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: to marginal habitats at the boundaries of their distributions. In the ocean, mesophotic coral

. ecosystems (30-150 m) at the depth limit of photosynthetic reefs are hypothesized to act as refuges

. that are buffered from anthropogenic and natural disturbances, yet the viability and persistence of

. subpopulations in these peripheral habitats remains poorly understood. To assess the potential for
mesophotic reefs to support robust coral reef fish populations, we compared population density and

: structure, growth, size, and reproductive output of the bicolor damselfish (Stegastes partitus) from

. shallow (<10 m), deep shelf (20-30 m), and mesophotic reefs (60-70 m) across the Florida Platform.

: Population densities decreased and size and age distributions shifted toward older and larger
individuals in deeper habitats. Otolith-derived ages indicated that S. partitus found on mesophotic
reefs reach larger asymptotic sizes and have longer lifespans than fish in shallower habitats. Based
on measurements of oocyte area and batch fecundity, mesophotic fish also have higher reproductive

. investment. These demographic patterns indicate that mesophotic fish populations composed of large,

. fecund individuals produce high condition larvae and rely on longevity of individuals for population
persistence and viability.

. The global deterioration of natural habitats such as coral reefs, as a consequence of stressors including urban
expansion, overharvest, and climate change'*, may lead to the spatial restriction of populations of wild organisms
. to the periphery of their distributions**. Mesophotic habitats at the depth boundary of photosynthetic coral reefs
: may be buffered from storms, temperature fluctuations, and fishing pressure>®, thus safeguarding subpopulations
. of reef organisms from numerous stressors. While shallow and mesophotic reefs share some taxa’, environmental
. variability across distributional range limits may affect demographic rates that impact subpopulation viability or
. persistence®. The consequences and constraints of inhabiting environments at the depth boundaries of coral reef
© organisms are only beginning to emerge®. Particularly for coral reef fishes, the majority of work has focused on
community composition across depth gradients®”1%!! and few studies have addressed depth-driven population
dynamics and ecological constraints for fishes'>"3.
Habitat variation across environmental clines can influence population demographic parameters such as
growth, size, mortality, and reproduction!#-1¢, that can change rapidly along vertical gradients®!*!*. In coral reef
: ecosystems, depth distributions of demersal fish populations can span the photic zone from surface to meso-
. photic depths (30-150 m), encompassing depth-driven changes in oceanography, temperature, productivity, and
. habitat® that have the potential to impact demographics by affecting larval supply'?, physiology, and life-history
© trade-offs'®. Along depth gradients, deep coral reefs are frequently exposed to tidal bores that deliver cool,
nutrient-rich waters, potentially increasing food availability for resident organisms'®. Resource availability often
influences growth rates of fish and vulnerability to gape-limited predation!®?, eliciting fitness trade-offs between
growth, mortality, and reproduction®?2. Availability of planktonic food sources!® and likely higher predator den-
© sities in deeper habitats® may also increase mortality or trade-offs between growth and reproduction that affect
* larval production, source-sink dynamics, and subpopulation persistence®.
: The potential refuge function of mesophotic habitats is contingent upon the viability of subpopulations of
organisms in ostensibly marginal habitats that (1) safeguard demographically robust and viable subpopulations of
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Figure 1. Map of study site locations and strata. Replicate shallow shelf (SS) and deep shelf (DS) sites in the
Florida Keys (FK) were within a 75 m radius of centralized GPS coordinates at American Shoal (SS: 24.52732,
—81.49848 and DS: 24.52345, —81.49738) and Looe Key (SS: 24.54066, —81.43655 and DS: 24.53951,
—81.42265) shown in the inset. Mesophotic Pulley Ridge collections took place within the polygon region
labeled PR. Bathymetry contours from U.S. Geological Survey® are depicted at 10 m intervals from 20 m to
100 m depths, and 400 m intervals starting at a depth of 400 m. The map was generated using ArcGIS version
10.1 (http://www.esri.com/).

coral reef organisms and, (2) if persistent, may have the capacity to seed degraded reefs through larval dispersal.
Genetic evidence indicates that mesophotic corals and fishes can be connected to shallower populations through
larval dispersal®*-26, but the viability and persistence of subpopulations of coral reef fishes at depth boundaries
remains unclear for the majority of species. To assess the potential for peripheral habitats to support demographi-
cally robust fish subpopulations, we compared population demographics and reproductive output of a model reef
fish species, the bicolor damselfish (Stegastes partitus) across three depth strata [Shallow shelf (SS) <10m, Deep
shelf (DS) 20-30 m, and Mesophotic (MP) 60-70m] reefs on the Florida Shelf (Fig. 1) that encompass nearly the
entire vertical distribution of this species. We focused on four fundamental demographic parameters that affect
population dynamics: (1) population density, (2) size and age distributions, (3) individual growth and asymptotic
size, and (4) reproductive investment. Assessment of fish population demographics across the majority of the
depth distribution of coral reefs is a critical step in evaluating ecological constraints across depths and the persis-
tence and viability of subpopulations of coral reef organisms in peripheral and marginal habitats.

Results

The physical environment differed substantially among depth strata with temperatures decreasing with increas-
ing depth, and pronounced seasonal water temperature fluctuations in SS and DS strata (Fig. 2a). Prominent
sub-seasonal temperature fluctuations occurred at MP depths, particularly during the summer of 2013 (Fig. 2a),
whereas the DS stratum had the greatest daily temperature fluctuations (Fig. 2b).

Fish density and population structure. Stegastes partitus median population densities decreased
with depth (fish m~% SS: median = 0.52 and range = 0.14-1.34, DS: median = 0.25 and range = 0.06-0.82,
MP: median = 0.004 and range = 0.002-0.028), ~50% between each consecutive stratum (Table 1, Fig. 3). SS
and DS size and age distributions were skewed toward smaller and younger individuals, and were significantly
different than MP (Table 1, Fig. 4a,b). SS and DS distributions did not differ significantly from each other (Table 1,
Fig. 4a,b); however, DS habitats had fish in larger size classes. In all depth strata, males dominated the largest size
classes (Fig. 4a).

Size and age. Comparisons of Von Bertalanffy growth curves revealed differences in growth trajectories
among depth strata, with the most distinctive growth patterns evident in the MP stratum, where significant dif-
ferences occurred in all model parameters (Table 1). Growth coefficients (k) for fish in the MP stratum were
significantly smaller than shallower reefs, indicating a slower rate at which asymptotic size is reached. Asymptotic
size (L..) for males differed significantly among depth strata, with increasing size as depth increased (Table 1,
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Figure 2. Water temperature at each depth stratum depicting (a) daily mean temperature and (b) the difference
between daily maximum and minimum temperature from shallow shelf (SS), deep shelf (DS), and mesophotic
(MP) depth strata during the study period. The boxplots in (b) show a median central tendency line and the
bottom and top of the box correspond to the 25% and 75 quartiles of the data, respectively. The whiskers
include values that are within 1.5 times the inter-quartile range (distance between the 25" and 75" quartiles),
and outliers are points.

Fig. 5a,c, Supplementary Table S1). The patterns were less pronounced among depths for female fish. For females
in SS and DS habitats, the full model differed significantly among depths; however, the most biologically mean-
ingful growth parameters, growth rate and asymptotic size, did not differ significantly when considered separately
(Table 1, Fig. 5¢). Within each depth stratum, females consistently achieved smaller asymptotic sizes than males
(Fig. 5¢, Supplementary Table S1).

Reproduction. Probability of maturity of female S. partitus was 55% (£0.06 s.e.m.) at 40 mm SL, and 95%
(£0.02 s.e.m.) at 44.5 mm SL across all depths (Table 1). The proportion of females with post-ovulatory follicles
(POFs) was highest in SS habitats and similar between DS and MP (Supplementary Table S2). The presence of
POFs in SS and DS ovaries reflected recent spawning within 2 days of collection compared to 3 days for MP fish
(Supplementary Table S2).

Mean gonado-somatic index (GSI) of S. partitus differed significantly among depths after a natural log trans-
formation, with MP (1.79 £ 0.06 s.e.m.) considerably higher than SS (1.18 £ 0.04 s.e.m.) and DS (0.89 £ 0.08
s.e.m.; Table 1, Fig. 6a). The relationship between batch fecundity and depth stratum followed a similar pattern
(unadjusted mean oocytes ovary ! + s.e.m.: 6738 + 388, 5569 =+ 794, 9403 & 529; for SS, DS, MP, respectively),
and after adjusting for body weight, batch fecundity was significantly higher in MP habitats compared to DS
(Table 1, Fig. 5b). Oocyte area was larger in MP fish than in fish from shallower depths (Supplementary Table S3,
Supplementary Fig. S1) resulting in significantly larger oocyte area in four oocyte stages following yolk forma-
tion, out of the eight total oocyte stages, even after accounting for differences in body weight (Table 1, Fig. 7).
Differences were not significant for the primary oocyte growth stages prior to yolk formation, or the two latest
stages of oocyte development prior to spawning.

Discussion

Environments change rapidly along vertical gradients®?” and the results of our study reveal that in marine envi-
ronments, habitat variability across depths impacts demersal fish population demographics, with consequences
for population persistence and viability. The demographic and reproductive patterns of a common coral reef
fish across depths highlight the underlying impacts of ecological and environmental constraints in peripheral
habitats'>?>?* and suggest that habitats at distributional boundaries have the potential to sustain subpopulations
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Overall Pairwise comparisons (p-value, statistic)
Test statistic p-value SSvs DS SSvs MP DS vs MP
Fish density Kruskal-Wallis X =2 =939 <0.0001 0.002 <0.0001 <0.0001
Size distributions D — ns <0.0001,0.59 | 0.001,0.501
Kolmogorov-Smirnov
Age distributions D — ns <0.0001,0.60 | 0.001,0.50
Kolmogorov-Smirnov
Lo X4aen) — 0.006,7.6 | <0.0001,32.49 | <0.0001,27.49
VB male KX — ns <0.0001, 19.13 | <0.0001, 14.20
Model X2 gs — 0.005,13 | <0.0001,37.5 | <0.0001, 28.02
Loo X — ns <0.0001,17.41 |  0.005,7.76
VB female K x2ai=1) — ns <0.0001, 15.36 0.002, 9.9
Model X2 y¢_s — 0.04,8.35 | <0.0001,19.30 | 0.01,10.70
Size at maturity Logistic
. ns ns ns ns ns
regression
GSI ANOVA Figr_osy = 28.69 <0.0001 0.0001 <0.0001 <0.0001
Batch fecundity ANCOVA Far—2,0)=4.86 0.02 ns ns 0.01
CN F(y5,)=2.81 ns ns ns ns
PN F; 45 =0.31 ns ns ns ns
CAF9=13.53 0.0001 ns <0.0001 <0.0001
PY F,,p=13.14 0.0001 ns 0.0006 0.0001
Oocyte area ANCOVA
SY Fy65=22.93 <0.0001 ns <0.0001 <0.0001
TY Fp74 =871 0.003 ns 0.002 0.001
MN F(339,=0.66 ns ns ns ns
HOF(,;=4.39 ns ns ns ns

Table 1. Results of analyses comparing S. partitus demography among depth strata (SS = shallow shelf,
DS = deep shelf, MP = mesophotic). For each metric, test statistics are provided and p-values are listed for
tests and pairwise comparisons. Dashes indicate that all comparisons were pairwise and non-significant results
are denoted by ns. All pairwise comparisons are Tukey Honest Significant Differences except for fish density
calculations that are Dunn’s post-host tests. P-values were Bonferroni corrected for size and age distribution
comparisons, oocyte area analyses, and Dunn’s tests. Adjusted p-values are reported for Tukey Honest
Significant Differences tests. Differences in VB (Von Bertalanffy) growth models are based on likelihood

ratios and are presented for model parameters (L., and k) and the full model comparisons with unique values
for each parameter (Model: L. k, and t;) between strata. GSI (gonado-somatic index) data were natural log
transformed for analyses. Oocyte stages are listed in order from earliest to latest stage oocytes (CN = chromatin
nucleolar, PN = perinucleolar, CA = cortical alveolar, PY = primary yolk, SY = secondary yolk, TY = tertiary
yolk, MN = migratory nucleus, HO = hydrated oocyte). See Supplementary Table S4 for sample collections and
sample sizes.

with distinctive life-history traits. Such demographic plasticity may enhance the ability of organisms that are
relegated to peripheral environments to persist and thrive.

Fundamental population demographic parameters for reef fishes such as population density and structure
are influenced by the magnitude of larval settlement and post-settlement growth, mortality, and longevity**3!. As
depth increased across the Florida shelf, densities of S. partitus decreased, and there was a higher frequency of
young fish in SS and DS habitats compared to MP. Stegastes partitus are typically <20 mm standard length during
the first 4 weeks on the reef (unpublished data) and the scarcity of small fish in MP habitats during peak settle-
ment months®? suggests a higher influx of young fish to shallower environments. Age distributions in MP habitats
also reflect high annual survivorship and longevity of individuals compared to SS and DS populations with high
recruitment and mortality during the first year on the reef. Few studies have quantified the magnitude of reef
fish settlement to mesophotic habitats, although some evidence suggests lower recruitment for fishes on deeper
reefs'2. Minimal post-settlement movement of S. partitus®** points to recruitment and mortality as the driving
factors that determine age and size distributions across depths. The pattern of low density and few juvenile fish
suggests that low replenishment of young fish in MP habitats may limit population densities and increase reliance
on long-lived individuals for population persistence.

Growth trajectories and reproductive output differed across strata, revealing that habitat-related population
parameters were not restricted to recruitment and mortality, but included sub-lethal effects on post-settlement
fish. Water temperatures decreased as depth increased, with the greatest temperature differences occurring
between MP and SS depth strata in the summer months. Male and female S. partitus grew slowly and reached
large asymptotic sizes in MP habitats, and had similar growth trajectories in SS and DS environments, in accord-
ance with the effects of temperature on body size®>. Adult growth is affected by water temperature throughout the
year, but summer temperatures have the potential to influence two crucial seasonal processes in the life cycle of a
reef fishes: early post-settlement growth when mortality is high, and reproduction. For S. partitus in SS habitats,
growth has fitness consequences linked to beneficial physiological or behavioral trade-offs immediately after
settlement, with higher survival of fish with larger settlement sizes and slower post-settlement growth?®. While
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Figure 3. Stegastes partitus densities from visual transect surveys at shallow shelf (SS) and deep shelf (DS)
strata, and ROV surveys at mesophotic reefs (MP). The central tendency line is the median, and the bottom
and top of the box correspond to the 25" and 75" quartiles of the data, respectively. The whiskers include values

that are within 1.5 times the inter-quartile range (distance between the 25" and 75" quartiles), and outliers are
points. All comparisons among strata were significant (p < 0.05, see Table 1 for detailed statistical results).
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Figure 4. Frequency distributions of Stegastes partitus (a) standard length (mm) and (b) otolith-derived age
(years) from transect collections at shallow shelf (SS) and deep shelf (DS) strata, and a random selection of fish
from the mesophotic (MP) stratum. The gray scale indicates maturity and sex. MP size and age distributions
were significantly different (p < 0.05, see Table 1 for detailed statistical results) than SS and DS distributions.

slow growth may enhance survival of young fish and large asymptotic size increases per capita batch fecundity
in MP habitats, colder temperatures typically slow oocyte development and reduce the frequency of spawning®.

Independent of body size, reproductive investment in individual oocytes and batch fecundity of S. partitus
was highest in MP habitats. MP fish had larger oocyte area for the majority of oocyte stages, excluding the earli-
est stages prior to maternal investment in yolk formation® and the latest stage oocytes that had smaller sample
sizes. Larger oocyte area suggests high investment in individual offspring and thus a higher likelihood of larval
survival in the pelagic environment®. In addition to oocyte area, batch fecundity, which elsewhere is linked
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Figure 5. Von Bertalanffy growth model fit for (a) male and (b) female Stegastes partitus and (c) bivariate 95%
confidence ellipses for model parameters (L., and k) using otolith-derived age and standard length (SL: mm)
data from shallow shelf (SS), deep shelf (DS), and mesophotic (MP) depth strata. Stegastes partitus up to 6 yrs
old were included in model fits based on the maximum age at SS and DS strata, thus curves only extend to 6 yrs.
MP fish >6 yrs old are included in the plot, but were treated as outliers in model fitting. Statistical results are
presented in detail in Table 1 and Supplementary Table S1.

to the local environment?? and food availability*’, was higher in mesophotic habitats. Oceanographic processes
have differential effects on reef habitats across depths and the large sub-seasonal temperature variability in MP
habitats is influenced by the meandering Loop Current. Near the Florida Shelf, the deep chlorophyll maximum
is located at ~60-70 m depth, and DS reefs in the Florida Keys had the highest daily fluctuations in temperature,
associated with semidiurnal delivery of cold nutrient-rich water by tidal bores that can also increase planktonic
food availability'®. Higher food availability with increasing depth may lead to higher investment in offspring, and
is corroborated by a high prevalence of zooplanktivorous fish on mesophotic reefs!®#!. Fish in DS habitats had
the lowest GSI and batch fecundity, revealing that reproduction is also affected by processes that may not have a
monotonic relationship with depth, such as predation and energy allocation. While oocyte investment and batch
fecundity were highest in MP habitats, the proportion of females spawning and our estimates of the effects of
temperature on POF degeneration indicate that fish in deeper environments have the lowest spawning frequency.
Together, these results highlight life-history variability and trade-offs between offspring provisioning and spawn-
ing frequency for coral reef fish across vertical distributions: MP fish likely produce higher condition larvae than
fish on shallower reefs, yet spawn less frequently.

Trade-offs in life-history strategies along clines have been observed across diverse ecosystems'>'%, and the
results of this study indicate that life-history variability that is typically observed across broad horizontal spatial
scales and at geographic limits can occur across relatively small vertical scales in coral reef ecosystems. Age and
size distributions of S. partitus in mesophotic habitats exceeded the range that has been reported across the spe-
cies geographic distribution to date*?~*, indicating that subpopulations in peripheral mesophotic habitats likely
represent demographic and life-history extremes. Stegastes partitus exhibited trade-offs between growth, repro-
duction, and longevity that revealed life-history strategies from SS to peripheral MP habitats that may maximize
total lifetime reproductive output and fitness in differing environments. In high population density SS habitats,
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Figure 6. Female Stegastes partitus reproductive investment measured as (a) gonado-somatic index (GSI) and

(b) adjusted batch fecundity (eggs ovary ') for shallow shelf (SS), deep shelf (DS), and mesophotic (MP) depth
strata. Adjusted batch fecundity (+s.e.m.) was calculated using the ANCOVA relationship between mean batch
fecundity and fish body weight. Letters indicate significant differences. Detailed statistical results are presented

in Table 1.
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Figure 7. Average adjusted Stegastes partitus oocyte area from shallow shelf (SS), deep shelf (DS), and
mesophotic (MP) strata. Panels correspond to oocyte stages starting from the onset of yolk vesicle formation
(early stage on the left to late stage on the right: CA = cortical alveolar, PY = primary yolk, SY = secondary yolk,
TY = tertiary yolk, MN = migratory nucleus, HO = hydrated oocyte). Oocyte areas were adjusted based on the
ANCOVA relationship between fish body weight and oocyte area. Bars are adjusted mean oocyte area (+s.e.m.).
A separate ANCOVA was performed for each oocyte stage for a total of eight comparisons, so p-values were
Bonferroni corrected, and asterisks indicate significant differences (p < 0.05, see Table 1 for detailed statistical
results).

individuals with short lifespans grow quickly and spawn more frequently at the expense of smaller batch sizes and
likely lower condition larvae. For long-lived individuals in MP habitats, slow growth, lower spawning frequency,
but large batch size and higher condition larvae may maximize offspring survivorship and lifetime reproductive
output. Stegastes partitus are well-connected through the Caribbean basin®® and the Florida Keys*, and prevail-
ing currents transport larvae from MP habitats toward DS and SS reefs*, suggesting that demographic patterns
of S. partitus subpopulations are environmentally driven rather than linked to local adaptations. For S. partitus
subpopulations at distributional boundaries where population densities may be low, demographic plasticity facil-
itates high energetic investment in offspring for individuals with long lifespans and the potential to achieve high
lifetime reproductive output and offspring survival.

Depth-related patterns in demography and reproduction of S. partitus have major implications for the via-
bility and persistence of DS and MP habitats near distributional boundaries for coral reef fishes. Planktivorous
demersal reef fish in DS habitats have low batch fecundity and lower population densities than in SS habitats,
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suggesting that DS reefs are likely marginal habitats with low larval production. In mesophotic reef environments
that are at the farthest range of S. partitus distributions, recruitment and population densities are constrained, yet
MP fish have high longevity, greater provisioning of eggs, and higher batch fecundity. Comparing reproductive
traits among habitats suggests that despite estimates of lower spawning frequency, MP females may be BOFFFFs
(Big Old Fat Fecund Female Fish)* that produce high quality larvae and have high lifetime reproductive output.
However, low population densities, few young fish, and high annual survivorship in MP habitats reflects depend-
ence upon long-lived individuals for population persistence® and potentially lower resilience to environmental
perturbations compared to shallower habitats with a higher influx of young fish that facilitates recovery after a
disturbance.

Globally, coral reef habitat decline via human-induced and climate-related stressors® may be mitigated by
colder water temperatures and reduced magnitude of disturbances in mesophotic habitats. In this context, mes-
ophotic coral reef habitats are reef fish population repositories that support individuals with high reproductive
investment in spawning batches and oocytes. Deeper reefs may serve as undisturbed refuges for fish communities
and targeted fisheries species®, and high reproductive potential for coral species found at mesophotic depths* also
indicates that habitats at the margins of coral reef ecosystems may be refuges that safeguard subpopulations of
reproductively capable individuals across diverse coral reef taxa. This study suggests that in mesophotic habitats
with few young fish and low population densities, populations likely persist as a result of longevity of individuals,
and larval production may benefit from high per capita fecundity and high condition larvae. Future work mode-
ling larval transport and connectivity across depth distributions will further identify the potential for these viable
subpopulations to supply larvae to declining habitats. Mesophotic coral reefs are able to support populations of
fecund, long-lived individuals, yet such peripheral reef habitats are often fragile ecosystems that merit additional
protection to maintain population resilience and persistence.

Methods

This study took place from 2012-2015 in coral reef ecosystems across three depth strata spanning the Florida
Shelf (Fig. 1). Shallow shelf (SS, <10 m deep) and deep shelf (DS, 20-30 m deep) sites were located at two replicate
reefs in the Florida Keys. Mesophotic reef sites (MP, 60-70 m deep) were located at Pulley Ridge, a mesophotic
coral ecosystem with ~32km of known coral habitat along the west Florida Platform* (Fig. 1).

Stegastes partitus is a common demersal reef fish with a broad depth range*' and high site fidelity following
settlement to the reef**. Males defend nests, and demersal eggs are spawned at sunrise with peak spawning in
summer ~1-7 d after the full moon*. Larvae have a pelagic larval duration (PLD) of ~30 d, followed by settle-
ment to the reef and metamorphosis into demersal juveniles®. Stegastes partitus are well connected throughout
the Caribbean basin*® and biophysical models show that larvae are regularly transported from spawning to set-
tlement habitats across >100 km scales along the Florida Keys*’. MP habitats were ~200 km from SS and DS sites;
however the locations are oceanographically connected, and modeled larvae (60-d PLD) spawned near the MP
site have transport trajectories that suggest genetic and demographic connectivity for S. partitus between study
locations®.

Field collections. Temperature was recorded at each depth stratum from 2012-2014 (SS and DS: Onset Hobo
data loggers with 10 min intervals, MP: Acoustic Doppler Current Profiler (ADCP) with 60 min intervals). To quan-
tify population densities during the summers of 2012-2013, SCUBA divers counted all S. partitus along 25m X 2m
haphazard transects at SS and DS strata (SS, =41, DS, = 38). At MP sites, 99 ROV (UNCW Super Phantom S2)
video transects were recorded during daylight hours, each covering 100 m with a 5 m width field of view. ROV
transects were scored to quantify S. partitus densities and detailed methods are described in Reed et al.*°.

Stegastes partitus were collected by SCUBA divers using hand nets and quinaldine anesthetic. To assess age
and size structure for demographic analyses, SCUBA divers collected every S. partitus along a subset of the afore-
mentioned 25 m x 2 m transects (SS, =5, DS, =7) and technical divers randomly collected S. partitus at MP sites.
Additional fish collections at SS and DS sites, and during 2015 at MP sites, aimed to encompass the largest and
smallest individuals found in each depth stratum. Fish were measured to the nearest 0.01 mm standard length
(SL) and total length (TL) using digital calipers, and sex was determined visually following dissection. SS and DS
fish were wet weighed to the nearest 0.01 g and stored frozen at —80 °C. During peak spawning, fish ovaries were
dissected, fixed in 10% phosphate buffered formalin and then transferred to 70% ethanol for storage. For the MP
stratum, S. partitus were measured and frozen in liquid nitrogen for later storage at —80 °C, except during and
after peak spawning in 2013 and 2014, when a subset of ovaries were dissected and fixed in formalin; and the bod-
ies were frozen or fixed in formalin. To account for loss of body weight from preservation, weights were converted
to fresh weight*! using the formula:

Weight,,., = 0.04 + 1.06 x Weight ;.., (1)

Formalin-preserved tissue weight was converted to fresh weight®? and ovary weights were added to body
weights to obtain total weight. Results of statistical analyses were equivalent with and without weight conver-
sions. Fish collections and handling were approved by the University of Miami Institutional Animal Care and Use
Committee in accordance with with the Office of Laboratory Animal Welfare at the National Institutes of Health.
Fish collections were permitted by the Florida Fish and Wildlife Conservation Commission and the Florida Keys
National Marine Sancutary.

Otolith ageing. Otoliths were removed and one sagitta was randomly selected from each fish and embedded
in crystal-bond thermoplastic glue on a glass microscope slide. The sagitta was polished to a transverse section
that included the primordium. Otoliths were digitally photographed at 100x magnification using a Leica DMLB
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microscope and an Infinity 2 digital camera, and annual otolith increments were enumerated**. Otoliths were
aged by the same reader, and if two of three reads did not match, the otolith was not used in the analysis. For fish
<1yr old, a second digital image was captured using an oil immersion lens at 400x magnification to enumerate
daily otolith increments. As fish age, daily otolith increments become difficult to discern, therefore, for a subset
of analyses, estimates of young fish were included in analyses if they were <75 d post settlement or <25mm SL.
Daily otolith increments were enumerated twice, once along each of the two longest axes of growth. If the two
reads did not round to the same 0.1 of a year, then the otolith was excluded from the analysis. A total of 64 fish of
206 were excluded based on ageing criteria.

Reproduction. Reproductive investment was measured using multiple metrics. Gonado-somatic index (GSI)
calculated as:
Weight

ovary

GSI x 100

B Weightbody (2)

provided an instantaneous measure of relative reproductive potential. Batch fecundity, the total number of
oocytes released per spawning event®, was calculated to quantify egg production. Oocyte area provided a relative
measure of offspring investment. Samples collected during peak spawning were used for all reproduction analy-
ses except for oocyte area that included peak and non-peak time periods in MP habitats. An ANCOVA with fish
weight as a covariate showed no significant differences in oocyte area between lunar peak spawning and non-peak
time periods (ANCOVA, p > 0.05 for all oocyte stages).

For the analysis of batch fecundity, left and right ovary lobes were randomly selected for gravimetric counts
and histological staging. All ovaries were weighed to the nearest 0.001 mg and transverse 5pum width histological
sections, stained with haematoxylin and eosin, were digitally imaged at 100x magnification using a Leica DMLB
microscope and an Infinity 2 digital camera, and image analysis was performed using Image Pro Plus 7.0 software
(Media Cybernetics). Batch fecundity was calculated using gravimetric counts of yolked oocytes* and refined
using the proportion of late-stage oocytes (tertiary yolk stage, migratory nucleus stage, and hydrated oocytes) in
each ovary based on histological slides. Gravimetric counts were quantified by weighing three subsamples from
each fish ovary taken from the anterior, middle, and posterior of the ovary®. Oocyte counts mg™' of weight,
excluding chromatin nucleolar and perinucleolar primary growth phases®, were averaged between the three
subsamples for each ovary and then extrapolated to the weight of the ovary to obtain the total number of yolked
oocytes.

Histological sections were used to distinguish between oocyte stages for batch fecundity measurements. Using
image analysis software, a grid overlay was applied to a digital image of each histological section and all oocytes
located at the intersection of the grid lines were staged. Eight oocyte stages, in order from least to most developed,
were identified: chromatin nucleolar (CN), perinucleolar (PN), cortical alveolar (CA), primary yolk (PY), second-
ary yolk (SY), tertiary yolk (TY), migratory nucleus (MN), and hydrated oocytes (HO)?®. The ratios of late-stage
oocytes to total oocyte counts from histological sections, excluding CN and PN, were applied to oocyte counts
from the gravimetric method. Due to low sample sizes of fish with HO, batch fecundity calculations included
females with late-stage oocytes®®, and ovaries with evidence of atresia or post-ovulatory follicles (POFs) were
excluded from analysis®®*4.

If the nucleus was visible in the digital image of the histological section, then oocyte area was calculated by
outlining the oocyte circumference using Image Pro Plus software. Spawning frequency could not be measured
directly but was inferred using counts of POFs from histological slides to calculate the proportion of females
that recently spawned, and an estimated POF degeneration rate®®. POF degeneration rates slow as temperature
decreases with some variability in degeneration rates among species®. We utilized a 3% rate increase for each
1°C increase®” using mean water temperatures during peak spawning collections based on a thorough study that
utilized a serial batch spawning species that shows similar oocyte development to S. partitus®>*” (Supplementary
Fig. S1).

To verify that oocyte development was similar throughout the ovary® for fecundity and oocyte area calcula-
tions, anterior, middle, and posterior sections were made for a subset of histological sections (n =8). The longest
and shortest diameters were measured and averaged for each staged oocyte that intersected a digital transect line
through the section. There were no significant differences in diameter between ovary lobes or position for any of
the oocyte stages (p > 0.05, repeated measures linear mixed effect model in R statistical software, nlme package).

Data analysis. Daily temperature mean and range were plotted to discern variability over long and short time
scales. Stegastes partitus densities from visual transects at SS and DS strata were based on stratified random visual
surveys in reef habitats, whereas ROV transects from MP included unsuitable habitats for S. partitus, suggesting
ROV fish counts underestimate densities compared to visual surveys®®. To control for this discrepancy, ROV data
used for analysis included only surveys in which S. partitus were observed (43 out of 99 surveys, similar to the
reported ~57% live biota percent cover at Pulley Ridge®).

All tests were based on an alpha level of 0.05, and Shapiro Tests and Levene’s Tests were used to test for the
assumptions of normality and homogeneity of variance. If data did not meet the test assumptions, transforma-
tions were applied or alternative statistical analyses were performed. Total S. partitus densities were compared
between depths using Kruskal-Wallis tests and post-hoc Dunn’s test with Bonferroni corrections. To compare
population size and age frequency, only fish that were measured and aged from transect collections were used for
SS and DS distributions, and MP distributions were based on a random subset of MP collections from 2012-2013
(Supplementary Table S4). Otolith ageing criteria for age-frequency distributions required accuracy within 1-yr
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time windows, facilitating the inclusion of all fish collected along transects in the analyses. Frequency distribu-
tions were compared between strata using 2-sample Kolmogorov-Smirnov tests with Bonferroni corrections for
multiple comparisons.

Differences in S. partitus growth among depth strata were evaluated using ages obtained from otolith analyses.
Immature fish could not be sexed, therefore male and female growth curves included the same young individuals.
Growth trajectories were modeled using the Von Bertalanffy (VB) growth model:

L= Ly (1— et 3)

where L, is fish standard length at time t, L, is theoretical asymptotic length, k is a growth coefficient (the rate at
which length approaches L), t is fish age in years, and t, is a hypothetical age at length 0. Models were fit with
nonlinear least squares, and parameters were compared among populations using likelihood ratios with a gen-
eral model that incorporated unique parameters for each population, and four sub models, each with a shared
VB parameter®. The oldest fish from the MP strata (n = 3) were treated as outliers for model fitting because the
method is sensitive to differences in age distributions*.

Size at maturity (SL mm) of female fish was determined based on the presence of visible ovaries following
dissection and compared among depths using a generalized linear model with binomial error terms and a logit
link. GSI was compared among strata with one-way ANOVA after after a natural log transformation. Batch fecun-
dity differences were assessed using ANCOVA with fish body weight as a covariate. Batch fecundity sample sizes
for DS and MP habitats were low (Supplementary Table S4); however, both datasets met the assumptions of
normality, homoscedasticity of variance, and homogeneity of slopes, justifying the use of the test. To compare
oocyte diameter among depths, average diameters for each oocyte stage were calculated for each fish to mitigate
the effects of individual variation. The CN stage required removal of one outlier point and a square root trans-
formation, and two outlier points were removed from the SY dataset to meet the assumption of normality. To
avoid comparisons of oocyte area among different stages, an ANCOVA model was fit for each oocyte stage with
fish body weight as a covariate and p-values were Bonferroni corrected for multiple comparisons. For parametric
analyses, all post-hoc tests were Tukey Honest Significant Differences tests with adjusted p-values. All analyses
were implemented using R version 3.1.2.

References
1. Gardner, T. A., Coté, I. M., Gill, J. A., Grant, A. & Watkinson, A. R. Long-term region-wide declines in Caribbean corals. Science 301,
958 960 (2003).
2. Hoekstra, J. M., Boucher, T. M., Ricketts, T. H. & Roberts, C. Confronting a biome crisis: global disparities of habitat loss and
protection. Ecol. Lett. 8, 23-29 (2005).
3. Hoegh-Guldberg, O. et al. Coral reefs under rapid climate change and ocean acidification. Science 318, 1737-1742 (2007).
4. Haby, N. A. et al. Scale dependency of metapopulation models used to predict climate change impacts on small mammals. Ecography
36, 832-841 (2013).
5. Slattery, M., Lesser, M., Brazeau, D., Stokes, M. & Leichter, J. Connectivity and stability of mesophotic coral reefs. J. Exp. Mar. Biol.
Ecol. 408, 32-41 (2011).
6. Lindfield, S. J., Harvey, E. S., Halford, A. R. & Mcllwain, J. L. Mesophotic depths as refuge areas for fishery-targeted species on coral
reefs. Coral Reefs 35, 125-137 (2016).
7. Kahng, S. et al. Community ecology of mesophotic coral reef ecosystems. Coral Reefs 29, 255-275 (2010).
8. Holt, R. D,, Keitt, T. H., Lewis, M. A., Maurer, B. A. & Taper, M. L. Theoretical models of species’ borders: single species approaches.
Oikos 108, 18-27 (2005).
9. Lesser, M. P, Slattery, M. & Leichter, J. J. Ecology of mesophotic coral reefs. J. Exp. Mar. Biol. Ecol. 375, 1-8 (2009).
10. Brokovich, E., Einbinder, S., Shashar, N., Kiflawi, M. & Kark, S. Descending to the twilight-zone: changes in coral reef fish
assemblages along a depth gradient down to 65 m. Mar. Ecol. Prog. Ser. 371, 253-262 (2008).
11. Jankowski, M., Graham, N. & Jones, G. Depth gradients in diversity, distribution and habitat specialisation in coral reef fishes:
implications for the depth-refuge hypothesis. Mar. Ecol. Prog. Ser. 540, 203-215 (2015).
12. Srinivasan, M. Depth distributions of coral reef fishes: the influence of microhabitat structure, settlement, and post-settlement
processes. Oecologia 137, 76-84-84 (2003).
13. Hoey, J., McCormick, M. & Hoey, A. Influence of depth on sex-specific energy allocation patterns in a tropical reef fish. Coral Reefs
26, 603-613 (2007).
14. Houde, E. D. Comparative growth, mortality, and energetics of marine fish larvae: temperature and implied latitudinal effects. Fish.
Bull. 87, 471-495 (1989).
15. Bears, H., Martin, K. & White, G. C. Breeding in high-elevation habitat results in shift to slower life-history strategy within a single
species. J. Anim. Ecol. 78, 365-375 (2009).
16. Trip, E. D. L., Clements, K. D., Raubenheimer, D. & Choat, J. H. Temperature-related variation in growth rate, size, maturation and
life span in a marine herbivorous fish over a latitudinal gradient. J. Anim. Ecol. 83, 866-875 (2014).
17. Pineda, J., Hare, J. A. & Sponaugle, S. Larval transport and dispersal in the coastal ocean and consequences for population
connectivity. Oceanography 20, 22-39 (2007).
18. Leichter, J., Shellenbarger, G., Genovese, S. & Wing, S. Breaking internal waves on a Florida (USA) coral reef: a plankton pump at
work? Mar. Ecol. Prog. Ser. 166, 83-97 (1998).
19. Jones, G. P. Food availability affects growth in a coral reef fish. Oecologia 70, 136-139 (1986).
20. Anderson, J. T. A review of size dependent survival during pre-recruit stages of fishes in relation to recruitment. J. Northwest Atl.
Fish. Sci. 8, 55-66 (1988).
21. Heino, M. & Kaitala, V. Evolution of resource allocation between growth and reproduction in animals with indeterminate growth.
J. Evol. Biol. 12, 423-429 (1999).
22. Sambhouri, J. F. Food supply influences offspring provisioning but not density-dependent fecundity in a marine fish. Ecology 90,
3478-3488 (2009).
23. Figueira, W. F. Connectivity or demography: Defining sources and sinks in coral reef fish metapopulations. Ecol. Model. 220,
1126-1137 (2009).
24. Van Oppen, M. ]. H., Bongaerts, P, Underwood, J. N., Peplow, L. M. & Cooper, T. E. The role of deep reefs in shallow reef recovery:
an assessment of vertical connectivity in a brooding coral from west and east Australia. Mol. Ecol. 20, 1647-1660 (2011).
25. Serrano, X. et al. Geographic differences in vertical connectivity in the Caribbean coral Montastraea cavernosa despite high levels of
horizontal connectivity at shallow depths. Mol. Ecol. 23, 4226-4240 (2014).

SCIENTIFICREPORTS | 6:34077 | DOI: 10.1038/srep34077 10



www.nature.com/scientificreports/

26. Tenggardjaja, K. A., Bowen, B. W. & Bernardi, G. Vertical and horizontal genetic connectivity in Chromis verater, an endemic damselfish
found on shallow and mesophotic reefs in the Hawaiian archipelago and adjacent Johnston Atoll. PLOS ONE 9, 115493 (2014).

27. Hille, S. M. & Cooper, C. B. Elevational trends in life histories: revising the pace-of-life framework. Biol. Rev. 90, 204-213 (2015).

28. Grant, B. W. & Dunham, A. E. Elevational covariation in environmental constraints and life histories of the desert lizard Sceloporus
Merriami. Ecology 71, 1765 (1990).

29. Guo, Q., Taper, M., Schoenberger, M. & Brandle, J. Spatial-temporal population dynamics across species range: from centre to
margin. Oikos 108, 47-57 (2005).

30. Forrester, G. E. Strong density-dependent survival and recruitment regulate the abundance of a coral reef fish. Oecologia 103,
275-282 (1995).

31. Schmitt, R. J. & Holbrook, S. J. Settlement and recruitment of three damselfish species: larval delivery and competition for shelter
space. Oecologia 118, 76-86 (1999).

32. D’Alessandro, E. K., Sponaugle, S. & Lee, T. Patterns and processes of larval fish supply to the coral reefs of the upper Florida Keys.
Mar. Ecol. Prog. Ser. 331, 85-100 (2007).

33. Figueira, W. E, Lyman, S. J., Crowder, L. B. & Rilov, G. Small-scale demographic variability of the biocolor damselfish, Stegastes
partitus, in the Florida Keys USA. Environ. Biol. Fishes 81,297-311 (2008).

34. Hixon, M. et al. Density dependence and population regulation in marine fish: a large-scale, long-term field manipulation. Ecol.
Monogr. 82, 467-489 (2012).

35. Atkinson, D. Temperature and Organism size-A biological law for ectotherms? Adv. Ecol. Res. 25, 1-58 (1994).

36. Rankin, T. L. & Sponaugle, S. Temperature influences selective mortality during the early life stages of a coral reef fish. PLOS ONE 6,
16814 (2011).

37. Yoneda, M. et al. Temperature- and income resource availability-mediated variation in reproductive investment in a multiple-batch-
spawning Japanese anchovy. Mar. Ecol. Prog. Ser. 516, 251-262 (2014).

38. West, G. Methods of assessing ovarian development in fishes: a review. Mar. Freshw. Res. 41, 199-222 (1990).

39. Hixon, M. A,, Johnson, D. W. & Sogard, S. M. BOFFFFs: on the importance of conserving old-growth age structure in fishery
populations. ICES J. Mar. Sci. 71, 2171-2185 (2013).

40. Jarrett, B. D. et al. Strange bedfellows—a deep-water hermatypic coral reef superimposed on a drowned barrier island; southern
Pulley Ridge, SW Florida platform margin. Mar. Geol. 214, 295-307 (2005).

41. Garcia-Sais, J. Reef habitats and associated sessile-benthic and fish assemblages across a euphotic-mesophotic depth gradient in Isla
Desecheo, Puerto Rico. Coral Reefs 29, 277-288 (2010).

42. Emery, A. R. Comparative ecology and functional osteology of fourteen species of damselfish (Pisces: Pomacentridae) at Alligator
Reef, Florida Keys. Bull. Mar. Sci. 23, 649-770 (1973).

43. Schmale, M. C. Sexual selection and reproductive success in males of the bicolor damselfish, Eupomacentrus partitus (Pisces:
Pomacentridae). Anim. Behav. 29, 1172-1184 (1981).

44. Caldow, C. & Wellington, G. M. Patterns of annual increment formation in otoliths of pomacentrids in the tropical western Atlantic:
implications for population age-structure examination. Mar. Ecol. Prog. Ser. 265, 185-195 (2003).

45. Johnson, D. W. & Hixon, M. A. Ontogenetic and spatial variation in size-selective mortality of a marine fish. J. Evol. Biol. 23,
724-737 (2010).

46. Purcell, J. E. H., Cowen, R. K., Hughes, C. R. & Williams, D. A. Population structure in a common Caribbean coral-reef fish:
implications for larval dispersal and early life-history traits. J. Fish Biol. 74, 403-417 (2009).

47. Sponaugle, S., Paris, C., Walter, K., Kourafalou, V. & D’Alessandro, E. K. Observed and modeled larval settlement of a reef fish to the
Florida Keys. Mar. Ecol. Prog. Ser. 453, 201-212 (2012).

48. Qian, H., Li, Y., He, R. & Eggleston, D. B. Connectivity in the Intra-American Seas and implications for potential larval transport.
Coral Reefs 34, 403-417 (2015).

49. Holstein, D. M., Smith, T. B., Gyory, J. & Paris, C. B. Fertile fathoms: Deep reproductive refugia for threatened shallow corals. Sci.
Rep. 5, 12407 (2015).

50. Reed, J. et al. Characterization of the mesophotic benthic habitat and fish assemblages from ROV dives on Pulley Ridge and Tortugas
during 2012 and 2013 R/V Walton Smith Cruises. Coop. Inst. Ocean Explor. Res. Technol. Harb. Branch Oceanogr. Inst. - Fla. Atl. Univ.
HBOI technical report 147, 1-51 (2014).

51. Thorstad, E. B. et al. To what extent does ethanol and freezing preservation cause shrinkage of juvenile Atlantic salmon and
European minnow? Fish. Manag. Ecol. 14, 295-298 (2007).

52. Hunter, J. R. Preservation of northern anchovy in formaldehyde solution. NOAA Tech. Rep. NMFS 36, 63-65 (1985).

53. Murua, H. et al. Procedures to estimate fecundity of marine fish species in relation to their reproductive strategy. J. Northwest Atl.
Fish. Sci. 33, 33-54 (2003).

54. Hunter, J. R, Lo, N. C. & Leong, R. J. Batch fecundity in multiple spawning fishes. NOAA Tech. Rep. NMFS 36, 67-77 (1985).

55. Ganias, K., Somarakis, S., Machias, A. & Theodorou, A. Pattern of oocyte development and batch fecundity in the Mediterranean
sardine. Fish. Res. 67, 13-23 (2004).

56. Ganias, K. Thirty years of using the postovulatory follicles method: Overview, problems and alternatives. Fish. Res. 117-118, 63-74
(2012).

57. Ganias, K., Nunes, C. & Stratoudakis, Y. Degeneration of postovulatory follicles in the Iberian sardine Sardina pilchardus: structural
changes and factors affecting resorption. Fish. Bull. 105, 131-139 (2007).

58. Laidig, T. E., Krigsman, L. M. & Yoklavich, M. M. Reactions of fishes to two underwater survey tools, a manned submersible and a
remotely operated vehicle. Fish. Bull. 111, 54-67 (2013).

59. Kimura, D. K. Likelihood methods for the von Bertalanffy growth curve. Fish. Bull. 77 (1980).

60. Robbins, L. L., Hansen, M. E., Raabe, E. A, Knorr, P. O. & Browne, J. Cartographic production for the Florida Shelf Habitat (FLaSH)
Map Study: Generation of surface grids, contours, and KMZ files. U.S. Geological Survey, St Petersburg, FL, Open-File Report
2007-1397 (2007).

Acknowledgements

This study was funded by the National Oceanic and Atmospheric Administration Center for Sponsored Coastal
Ocean Research under award NA11NOS4780045 to the University of Miami. Additional funding was received
from the David Rowland Fellowship, the RSMAS Alumni Award, the Women Divers Hall of Fame Graduate
Scholarship, the University of Miami Graduate Research Fund, and the Harry D. Vernon Scholarship. E.D.G.
was also supported during this work by the University of Miami Fellowship and NOAA NRDA. Sampling was
conducted under permit SAL-11-1343C-SR from the Florida Fish and Wildlife Conservation Commission and
permit FKNMS-2011-125-A3 from the Florida Keys National Marine Sanctuary. We thank K. Doering, A. Greer,
K. Shulzitski, S. Bignami, C. Guigand, L. Parsons, and numerous volunteers for their help with fieldwork and
sample processing. We thank the crew of the M/V Spree and the technical diving team for their contributions
to the sample collections. Earlier drafts benefitted from the comments of R. Cowen, M. Schmale, J. Serafy, and
J. Bohnsack.

SCIENTIFICREPORTS | 6:34077 | DOI: 10.1038/srep34077 11



www.nature.com/scientificreports/

Author Contributions
E.D.G. and S.S. conceived and designed the study; E.D.G. and E.K.D. collected data; E.D.G. conducted the
analyses and wrote the manuscript; all authors edited the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Goldstein, E. D. et al. Demographic and reproductive plasticity across the depth
distribution of a coral reef fish. Sci. Rep. 6, 34077; doi: 10.1038/srep34077 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

G or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFICREPORTS | 6:34077 | DOI: 10.1038/srep34077 12


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Demographic and reproductive plasticity across the depth distribution of a coral reef fish

	Results

	Fish density and population structure. 
	Size and age. 
	Reproduction. 

	Discussion

	Methods

	Field collections. 
	Otolith ageing. 
	Reproduction. 
	Data analysis. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Map of study site locations and strata.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Water temperature at each depth stratum depicting (a) daily mean temperature and (b) the difference between daily maximum and minimum temperature from shallow shelf (SS), deep shelf (DS), and mesophotic (MP) depth strata during the study 
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Stegastes partitus densities from visual transect surveys at shallow shelf (SS) and deep shelf (DS) strata, and ROV surveys at mesophotic reefs (MP).
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Frequency distributions of Stegastes partitus (a) standard length (mm) and (b) otolith-derived age (years) from transect collections at shallow shelf (SS) and deep shelf (DS) strata, and a random selection of fish from the mesophotic (MP)
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Von Bertalanffy growth model fit for (a) male and (b) female Stegastes partitus and (c) bivariate 95% confidence ellipses for model parameters (L∞ and k) using otolith-derived age and standard length (SL: mm) data from shallow shelf (SS),
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Female Stegastes partitus reproductive investment measured as (a) gonado-somatic index (GSI) and (b) adjusted batch fecundity (eggs ovary−1) for shallow shelf (SS), deep shelf (DS), and mesophotic (MP) depth strata.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ Average adjusted Stegastes partitus oocyte area from shallow shelf (SS), deep shelf (DS), and mesophotic (MP) strata.
	﻿Table 1﻿﻿. ﻿  Results of analyses comparing S.



 
    
       
          application/pdf
          
             
                Demographic and reproductive plasticity across the depth distribution of a coral reef fish
            
         
          
             
                srep ,  (2016). doi:10.1038/srep34077
            
         
          
             
                Esther D. Goldstein
                Evan K. D’Alessandro
                Su Sponaugle
            
         
          doi:10.1038/srep34077
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep34077
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep34077
            
         
      
       
          
          
          
             
                doi:10.1038/srep34077
            
         
          
             
                srep ,  (2016). doi:10.1038/srep34077
            
         
          
          
      
       
       
          True
      
   




