed standard monitoring
units for the recruitment of reef fish, SMURFs (Ammann, 2004). This technique uses a
more concise artificial substrate to attract settling larvae and or juvenile fish (Ammann,
2004). These portable artificial substrate units allow easy removal and quantification of
the fish recruits (Ammann, 2004). Because juveniles are often difficult to visually census
due to their cryptic nature (Valles et al., 2006a), the use of an enclosed artificial substrate
can allow for an easier means of population estimates.
Various species indices must be considered to accurately assess population and
community dynamics at artificial reefs. Species abundance refers to the total number of
individuals of one particular species. Species richness is a measure of the number of
different species present in a community. Species diversity homogenizes the previous

7

terms; a community with high species abundance and richness favors high species
diversity. Species evenness refers to the equal spread of abundances among a community
(Wilsey and Potvin, 2000). These metrics are common measurements used in ecology to
asses community demography and the quality of a particular habitat (Grabowski et al.,
2005).

Moreover, reef community assemblages are commonly compared using Bray-

Curtis similarity matrices wherein two species are ‘similar’ if they show equal
representation at each of the sample sites (Clarke and Warwick, 2001). The influence of
environmental variables on community assemblages can be examined through ordination
using principle components analyses. This technique allows the biotic data to reflect the
abiotic data and shows how communities are similar or different (Clarke and Warwick,
2001).

Objectives and Hypotheses
The objective of this study was to determine how newly- arrived juvenile fish use an
artificial reef created out of culverts of varying densities and topographic complexities
and to determine recruitment patterns among them. To meet this objective, the following
hypotheses were tested:
(1) Juvenile fish abundance, richness, diversity, and evenness will significantly differ
among culvert densities.
(2) Increases in substrate rugosity, vertical relief, and percent cover due to culvert
placement will result in significant differences in species composition.
(3) Juvenile species composition will significantly differ from that of the adult
population.
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2. MATERIALS AND METHODS
Study Site
This study was conducted at the South Padre Island artificial reef site (PS-1047),
located 11.3 km east of Port Mansfield, TX (N 26 31.438’ and W 097 08.880’, Figure 1).
The benthic environment at this site is flat with no hard-bottom. A mid-water nepheloid
layer of thick suspended sediment is common, as a south-southeast prevailing wind
makes the waters turbid.
In 2011, the Texas Parks and Wildlife Department (TPWD) and the Coastal
Conservation Association (CCA) of Texas sank ~4,000 concrete culverts spanning a 1km2 grid sitting at 20-m depth (Figure 1). The culverts were deployed in a soft, sandybottom benthic environment. The culverts range in size from 2-3-m in length. The
culvert pipes were randomly deployed and occur in various densities across the site. The
site also contains an additional ~700 culverts and a sunken tugboat in the southeast corner
deployed in 2008 (TPWD, 2011).

Experimental Design
To characterize juvenile fish arrival at the artificial reef, standard monitoring units
for the recruitment of reef fish (SMURFs) (Ammann, 2004) were deployed at 13
different sampling stations at PS-1047 in June 2013 and sampled periodically from June
2013 to July 2014 (Figure 2). Each SMURF contained two replica coral pieces
constructed of polyurethane and mounted on a 30-cm2 cement block. Each SMURF was
covered with plastic netting with grid sizes 2.54-cm x 2.54-cm. This grid size was
chosen to reduce surface area for biofouling but allow settled juveniles and not larger

predators access into and out of the structures (Ammann, 2004). The SMURFs provided
an effective tool to sample juvenile fish that would have been difficult to census visually,
especially in turbid conditions common at this site.

Sampling Stations and Environmental Variables
Thirteen sampling stations within the artificial reef grid were selected initially
using topographic maps and sonar and broadly categorized as having no culverts, loose
patches of culverts, or dense patches of culverts. Stations were then mapped with sidescan sonar Hummingbird 1198 C SI (Johnson Outdoors Marine Electronics, Eufaula,
AL). Based on side-scan sonar imaging, these 13 sampling stations were placed into four
categories based on culvert density within a 30-m radius: 0= zero culverts (n= 4), 1= 1-50
culverts (n=4), 2= 51-100 culverts (n=2), 3= 100+ culverts (n=3) (Figure 3). The
environmental variables of substrate rugosity, vertical relief, and percent cover of each
sampling station were calculated from side-scan sonar images. Average rugosity, vertical
relief, and percent cover were calculated for each of the four culvert categories (Table 1).
Substrate rugosity was calculated with an image processing system (ImageJ
1.48p,Wayne Rasband, National Institutes of Health, USA). This process is typically
conducted underwater with a chain extended between SCUBA divers (Luckhurst and
Luckhurst, 1978); however, for purposes of this research, all measurements and
calculations were made with side-scan sonar imaging and corresponding computer
software. Side-scan sonar data recorded with a Humminbird 1198 C SI (Johnson
Outdoors Marine Electronics, Eufaula, AL) from each of the 13 sampling stations was
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processed with the programs HumViewer v.86 (Martin Johansen, Denmark) and
SonarTRX v. 13.1 (Leraand Engineering Inc., Honolulu, HI). These images were
transferred into ImageJ, and rugosity measurements for each sampling station were made
by drawing a transect over all culverts (or bare ground) within a 60-m diameter and then
dividing this distance by the straight line distance of 60-m. Vertical relief at each
sampling station was quantified by measuring the height of every object (or bare space)
every 1-m across a 60-m transect using ImageJ. Percent substrate cover was estimated by
creating 30-m radius (60-m diameter) circles for each side-scan image in ImageJ. All
culverts were then highlighted in red and measured for their area. This number was
turned into a ratio of highlighted percent cover divided by the total bottom surface area
(πr2).

Sampling Regime
Thirty one samples were collected at the 13 different stations from June 2013-July
2014. Ten samples were collected at four different stations at category 0; eight samples
were collected at four different stations in category 1; six samples were collected from
two different stations in category 2; and seven samples were collected at three different
stations in category 3. SMURFs were deployed for an average of 51± 4 days and a range
of 24 - 97 days. The study was originally planned for equal sampling periods; however,
due to extreme weather during winter 2013, sampling resulted in an unbalanced design.
Some SMURFs were not recovered, and those deployed at a site longer than 100 days
were not included in any analyses. SMURFs were not collected in November and
December 2013 nor January, March, and April 2014.
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SMURFs were deployed and retrieved by SCUBA, and each was collected by
trapping the structure and surrounding fish in a 900 micron-mesh capture bag (Figure 4).
SMURFs were brought to the surface for taxonomic identification of fish where they
were measured for total length (mm) with Vernier calipers (Pittsburgh, Harbor Freight
Tools). The structures were scrubbed clean and re-deployed the same day (Ammann,
2004). Two SMURFs were deployed and collected at each sampling station. Fish
collected in each SMURF were pooled to create an n of one at each station for a total of
n = 13 stations repeatedly sampled throughout the study. The minimum distance between
stations was 30-m and the maximum distance was 560-m.
A concurrent visual diver survey was conducted on the adult and juvenile fish
populations at the PS-1047 artificial reef (Froehlich, 2014) This data was used to
compare adult and juvenile fish communities visually assessed at the sample stations with
those sampled by the SMURFs.

Statistical Analyses
A Kruskal-Wallis test was used to determine differences in rugosity, vertical
relief, and percent cover among culvert categories, because the data did not meet the
assumptions of normality. One-way ANOVAs were used to test for significant
differences between juvenile species richness, abundance, diversity, and evenness among
the four different culvert categories. When necessary, data were log(x+1) transformed to
meet assumptions of normality and homogeneity of variance (Verdiell-Cubedo et al.,
2012). Statistical significance was determined at p < 0.05 for any test used in this study.
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Differences in fish communities between the four culvert categories and the
juvenile and adult populations were analyzed using a factorial design with culvert
category and month as fixed factors using the distance-based pseudo-F statistics,
PERMANOVA (9999 permutations) run off the Bray-Curtis similarity matrix (VerdiellCubedo et al., 2012). Due to the large number of rare species and stations where a few
species had high abundance, abundance data were log(x+1) transformed. To examine the
differences between the juvenile and adult populations, abundances were transformed to
presence/absence (Rilov and Benayahu, 2000). Similarity Percentages Test (SIMPER)
was applied to determine which species were driving dissimilarities between culvert
densities and communities (Rilov and Benayahu, 2000). Non-metric multidimensional
scaling (MDS) was applied to a Bray-Curtis resemblance matrix to visualize differences
in abundances based on culvert category at each site (Rilov and Benayahu, 2000). A
Principal Components Analysis (PCA) was applied to analyze patterns and associations
between environmental variables of the sample stations (Verdiell-Cubedo et al., 2012).
To determine correlations between the variables in the PCA, data were normalized and a
Draftsman’s plot examined. A Pearson’s correlation test was run to determine which fish
species were statistically associated with the principal components generated through
PCA. All statistical analyses were performed using the SPSS® statistical package
(Version 22.0) and the PRIMER software (Version 6.1.16) with PERMANOVA+
(Version 1.0.6) (Clarke and Warwick, 2001).
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3. RESULTS
Abiotic and Biotic Characteristics
Median rugosity, vertical relief, and percent cover values were significantly
different and increased between culvert categories 0 and 3 (Kruskal-Wallis- Rugosity:
H(3, 31)= 9.4, p =0 .02, Vertical Relief: H(3, 31) = 10.4, p = 0.01, Percent Cover: H(3, 31) =
10.8, p = 0.01, Table 1). Seven hundred forty six individual fish were collected from 30
different species comprising 17 families (Table 2). Of these, four individuals were
determined to be sub-adults and excluded from further analyses. Of the remaining 742,
479 were recent arrivals (total length (TL) ≤ 55 mm) (Kitajima et al., 1991; Ross and
Moser, 1995; Vigliola and Harmelin-Vivien, 2001; Watson et al., 2002) as fish of this
size are not likely to disperse among the reef between the deployment and collection
interval at each station. Of the juvenile fish captured, those from the family Haemulidae
dominated (41.1%) followed by fish from the families Serranidae (19.7%) and Lutjanidae
(18.4%). The dominant species in each of these families were Haemulon aurolineatum
(41.1%), Serranus subligarius (10.7%), and Lutjanus synagris (10.1%), respectively
(Table 2). Because H. aurolineatum arrived in heavy pulses only in June and July
2013/2014, they were excluded from certain analyses (Table 3). Lutjanus campechanus
were visually observed at SMURFs at bare areas (category 0) but were never captured.
Thus, they were only used in presence/absence comparisons.

Community Indices
Average species richness (± 1 SE) significantly increased as culvert density
decreased (ANOVA: F(3, 12.6) = 5.2, p = 0.02). Species richness was almost two times
greater (5.13 ± 0.35) with zero culverts than in stations with over one hundred culverts
(2.71 ± 0.47). Species richness was significantly greater (p = 0.01, Game’s Howell posthoc) at the sites with zero culverts (category 0) than at the sites with 100 or more culverts
(category 3) (Figure 5A). Average fish abundance was not statistically significantly
different (ANOVA: F(3, 27)= 1.3, p = 0.3) across categories (Figure 5B); however,
maximum observed abundance values were highest at category 0 and lowest at category
3, with 60 and 14 individual fish, respectively. There were no significant differences in
species evenness (ANOVA: F(3, 27)= 1.4, p = 0.3) or diversity (ANOVA: F(3, 27)= 2.4, p =
0.1) among the culvert categories (Figure 5C, D). Variation in fish abundance, evenness,
and diversity were highest for category 2 (Figure 5B, C, D).

Fish Assemblages
All juvenile recruits
Fish species composition of all recruits, excluding H. aurolineatum and L.
campechanus, was significantly different between culvert categories (PERMANOVA:
pseudo-F= 2.2, p = 0.03) and average monthly temperature (pseudo-F= 2.7, p = 0.04)
with no significance between months sampled (pseudo-F= 1.7, p = 0.06). There was no
significant interaction between temperature and culvert category (pseudo-F=0.5, p = 0.9)
or month and culvert category (pseudo- F= 0.8, p = 0.7) indicating that seasonal patterns
were similar among sites (Valles et al., 2006b). Fish composition of all juvenile recruits

15

at culvert category 0 was significantly different from the other three culvert categories;
however, there was no significant difference between the three categories containing
culverts (Table 4). Groupings of fish assemblages in a non-metric multidimensional
scaling (MDS) ordination plot of individual samples were distinct at the bare sites with
minor groupings at the densest sites, categories 2 and 3, respectively (Figure 6).
The dominant species at culvert category 0 was L. synagris, while S. subligarius
contributed the most to the species similarities among these stations at 36.1% (Table 5).
Parablennius marmoreus was the dominant species at categories 1 and 2 with S.
subligarius again contributing the most similarity at these stations at 34.0% and 61.7%,
respectively (Table 5). S. subligarius was both the dominant species and species with the
highest composition similarity at category 4 with 87.7% similarity among the stations
(Table 5). The species contributing most to dissimilarities between category 0 and the
three categories with culverts was L. synagris, while Halichoeres bivittatus, S.
subligarius, and P. marmoreus contributed to dissimilarities between categories 2-4,
respectively.

Recent arrivals ≤ 55mm
Fish species composition of recent arrivals ≤ 55mm was significantly different
between month (PERMANOVA: pseudo-F= 2.6, p = 0.01) and average monthly
temperature (pseudo-F= 5.7, p = 0.01), but not between the four culvert categories
(pseudo-F=1.4, p = 0.2, Table 4). There was no significant interaction between
temperature and culvert category (pseudo-F=0.89, p =0.5) or month and culvert category
(pseudo-F=1.1, p = 0.4). Average monthly temperatures ranged from 14.5° C to 29.3° C
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with species composition in both August (25.6° C) and October (27.9° C) 2013 different
than the composition seen in June (21.6° C) and July (22.5° C) 2014.
The dominant recent juvenile arrivals at each of the culvert categories were (0) S.
subligarius, (1-3) H. aurolineatum (Table 5). S. subligarius exhibited the highest
similarity among the stations of culvert categories 0, 1, 2 (84.08%, 47.59%, 72.35%,
respectively) while H. aurolineatum contributed 40.70% similarity among stations in
category 3. H. aurolineatum also contributed the most to dissimilarities between all
stations except for categories 0 and 3 where S. subligarius contributed the most.

Habitat-Species Associations
The first two axes of the principal component analysis (PCA) of the
environmental variables explained 82.6% of their variance (Figure 7A). Rugosity,
vertical relief, and percent cover were highly associated with PC1, and average monthly
temperature was highly associated with PC2. PC1 (eigenvalue = 2.3, 57.7% of variance)
can be defined as a habitat gradient moving from low rugosity, vertical relief, and percent
cover to high values of each. PC2 (eigenvalue = 0.99, 24.9% of variance) distinguished
between warm water temperature and high rugosity at the top of the diagram to cooler
temperatures and lower rugosity at the bottom (Figure 7A).
The seven sample stations comprising culvert category 3 were positively
increasing with percent cover and vertical relief (PC1) with one station increasing in the
PC2 direction. Four stations increased in the PC2 direction from categories 0, 1, and 2.
Two stations from category 2 increased in the PC1 direction. All other stations showed
negative correlations with both PCs. (Figure 7B).
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The main species associated with higher measures of rugosity, vertical relief, and
percent substrate cover were H. aurolineatum, H. bivittatus, S. subligarius, and P.
marmoreus; Epinephelus nigritus and L. campechanus showed positive correlations with
increased water temperature, while L. synagris and Epinephelus flavolimbatus showed
negative correlations with PCs 1 and 2, indicating a strong preference for lower water
temperatures and bare, structure-less environments (Figure 7B). P. marmoreus was
significantly and positively correlated with PC1 (Pearson correlation test, r = 0.4,
p = 0.03), but not significantly correlated with PC2 (r = 0.1, p = 0.57). They displayed
higher abundances at stations exhibiting more rugosity, vertical relief, and percent cover.
Additionally, E. nigritus was positively correlated with PC2 (r = 0.5, p = 0.01), but not
with PC1 (r = -0.2, p = 0.24) showing a preference for warmer waters and culvert-less
stations. The abundances of H. aurolineatum, H. bivitattus, and S. subligarius were not
significantly correlated with either of the two components (p > 0.15); however, their
abundances were highest at the densest culvert stations. Moreover, E. flavolimbatus, L.
campechanus, L. synagris abundances were not significantly correlated with either PCs
(p > 0.15), but their abundances were highest in stations lacking substantial culvert
structure, with L. campechanus exhibiting arrival in warmer water temperatures.

Comparison of SMURF Collections and SCUBA Surveys
The juvenile fish communities sampled by the SMURFs were significantly
different from the adult communities sampled via concurrent visual SCUBA surveys
when transformed to presence/absence (PERMANOVA: pseudo-F= 8.7, p = 0.001).
Higher species richness, abundance, and diversity were observed in the adult population
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than the juvenile SMURF samples (Table 6). There was a clear segregation of juveniles
and adults, with most juveniles recruiting to bare areas, category 0 (Figure 8). Although
few adults were observed via diver SCUBA surveys at bare areas, they were not the same
species that arrived as juveniles (Table 7). Three significant groupings of species
composition were observed at the 40% level showing a majority of juveniles grouping
together separately from adults (Figure 8). The species contributing the most similarity
to the juvenile population was S. subligarius (54.7%) and L. campechanus to the adult
(21.0%). SIMPER analysis showed 85.1% average dissimilarity between the two
populations with S. subligarius, P. marmoreus, L. campechanus, L. synagris, and
Chaetodipterus faber as the top five contributing species (Table 8).
The juvenile population observed via SCUBA was significantly different than the
juvenile population sampled by the SMURFs (PERMANOVA: pseudo-F= 15.3,
p = 0.001) with more species richness seen in species sampled by the SMURFs than the
visual SCUBA surveys (23 and 12 different species, respectively). Species diversity (H’)
values were also higher in the SMURF samples than samples visually observed (Table 6).
The species composition in the SMURF samples was more similar than those visually
sampled via SCUBA (33.9% and 13.9% similarity, respectively). Juvenile S. subligarius
contributed the most similarity to the SMURF samples whereas Equetus acuminatus was
the most ubiquitous juvenile species in visual surveys.
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IV. DISCUSSION
Juvenile fish populations at the South Padre Island artificial reef recruited
differently depending on sampling station configuration. The largest differences in
recruitment and species composition occurred between stations with culverts and those
with no culverts. These findings were supported by comparisons of abiotic and biotic data
among the culvert categories and through community analyses of species similarity.
Moreover, the fish assemblage captured in SMURFs was very different from the adult
community observed by divers indicating that either predation or structural complexity is
driving survival in this area.
Juvenile recruits observed in this study varied in size and taxonomy, with
numerous arrivals of both reef-associated and commercially important fish species.
While there were a large number of typical benthic resident fish, a handful of rare species
made an appearance. Although in low abundance, Warsaw grouper (E. nigritus) and
Yellowedge grouper (E. falvolimbatus), recruited to SMURFs in the sites lacking any
structure in a 30-m radius. These deep-water reef species are economically valuable in
the Gulf and are especially vulnerable to over-fishing due to their limited home ranges
(Parker and Mays, 1998). Additionally, L. campechanus juveniles were only seen to
recruit in areas lacking any culvert structures. This finding is in correlation with current
literature on the biology of L. campechanus, which are known to inhabit muddy, sandy
bottoms as juveniles (Gallaway et al., 2009; Szedlmayer and Shipp, 1994). Gallaway et
al. (1999) found a negative correlation between juvenile L. campechanus abundance and
artificial reef structure density. L. campechanus are a highly valued commercial and
recreational species (Szedlmayer an1d Shipp, 1994), and because recreational fishing

accounted for 64% of the landings in the Gulf of Mexico in 2002 (Coleman et al., 2004),
understanding their recruitment is crucial to their management and planning future
artificial reef deployments. L. campechanus, E. nigrtius, and E. flavolimbatus (3rd most
abundant harvested grouper in the Gulf of Mexico (Cook et al., 2009)) are highly
desirable and commercially important fish in the Gulf (Coleman et al., 2000; Cook et al.,
2009; Gougoux et al., 2004). This study found 60, 3, and 1 juveniles of each species,
respectively. These juveniles were found at the sites without culverts and in areas
mimicking settlement at their natural habitat (Ammann, 2004). While these fish arrived at
bare sites, they were likely attracted to areas at the reef fringe. Finding commercially
important species as juveniles at sites lacking significant structure suggests that fisheries
management may benefit from creating artificial reefs with small rubble reef patches
away from the main reef where juveniles can recruit and grow before moving to the
denser reef areas.
This study found high abundances of juvenile fish and low abundances of adult
fish in areas of the artificial reef lacking significant structure. In addition, species
richness of juvenile recruits was highest at the sample stations with no culverts in a 30-m
radius. Richness differed significantly between the stations with no culverts and the
stations with the most culverts (101+). These results suggest that juveniles are either
recruiting more frequently to areas with less structure, or, due to density-dependent postsettlement losses like predation, are not surviving at the denser areas. Doherty et al.
(2004) found that survival immediately post-settlement of the tropical surgeonfish Naso
unicornis was due entirely to survival and not habitat preference. Juvenile fish in this
study may be settling evenly among the varying densities in the reef array; however,
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similar to what was seen in N. unicornis, may exhibit higher survival in the absence of
predators. In contrast, a study conducted on North Atlantic cod, Gadus morhua,
discovered that the more structurally complex reef exhibited higher abundances and
survival of juvenile conspecifics (Tupper and Boutilier, 1995). These findings were
attributed to either decreased predator efficiency or an increase in available habitat and
shelter for newly settled juvenile fish. In this study, the stations with the highest
measures of rugosity, vertical relief, and percent substrate cover (culvert category 3), had
the lowest values of abundance, richness, evenness, and diversity (Figure 5.). This may
be due to the inherently low complexity of concrete culverts; an increase in juvenile fish
abundance, then, could be achieved by increasing topographic complexity similar to that
of natural coral reefs.
Numerous studies suggest that fish populations are mainly limited by habitat
availability (Alevizon and Gorham, 1989), however, juvenile arrivals may not follow this
theory. When analyzing settlement patterns of recently arrived juvenile fish, those
measuring ≤ 55mm (Kitajima et al., 1991; Ross and Moser, 1995; Vigliola and HarmelinVivien, 2001; Watson et al., 2002), no particular settlement pattern was seen among the
different densities in the reef array. This suggests that pre-settlement fish are at the whim
of eddies, currents, and water-mass movements (Victor, 1986). Thus, abundances of
recently settled juveniles may be stochastic and not always a result of habitat suitability,
availability, and density (Sale et al., 1984, 1980b; Sweatman, 1985). The findings in this
study support the observations that perhaps certain species of reef fish larvae settle onto
low-lying structure to metamorphose before moving to more complex habitat through
ontogenetic change (Doherty et al., 2004; Redman and Szedlmayer, 2009).
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Culvert density appeared to be negatively correlated with the presence of
juveniles in this study. Because reef fish mortality is highest immediately following postsettlement (Almany, 2004), perhaps juveniles recruiting to the densest culvert patches in
the reef suffered higher mortality from itinerant predators than did juveniles recruiting to
the bare areas where adults were absent. Shifts in ontogeny and post-settlement
movement also play a large role in determining where fish first arrive on a reef. In this
study S. subligarius recruited to nearly every station in all four culvert categories;
however, lower abundances and smaller recruits were seen at the bare stations, while
higher abundances and larger individuals were observed at the densest areas suggesting a
directed movement within the reef array based on ontogenetic shifts. These findings
might also indicate that the presence of larger S. subligarius negatively affects the
recruitment or survival of younger cohorts. Similarly, the presence of an adult
damselfish Stegastes leucostictus, has been shown to negatively impact the recruitment
and settlement of surgeonfish and butterflyfish (Shulman et al., 1983).
SMURFs used in this study were a more effective tool for examining juvenile fish
communities owing to the fact juvenile fish are cryptic and difficult to visually assess
(Ammann, 2004; Valles et al., 2008, 2006b), and because SCUBA diver visual surveys
are restricted to diurnally active reef fish. When SMURF samples were reduced to
presence/absence abundance and compared to the SCUBA samples at the same stations in
the reef array, SMURF samples exhibited nearly twice the species richness (23 and 12
different species, respectively) and nearly three times the abundance (91 and 36
individual fish, respectively). The community composition of the SMURF samples was
more similar at nearly 34% while the community composition of the SCUBA samples
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was only 14% similar. While SCUBA visual surveys and SMURF recruiting devices are
complimentary methods, these results suggest that SMURFs are a more effective method
to examine a juvenile fish community at an artificial reef.
Unique reef associated fish recruited to the SMURFs as juveniles, and although
their densities were low, few if any had been observed as adults in the visual SCUBA
surveys in the reef. Six species of unique or commercially important species that
recruited to the SMURFs as juveniles but were not observed in the adult community
included: Brotula barbata, E. nigritus, Histrio histrio, Opsanus beta, Parablennius
lacticlavius, and Urophycis floridana. Additionally, this study was performed on a
culvert reef, which by nature is not as structurally complex as coral reefs and may not
exhibit fish densities seen in structurally complex coral reef habitat. Differences
observed in species compositions between this study and the SCUBA visual surveys
indicate that the complexity of the culverts may not be as high as needed to increase
diversity. Perhaps fish observed in the bare areas were also recruiting to the dense areas,
however due to the low complexity of the culverts, were not surviving predation. An
increase in culvert complexity can potentially increase diversity by either maximizing
available shelter or reducing predator efficiency. Furthermore, important commercial and
recreational species were observed as juveniles in the bare areas; however, due to the
presence of SMURFs, these bare areas do not equate to bare sand. Juvenile fish presence
in these areas indicates that small, rubble reef patches away from the main reef can also
allow settlement and survival of reef fish that could then recruit to the main reef.
These results suggest that prior planning and appropriate design of an artificial
reef will enhance desired fish stocks (Charbonnel, 2002). This study recommends future
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artificial reef deployments to have a spread of microhabitat heterogeneity. This can be
accomplished by providing areas of increased habitat complexity to increase diversity of
benthic reef fish, but also by providing small, rubble reef patches on the reef fringe for
commercially valuable juveniles. If SMURFs similar to the ones in this study are to be
used in the future, I recommend more intensive sampling over the warmer months to
provide a larger sample size with which to analyze fine scale spatial and temporal
juvenile fish ecology.
Because population dynamics during juvenile stages drive those of adults, studies
at both stages are necessary to make predictions about artificial reef influences on
juvenile fish dynamics. Post-settlement processes in juvenile fish are difficult to assess
due to the cryptic nature with which juveniles settle; this study overcame this hurdle with
a tool in which juveniles were captured and quantified. The results of this study provide a
list of potential species that can settle at this artificial reef. By examining juvenile fish
population dynamics, artificial reefs can be designed to enhance recruitment. Because
reef associated fish show shifts in habitat selection through ontogeny, the addition of
microhabitat at the fringes and throughout an artificial reef constructed of culverts will
likely increase diversity of the adult population.
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VI. TABLES
Table 1. Median values (± 1 SD) of the four culvert categories. Rugosity (m), vertical
relief (m), and percent cover measured in a 30-m radius. Kruskal-Wallis test shows
categories 0 and 3 are significantly different at p < 0.05*
Category
* 0 (no culverts)
1 (1-50)
2 (51-100)
* 3 (101+)

Rugosity (m)
1.01
(0.01)
1.06
(0.01)
1.05
(0.01)
1.24
(0.03)

Vertical Relief (m)
0
(0)
0.25
(0.04)
0.30
(0.23)
0.68
(0.14)

Percent Cover
0
(0)
0.04
(0.01)
0.07
(0.02)
0.27
(0.02)

Table 2. Total number of fish observed (N) from June 2013-June 2014. Sampling conducted 31 times at 13 different sampling
stations at the artificial reef (PS-1047) off Port Mansfield, TX. Mean total length (TL) of species ±1 SE. N/A refers to species
only visually observed but never measured. 1= species observed as adults in concurrent SCUBA visual survey. 2= species
observed as juveniles in concurrent SCUBA visual survey. S refers to commercially important species. Family ordered by most
abundant species.
Family

Serranidae

Common Name

Scientific Name

N

% Total

Mean TL (cm) (±
1 SE)

Belted sandfish

Serranus1 subligarius

80

10.7

43 (2)

Dwarf sand perch

Diplectrum1 bivittatum

2

0.3

54

Rock hind

Epinephelus1,2
adscensionis

4

0.5

56 (9)

Rock sea bass

Centropristis1
philadelphica

40

5.4

72 (6)

Scamp

Mycteroperca1 phenax

10

1.3

60 (8)

Warsaw grouperS

Epinephelus1 nigritus

3

0.4

81 (40)

Whitespotted soapfish

Rypticus1 maculatus

7

0.9

62 (6)

Yellowedge grouperS

Epinephelus
flavolimbatus

1

0.1

53
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Lutjanidae

Lane snapper

Lutjanus synagris1

75

10.1

45 (8)

Red snapperS

Lutjanus1,2
campechanus

60

8.0

N/A

Vermillion snapper

Phomboplites1
aurorubens

2

0.3

44 (6)

Crested blenny

Parablennius
laticlavius

2

0.3

39 (1)

Seaweed blenny

Parablennius1
marmoreus

65

8.7

37 (1)

Reef butterflyfish

Chaetodon1,2
sedentarius

2

0.3

26 (5)

Spotfin butterflyfish

Chaetodon1,2 ocellatus

1

0.1

20

Planehead filefish

Stephanolepis1 hispidus

2

0.3

100 (54)

Scrawled filefish

Aluterus scriptus1

2

0.3

N/A

Blenniidae

Chaetodontidae

Monacanthidae

34

Cocoa damselfish

Stegastes1,2
variabilis

13

1.7

28 (8)

French anglefish

Pomacanthus1,2 paru

1

0.1

18

Antennariidae

Sargassum fish

Histrio histrio

1

0.1

23

Balistidae

Grey triggerfish

Balistes1 capriscus

1

0.1

54

Gulf toadfish

Opsanus beta

7

0.9

47 (7)

Haemulidae

Tomtate

Haemulon1,2
aurolineatum

307

41.1

37 (0.4)

Holocentridae

Squirrel fish

Holocentrus
adscensionis

1

0.1

51

Labridae

Slippery dick

Halichoeres1,2
bivittatus

34

4.5

48 (5)

Ophidiidae

Bearded brotula

Brotula barbata

1

0.1

133

Phycidae

Southern hake

Urophycis floridana

1

0.1

69

Sciaenidae

Cubbyu

Equetus1,2
acuminatus

14

1.9

63 (9)

Scorpaenidae

Spotted Scorpionfish

Scorpaena1 plumieri

4

0.5

31 (8)

Tetraodontidae

Bandtail pufferfish

Sphoeroides1
spengleri

3

0.4

17 (5)

Pomancanthidae

Batrachoididae
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Table 3. Species occurrence in SMURFs from June 2013-July 2014. Data were not collected in November and December 2013
nor January, March, and April 2014 due to inclement weather.
Scientific Name

Jun-13

Jul-13

Aug-13

Sept-13

Oct-13

Feb-14

May-14

Aluterus scriptus

Jun-14
*

Balistes capriscus

*

Brotula barbata
Centropristis philadelphica

*

*

*

*

*

*

*

*

Chaetodon ocellatus

*

Chaetodon sedentarius

*

Diplectrum bivittatum

*

*

Epinephelus adscensionis

*

Epinephelus flavolimbatus
Epinephelus nigritus

Halichoeres bivittatus
Histrio histrio

*
*

*

Equetus acuminatus
Haemulon aurolineatum

Jul-14

*
*

*

*

*

*

*

*

*
*

*

*

*

*
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*

*

*

Holocentrus adscensionis

*

Lutjanus campechanus
Lutjanus synagris
Mycteroperca phenax

*
*

*

*

*

*

*

*

*

Opsanus beta
Parablennius lacticlavius

*

Parablennius marmoreus

*

*

*

*

*

*

*

*

*

*

Pomacanthus paru

*

Rhomboplites aurorubens

*

Rypticus maculatus

*

*

*

*

Scorpaena plumieri
Serranus subligarius

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

Stephanolepis hispidus

*
*

Urophycis floridana

*
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*

*

Sphoeroides spengleri
Stegastes variabilis

*

*

Table 4. PERMANOVA pairwise comparisons of culvert categories and fish
compositions. 0: zero culverts, 1: 1-50 culverts, 2: 51-100 culverts, and 3: 101+ culverts
in a 30-m radius. Superscript 1= comparisons of all recruits excluding H. aurolineatum,
L. campechanus. Superscript 2= comparisons of recruits TL ≤ 55mm including H.
aurolineatum, excluding L. campechanus. Significance at p < 0.05*.
Groups
(Culvert Categories)
*0-1
*0-2
*0-3
1-2
3-1
3-2

Pseudo-F1

P1

Pseudo-F2

P2

1.8
1.8
1.9
1.0
1.3
0.6

0.01
0.01
0.01
0.4
0.1
0.9

1.5
1.0
0.9
0.7
1.0
0.6

0.1
0.4
0.5
0.7
0.4
0.8
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Table 5. Top four dominant juvenile fish species at each culvert category. 0: zero
culverts, 1: 1-50 culverts, 2: 51-100 culverts, and 3: 101+ culverts in a 30-m radius. (%)
represents results of Similarity Percentages Test (SIMPER) of the highest contributing
species to community composition similarity among all stations in each category. Data
do not include H. aurolineatum as they arrived in heavy pulses only in June and July
2013/14.
Rank

Category 0

Category 1

Category 2

1

L. synagris

P. marmoreus

P. marmoreus

2

S. subligarius
(36%)

H. bivittatus

S. subligarius
(61%)

H. bivittatus

3

C. philadelphica

S. subligarius
(34%)

C. philadelphica

S. variabilis

4

L. campechanus

L. synagris

O. beta

P. marmoreus

39

Category 3
S. subligarius
(87%)

Table 6. Diversity indices (S, N, J’, H’) of the juvenile population sampled by SMURFs
from June 2013-July 2014 and the adult/juvenile populations sampled concurrently via
visual SCUBA surveys. Values represent data transformed to presence/absence.
Diversity Indices
Richness (S)
Abundance (N)
Evenness (J’)
Diversity (H’)

SMURF Juveniles
23
91
0.9
2.7

SCUBA Adults
29
153
0.9
3.1
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SCUBA Juveniles
12
36
0.9
2.1

Table 7. Similarity Percentages Test (SIMPER) showing top 10 species dissimilarity
between the juvenile and adult fish communities. Total dissimilarity between the two
populations is 85.1%. ‘Juvenile Rank’ and ‘Adult Rank’ refer to the dominant species of
each group, respectively. Contrib (%): percentage each species contributes to overall
85.1% dissimilarity between the two communities. Juvenile community sampled via
SMURFs; Adult community sampled via concurrent visual SCUBA survey at the same
stations in the reef.
Species
S. subligarius
P. marmoreus
L. campechanus
L. synagris
C. faber
H. bivittatus
B. capriscus
H. aurolineatum
A. Probatocephalus
C. philadelphica

Juvenile SMURF
Rank
1
2
7
3
8
5
9
6
10
4
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Adult SCUBA Rank

Contrib (%)

2
5
1
8
3
9
4
7
6
10

9.9
6.7
6.6
5.6
5.1
4.9
4.6
4.1
3.8
3.7

VII. FIGURES

Figure 1. Artificial reef PS-1047 off the coast of Port Mansfield, Texas. Site is located
11-km east of the Port Mansfield jetties at the north end of South Padre Island (N 26
31.438’ and W 097 08.880’). Map adapted from the Texas Parks and Wildlife
Department Artificial Reef Program interactive reef map.

Figure 2. Standard monitoring unit for the recruitment of juvenile reef fish (SMURF)
2
with plastic netting. SMURF includes two replica coral pieces mounted to a 30.5cm
cement block. Rebar was placed beside the structure to facilitate re-location. Photo
courtesy of Seth Patterson.
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A)

B)

C)

D)

Figure 3. Side-scan sonar images of the four culvert categories.
A) 0: zero culverts B) 1: 1-50 culverts C) 2: 51-100 culverts
D) 3: 101+ culverts in a 30-m radius
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Figure 4. Diagram of SMURF capture bag comprised of 900 micron-mesh (Memphis
Net and Twine Co. Inc., Memphis, TN).
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(A)

(B)

*

(D)

(C)

Figure 5. A) average species richness (S), B) average abundance (number of fish per culvert category), C) average species
evenness (J’), D) average species diversity (H’) of the four culvert categories (± SE) 0: zero culverts, 1: 1-50 culverts, 2: 51-100
culverts, and 3: 101+ culverts in a 30-m radius. *represents significance at p < 0.05.
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Figure 6. Non-metric multidimensional scaling (MDS) ordination plot of juvenile
species compositions among the 31 sampling stations based on culvert category. 0: zero
culverts, 1: 1-50 culverts, 2: 51-100 culverts, and 3: 101+ culverts in a 30-m radius. Twodimensional stress value presented in the upper right hand corner represents the accuracy
of the MDS plot. The closer two points are together the more similar species
compositions.
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24.9%

57.7%

Figure 7. Principal Components Analysis (PCA) showing four environmental variables
as ordination vectors. A) PC1 accounts for 57.7% of variation among rugosity, vertical
relief, and percent cover. PC2 accounts for 24.9% of variation in average monthly
temperature. B) PCA showing the location of 31 sampling efforts from June 2013-July
2014 based on culvert category and different fish species in relation to the environmental
variables. 0: zero culverts, 1: 1-50 culverts, 2: 51-100 culverts, and 3: 101+ culverts in a
30-m radius. PC values and variables are the same for both A and B. Juvenile fish
species shown include: dominant and commercially important species among the
categories.
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Figure 8. Non-metric multidimensional scaling (MDS) ordination plot of the adult and
juvenile fish communities at the sampling stations from June 2013-July 2014. Adult
community sampled via visual SCUBA surveys while juvenile communities were
sampled with SMURFs. Comparisons were made at exact same sampling stations in the
reef. Numbers 0-3 represent the four culvert categories. 0: zero culverts, 1: 1-50
culverts, 2: 51-100 culverts, and 3: 101+ culverts in a 30-m radius. Three significant
groupings of species composition are seen at the 40% species similarity level. Twodimensional stress value presented in the upper right hand corner represents the accuracy
of the MDS plot. The closer two points are together the more similar species
compositions.
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