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ABSTRACT: Associated with regional warming, poleward species range expansions may have im-
portant consequences for biological communities. Within northern Gulf of Mexico (nGOM) offshore
habitats, higher abundance of tropically associated lane snapper Lutjanus synagris is correlated
with rising temperatures. Increased presence of juvenile and adult lane snapper could result in impor-
tant competitive interactions with nGOM reef fishes, such as economically important red snapper L.
campechanus, at multiple life stages and cause shifts in resource utilization and species composition
of offshore fish assemblages. We investigated interactions between adult and juvenile lane and red
snapper within experimental mesocosms. Although no significant effects on prey consumption
were observed, interspecific competition between adults and juveniles was strongest, as adult lane
snapper utilized habitats at higher rates than single juvenile red snapper in interaction trials. Addi-
tionally, adult red snapper most strongly displaced single juvenile lane snapper and increased their
swimming activities in the presence of heterospecific juveniles. Adult red snapper also aggressively
chased juvenile lane snapper and displaced them from habitats. However, less pronounced effects
were observed for grouped juveniles in the presence of adults, especially juvenile red snapper,
while adult lane snapper swam less in the presence of grouped juvenile lane and red snapper.
Additionally, single juvenile red snapper swimming activities and prey consumption in the
presence of adult snappers did not significantly differ from control values. Therefore, at small scales
adult lane snapper may partially displace single juvenile red snapper, but clusters of red and lane
snapper juveniles may be resilient to competitive effects of adult lane snapper and exert partial
competitive pressures on them. As expected, we found that elevated aggressiveness by larger
individuals resulted in dominance in space occupancy in one-on-one interactions. These findings
suggest that prior occupation of preferred hard bottom habitat may be a determining factor for
grouped juvenile red snapper competing against similar sized or larger individuals. Overall, our results
indicate varying competitive vulnerabilities of red snapper to climate-related range expansions of
tropical congeners.
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1. INTRODUCTION (Parmesan & Yohe 2003, Hickling et al. 2006, Hol-

lowed et al. 2013, Vergés et al. 2014). Increasing

Coincident with regional warming, numerous migrations of lower latitude fish species into temperate
range expansions of both terrestrial and marine spe- and subtropical regions are occurring, with growing
cies into higher latitudes continue to be observed likelihood of their permanent establishment in these

*Corresponding author: tony. marshak@noaa.gov © Inter-Research 2019 - www.int-res.com



140 Mar Ecol Prog Ser 622: 139-155, 2019

locations (Perry et al. 2005, Nakamura et al. 2013,
Feary et al. 2014). Along with increases in regional
species richness, compounding climate- and fishing-
related changes in marine fish populations and com-
munities have taken place (Cheung et al. 2009, Doney
et al. 2012, Vergés et al. 2014), with potentially great
implications for worldwide fisheries harvest (Roessig
et al. 2004, Brander 2007, Stenevik & Sundby 2007).
While range expansions alone do not necessarily alter
community structure or ecosystem processes (John-
son et al. 2011), increased species richness could result
in elevated rates of competitive exclusion (Mills et al.
2004, Olden et al. 2006, Harley 2011) and lead to local-
ized extinctions (Cheung et al. 2009). Owing to their
higher growth and metabolic rates, tropical species
may be favored in competitive interactions with tem-
perate residents (Ettinger & HilleRisLambers 2013).
Across the northern Gulf of Mexico (nGOM), large
and historically unprecedented increases in the abun-
dance of juvenile lane snapper Lutjanus synagris and
other tropically associated fish species were observed
within inshore seagrass meadows beginning in
2005-2006 (Fodrie et al. 2010). While tropical fishes
have been seasonally observed in the nGOM (Lukens
1981), their more recent increased abundance has
been correlated with regional warming trends
(Fodrie et al. 2010). In the nGOM, the snapper/grouper
complex is of great ecological (Pérez Espana 2003)
and economic importance, as evidenced by the his-
torically productive red snapper L. campechanus fish-
ery (Rivas 1966, Goodyear 1995). Fodrie et al. (2010)
suggested that overharvesting of ecologically and
economically important red snapper (McAllister
2003) might have contributed to the recent increase
in the abundance of nGOM lane snapper by lowering
competition with red snapper and enabling increased
spawning stocks. Given strong overlaps in life histo-
ries (Martinez-Andrade 2003, Patterson et al. 2014),
diets (Franks & VanderKooy 2000, Wells & Cowan
2008), and habitat use (Gallaway et al. 2009), com-
petitive interactions among late juvenile and adult
red and lane snapper in the limited natural reef habi-
tats of the nGOM (Parker et al. 1983) have the poten-
tial to occur, and if so, could have significant impacts
on the ecology of nGOM reef fish assemblages.
Strong inter-cohort competitive interactions within
red snapper populations have previously been ob-
served both in the lab (Bailey et al. 2001) and in
nature (Mudrak & Szedlmayer 2012). In both set-
tings, larger juvenile and adult red snapper aggres-
sively displaced smaller juveniles from structured
reef habitats into nearby less structured habitats (i.e.
sediment away from concrete blocks in laboratory

experiments and lower complexity artificial reef habi-
tats in nature). Additionally, juvenile red snapper
have been observed displacing juvenile lane snapper
from structured habitats in experimental mesocosms
(Marshak & Heck 2017). Following from these earlier
observations, it seems likely that adult red snapper
could displace adult lane snapper from reefs into less
structured habitats, where these displaced adult lane
snapper would overlap with juvenile red and/or juve-
nile lane snapper. Given the potential size advantage
of earlier maturing lane snapper (Martinez-Andrade
2003), juvenile red snapper could be negatively
affected by adult lane snapper. Likewise, larger adult
lane snapper may impose competitive pressures
upon juvenile lane snapper. Additionally, currently
depleted numbers of adult red snapper caused by
intense fishing pressure (Cowan et al. 2011) could
favor successful colonization of lane snapper in habi-
tats with low red snapper abundance.

Based on this background information, we designed
a study whose objectives were to measure both intra-
and interspecific competitive interactions between ju-
veniles and adults of both red and lane snappers
under current environmental conditions. Because of
the well-known aggressive nature of red snapper
(Bailey et al. 2001, Mudrak & Szedlmayer 2012,
Marshak & Heck 2017), and a presumed competitive
advantage of larger size in adults (i.e. enhanced
ability to occupy larger space exploitatively, faster/
greater access to and consumption of prey, greater
effect of aggressive behaviors on and greater resili-
ence to aggressions from smaller individuals), we
hypothesized that even though adults of both snap-
per species would dominate juvenile red and lane
snappers in prey consumption and habitat use, adult
red snapper would outcompete juveniles of both
snapper species more successfully than would adult
lane snapper.

2. MATERIALS AND METHODS

Control and interaction mesocosm experiments to
quantify inter- and intraspecific competitive intensi-
ties among juvenile and adult red and lane snapper
were undertaken at the Dauphin Island Sea Lab indoor
wetlab facility from 29 November 2013 to 27 January
2014. Following lengths at maturity (L) defined for
GOM red snapper (L, 350 mm total length [TL];
Collins et al. 1996) and lane snapper (L,: 282 mm TL;
Szedlmayer & Shipp 1994), fishes were classified as
juveniles and adults. Juvenile (lane: 105-226 mm TL;
red: 125-310 mm TL) and adult (lane: 430-451 mm
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TL; red: 392-533 mm TL) red and lane snapper were
collected in offshore natural and artificial reef habi-
tats up to 65 km south of coastal Alabama and west-
ern Florida using buoyed small chevron traps (max.
dimensions: 0.7 x 0.6 x 0.29 m; 0.635 cm mesh) and
hooked lines. All fishes were transported live in aer-
ated coolers from their collected offshore sites to the
wetlab facility, and after introduction to holding tanks
were allowed to acclimate for 2 wk prior to experi-
ments. During acclimation and experimental periods,
juvenile snappers were cumulatively fed 0.250 kg of
squid Loligo sp. twice weekly, following Simmons &
Szedlmayer (2018), while adult snappers were each
given 0.250 kg of squid twice weekly. All individuals
used in trials were starved 24 h prior to experiments.
Wells et al. (2008b) and Franks & VanderKooy (2000)
identified squid and crustaceans as a significant com-
ponent in diets of juvenile and adult snappers.

Behavioral and consumptive interactions between
adult and juvenile lane and red snapper were docu-
mented in mesocosms (1.82 m diameter, 0.76 m height)
filled with saltwater to 0.5 m depth, lined with fine
sediment, and containing 2 haphazardly placed con-
crete blocks (dimensions: 0.39 x 0.19 x 0.19 m) as
simulated structural reef habitat. Given the high
number of potential density combinations required to
examine competition among species and life stages
in a mixed or response surface experimental design,
an additive design was employed to address inter-
and intraspecific competitive interactions between
adults and juveniles, and all experimental trials were
executed in a randomized order. Although alterna-
tive experimental designs such as substitutive designs
are capable of testing for the relative intensity of both
intra- and interspecific competition, they are not
appropriate for testing for either the occurrence or
absolute magnitude of competition alone (Goldberg &
Scheiner 2001).

Each experimental trial (n = 35; Table 1) was video
recorded with mounted cameras for 3 h. Trials were
performed between 08:30 and 20:15 h. To approxi-
mate relative offshore adult and juvenile snapper fre-
quencies in nGOM habitats (based on Wells et al.
2008a), 1 or 3 juvenile fish per snapper species and 1
adult snapper were used in each intra- and interspe-
cific investigation between life stages, while corre-
sponding uniformly stocked monospecific control tri-
als of 1 adult, 1 juvenile, or 3 juvenile individuals were
undertaken. Offshore surveys by divers and captures
by hooked line suggest that multiple juvenile lane
snapper are less likely to coexist with adult red snap-
per under current conditions (Mudrak & Szedlmayer
2012, Addis et al. 2013, Garner et al. 2014). There-

fore, interactions among adult red snapper and 3 lane
snapper were not examined.

With the number of offshore lane snapper increas-
ing in association with regional warming, we theorized
that local prey resource limitation could occur at sim-
ilar scales to those of our experimental mesocosms as
predator species richness and density increased within
and adjacent to limited natural reef habitat. A total of
10 juvenile blue crabs Callinectes sapidus (1.0-
2.5 cm carapace width) were used as prey for each
trial, independent of snapper density. This density of
1.1 crabs m~? is much less than published densities of
decapod crustacean prey adjacent to or within natu-
ral nGOM reef habitats (Darnell et al. 1987), and is a
proxy for benthic prey limitation that may foster com-
petitive interactions. Although field studies have
demonstrated the importance of semi-continuous
pelagic squid and crustaceans toward total reef fish
food supply (Szedlmayer & Lee 2004), Marshak &
Heck (2017) have additionally observed in laboratory
trials that juvenile snappers can and do prey upon
blue crabs of this size range, while Wells et al.
(2008b) also documented major contributions of ben-
thic crustaceans to the diets of juvenile and adult
snapper in offshore nGOM habitats.

Blue crabs were collected offshore by trawling or
within nearshore seagrass and marsh habitats by
seining. Snappers and crabs were introduced to treat-
ment tanks in a randomly determined direction of
entry and sequence per treatment. Some adult and
juvenile snappers and surviving crabs (~11%) were
re-used in subsequent trials; however, this was done
non-consecutively and at least 2 d after that individ-
ual's previous use in trials to allow for re-acclimation.
Additionally, to minimize bias, individuals that were
used for a given trial were not matched together
more than once. Snappers were allowed to acclimate
for 1 h in experimental tanks prior to trials, and blue
crabs were haphazardly introduced to tanks at the
onset of the experiment. Given the large size of the
experimental tanks and haphazard placement of
prey (n = 10 crabs), snapper awareness of initial blue
crab location was therefore minimized due to low-
ered probability of immediate encounter.

Prior to each trial, data for water temperature,
salinity, dissolved oxygen, and time of day were
recorded. To minimize parasite and disease outbreak
within indoor facilities, holding tanks and experi-
mental tanks were held at mesohaline salinities
(~15). Snappers were allowed to slowly acclimate to
mesohaline salinities during the 2 wk acclimation
period, and no noticeable effects upon their behavior
or consumption of rationed squid were observed
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Table 1. Experimental mesocosm combinations assessing in-
teractions between adult and juvenile (juv) lane and red
snapper. Combinations are listed according to trials be-
tween juveniles (1 or 3 ind.) and 1 adult. In total, 17 trials
were run for the paired species and life-stage combinations, in
addition to 18 monoculture control trials to account for identity
of snapper species and life-stage treatment™. X: 3 replicates;
Y: 2 replicates

Treatment Density of fishes  Total
(no. per tank) replicates
1 2 3 4

Juv lane snapper control X X 6

Juv red snapper control X X 6

Adult lane snapper control X 3

Adult red snapper control X 3

1 Juv lane - 1 adult lane X 3

3 Juv lane - 1 adult lane X 3

1 Juv lane - 1 adult red Y 2

1 Juv red — 1 adult lane Y 2

3 Juvred - 1 adult lane Y 2

1 Juv red — 1 adult red Y 2

3 Juvred -1 adult red X 3

Total = 35 replicates

throughout the period of study. At the conclusion of
each 3 h trial, the number of remaining crabs was
recorded and all fishes were measured (TL) to the
nearest mm and weighed to the nearest g. Carapace
width of blue crab prey was measured to the nearest
mm and divided by predator TL for a given trial to
calculate relative prey size. Videos were downloaded
from camera Secure Digital (SD) cards, and each
video was analyzed in its entirety to quantify swim-
ming activities at concrete blocks and throughout the
mesocosm, adult and juvenile snapper interactions
(i.e. time swimming together, interspecific approaches
upon and retreats from fishes), consumption rates,
time pursuing prey, predatory attacks, non-con-
sumption prey approaches, retreats from prey, ignor-
ing nearby prey by fishes, and aggressive interactions
(i.e. chasing, nipping, biting, pushing, or actively dis-
placing others from habitat) between adult and juve-
nile snappers during all experimental and control trials
as defined in Table 2. The relevance of these vari-
ables toward demonstrating competitive advantage
has been shown in the scientific literature, where
increased swimming activity by fishes in the presence
of other species or conspecifics has been strongly
associated with social dominance and aggression in

behavioral interactions (Gomez-Laplaza & Morgan
2003, McDonald et al. 2011), and consumption success
(Overli et al. 1998). All values were standardized per
number of fish of each species used in each trial to
account for varying fish densities. As quantified be-
havioral and consumption variables (Table 2) were
not found to conform to parametric assumptions (i.e.
homoscedasticity examined using Levine's F-test;
normality examined using Shapiro-Wilk test), all
behavioral and consumption variables were ana-
lyzed using 1-way Kruskal-Wallis tests (n = 13) and
post hoc Conover-Iman multiple comparisons. In addi-
tion, relations between behavioral variables of juve-
niles and adults, environmental parameters, time of
day, and fish size were assessed using linear and non-
linear multiple regressions (Zar 1999).

3. RESULTS

Average (+SE) environmental variables (tempera-
ture, salinity, and dissolved oxygen) for all trials
were 17.8 + 0.32°C, 14.7 + 0.07, and 15.1 + 0.54 mg
1 respectively, and no significant differences
among temperature or dissolved oxygen among tri-
als were found (temperature: Kruskall-Wallis K =
18.275, p = 0.108; oxygen: K = 5.669, p = 0.932).
Specific values for control and interaction trials are
listed in Table 3, and little variation among measure-
ments was observed. Although experimental adult-
juvenile interaction trials were performed at cooler
temperatures (max. 3.6 = 0.33°C) than control mono-
culture trials, no significant difference was observed.
While experimental salinities only ranged from
13.9-15.3, they differed significantly among trial
types (K = 26.457, p = 0.009).

Average TLs (Table 4) and weight to length (W/L)
ratios were similar for juvenile lane snapper in control
and experimental trials (Mann-Whitney Ujengm = 97,
p =0.514; Uy, = 110, p = 0.189), and, although larger
than juvenile lane snapper, similar sized juvenile
red snapper were used in control and experimental
trials (Uiengtn = 125, p = 0.548; Uy,. = 119, p = 0.730).
Although significantly larger in length for control tri-
als (Uengn = 30, p = 0.013; Uy, = 20, p = 0.441),
average sizes among adult lane snapper in experi-
mental and control trials differed only by 12.9 =+
0.5 mm. However, no significant difference in size
was observed among adult red snapper used in
control or experimental trials (Ujepgin = 17, p = 0.133;
Uwsr = 17, p = 0.183). For all fishes used in trials,
adult lane snapper were significantly larger than
adult red snapper, despite only a 3 mm average
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Table 2. Recorded fish behaviors in experimental mesocosms during adult and juvenile red and lane snapper control and
interaction trials

Term (dependent variable) Definition

Percent time spent interacting
(% trial time)

Percent time swimming tank
(% trial time swimming)

Percent time swimming block
(% trial time swimming)

Percent time swimming at center
(% trial time swimming)

Percent time huddling
(% trial time huddling)

Number of approaches (or retreats)

Number of crabs consumed per fish
given species

Percent time pursuing prey

Percent time of the entire 3 h trial in which fish(es) of one or more species over-
lapped in close proximity to each other (<20 cm), approached each other, or
displayed aggressions to each other

Percent time of the entire 3 h trial in which at least one fish of a given species
swam beyond the boundaries of concrete block habitat and covered >25 % of the
experimental mesocosm area in a given swim

Percent time of the entire 3 h trial in which at least one fish of a given species swam
or shifted at or around the perimeter of concrete block habitat, not exceeding
25 % of the experimental mesocosm area in a given swim

Percent time of the entire 3 h trial in which at least one fish of a given species swam
or shifted at or around the perimeter of the center of the mesocosm tank, not
exceeding 25 % of the mesocosm area in a given swim

Percent time of the entire 3 h trial in which at least 2 fish of a given species
aggregated together, but did not swim, at the edge, center, or at concrete block

habitat of the experimental mesocosm.

Number of times a fish of a given species directly approached (or retreated from) a
fish of another species

Number of blue crab prey observed partially or fully consumed by each fish of a

Number of predatory attempts per fish Number of times each fish attacked blue crab prey

Number of prey approaches per fish

Percent time of the entire 3 h trial in which fish of a given species were observed
following, approaching, stalking, or attempting to consume blue crab prey prior to
successful consumption

Number of times each fish followed, stalked, or actively moved within proximity of

blue crab prey

Number of ignores of prey per fish

Number of aggressions per fish
(chases, bites, pushes)

Number of retreats from prey per fish Number of times each fish retreated from approaching blue crab prey

Number of times each fish did not respond to prey within close proximity, or to prey
that passed directly in front of fish

Number of times each fish chased another fish, nipped at or bit another fish, or
pushed its body against another fish to cause the fish to react by moving at or from
its location; Both intra- and interspecific aggressions were examined

length and a 20 mm median length differential
(lane: 439.8 + 1.9 mm [SE], 440 + 8 mm [inter-quar-
tile range, IQR]; red: 436.7 + 16.1 mm SE, 420 + 15
mm IQR; Uengm = 104, p = 0.014; Uy = 97, p =
0.047). Additionally, juvenile red snapper were sig-
nificantly larger than juvenile lane snapper (lane:
130.3 £ 5.0 mm [SE]; red: 282.2 + 10.9 mm; Uengin =
51, p < 0.0001; Uy, = 51, p < 0.0001). Relative blue
crab prey sizes were similar across control and
interaction trials species™!, while they were larger for
juvenile lane snapper than juvenile red snapper.

Swimming activities (Fig. 1) by fishes around the
entire mesocosm (K= 30.484, df = 19, p = 0.046) signif-
icantly differed by species and life stages within and
among control and interaction trials, while no sig-
nificant difference was observed for swimming times
at block structures (K = 19.777, df = 19, p = 0.408).
Most fishes swam predominantly around the entire
tank, except single juvenile lane snapper and adult
red snapper in control trials, which spent propor-
tionally more time swimming near blocks than around
the entire tank. Proportionally, fishes spent very little
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Table 3. Observed measured environmental parameters (mean +1 SE) in experimental mesocosms during adult and juvenile (juv)
lane and red snapper control and interaction trials

Treatment Temperature (°C) Salinity Dissolved oxygen (mg 17}
Adult lane snapper control 18.5 + 1.36 14.4 +0.25 157 £4.20
Adult red snapper control 17.7 £ 0.71 14.2 +0.22 15.1 +£3.32
Juv lane snapper control 19 + 0.57 14.7 £ 0.07 14.6 £1.43
Juv red snapper control 18.9 = 0.50 14.5+0.14 16.5 + 0.89
Juv lane — adult lane 16.4 £ 0.45 15 +0.05 14.8 £ 0.79
Juv lane — adult red 15.4 £ 0.90 15.2 £0.10 14 +0.21
Juv red - adult lane 16.7 £ 1.39 15.1 £0.12 14.6 + 0.60
Juv red - adult red 17.9 £ 1.00 14.9 + 0.08 14.7 £ 1.06

Table 4. Observed total length (TL) and weight (+1 SE) of juvenile (juv) and adult lane and red snappers used in control and in-
teraction trials. Ranges in the quotient of blue crab Callinectes sapidus prey size related to the average size of a given predator
are also included

Treatment Species TL (mm) Weight (g) Relative prey size
Adult lane snapper control 449.7 £ 0.88 1326.7 + 17.64 0.02-0.06
Adult red snapper control 491.7 £ 39.84 1768.7 + 432.30 0.02-0.06
Juv lane snapper control 136.7 £ 9.11 494 +14.14 0.07-0.18
Juv red snapper control 292.1 + 18.69 385.9 £ 50.61 0.03-0.08
Juv lane 128.2 +5.01 34.4 +3.58 0.08-0.20

1 - 1t 1
Juvlane - adult lane Adult lane 438.7 + 1.76 1273.3 + 29.51 0.02-0.05
Juv lane 105.0 = 0.00 17.5 £ 0.35 0.10-0.24
Juv 1 —adult red

Hvane maduitre Adult red 396.0 + 4.00 880 + 10.00 0.03-0.06
Juv red — adult lane Juv red 272.5 + 32.40 340.1 +69.32 0.04-0.09
Adult lane 434.0 +1.63 1217.5 + 28.39 0.02-0.06
Juv red — adult red Juv red 278.5 + 5.46 334.4 +16.39 0.04-0.09
Adult red 420.0 +2.74 1086 + 45.78 0.02-0.06

time swimming in the center of a tank or huddling,
and no significant differences in values for these be-
haviors were observed across treatments (swim at
center: K = 18.323, df = 19, p = 0.501; huddling: K =
13.971, df =19, p = 0.785).

Across control and interaction trials, post hoc analy-
ses demonstrated significant differences among swim-
ming activities for adult red and lane snapper and
grouped and single juveniles. In interaction trials,
grouped (n = 3) juvenile lane snapper were signifi-
cantly more active (i.e. greater percentage of time
swimming around the mesocosm) than adult lane
snapper, although no significant difference in swim-
ming activity was observed between grouped juve-
nile lane snapper interaction and control trials. Adult
lane snapper were significantly less active than in
control trials when paired with grouped juvenile red
and lane snapper. When paired with adult lane snap-
per, however, single juvenile lane snapper were sig-
nificantly more active than in control trials. When
paired in interaction trials, single juvenile red snap-
per swam significantly less than adult lane snapper;
this trend was not observed in their interactions with

adult red snapper. Additionally, no significant differ-
ence in single or grouped red snapper swimming
activity was observed among control and interaction
trials. In interaction trials, adult red snapper swim-
ming activities did not significantly differ from those
of juvenile red or lane snapper. However, adult red
snapper demonstrated significantly higher swimming
times around mesocosms when paired with single
juvenile lane snapper than in control trials or other
interaction trials. Cumulatively, within control trials,
adult lane snapper, grouped juvenile lane snapper,
and grouped juvenile red snapper were all signifi-
cantly more active than single juvenile lane snapper
and adult red snapper.

During experimental trials, adult and juvenile snap-
pers often interacted (Table 5), with the highest per-
centage of interaction time per trial between juvenile
red snapper and adult red and lane snappers. Juvenile
lane snapper interacted significantly less with adult
snappers than did juvenile red snapper (K= 13.142,
df =6, p=0.041), although single juvenile red snapper
interacted very rarely with adult lane snapper and
at similar duration as juvenile lane snapper.
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Fig. 1. Mean (+1 SE) percentage of time in activity spent swimming around the experimental mesocosm, at concrete blocks or

edge of mesocosm, at the center of the mesocosm, or huddling at blocks by adult and juvenile lane and red snappers. Data

from interaction trials with single (1 juvlane: 1 JL; 1 juv red: 1 JR) and grouped (3 juv lane: 3 JL; 3 juv red: 3 JR) juvenile snap-

pers and adult lane snapper (adult lane: AL, top panel) or adult red snapper (adult red: AR, bottom panel), and monoculture

control trials of single and 3 juvenile snappers and single adult snappers. Shared uppercase letters indicate groups that do not
differ significantly (Kruskal-Wallis and post hoc Conover-Iman tests, p = 0.05)

Single juvenile lane snapper retreated from adult
lane snapper significantly more often than they
approached them (K = 44.916, df = 27, p = 0.017),
and were approached by adult lane snapper at
equivalent values to their retreats (Fig. 2). Addi-
tionally, post hoc analyses showed that adult lane
snapper approached single juvenile lane, and espe-
cially single juvenile red snapper, significantly
more frequently than they were approached by juve-
niles. These trends were not observed between
adult lane snapper and grouped juvenile snappers.
Adult red snapper approached single juvenile lane
snapper significantly more frequently, and were
never approached by juvenile lane snapper. Single
juvenile red snapper were observed retreating
from adult red snapper significantly more often, but
no significant difference was observed in their
approaches. Both adult red snapper and grouped
juvenile red snapper approached and retreated
from each other at similar intensities, while they
approached each other significantly more often.

For control and interaction trials, overall trends in
prey consumption were non-significant (K = 28.550,
df =19, p = 0.073; Fig. 3). Of note however, no con-
sumption was observed by adult lane snapper in
interaction trials with single juvenile lane snapper

Table 5. Percentage of trial time spent interacting (mean +1

SE) between adult and juvenile (juv) red and lane snappers

treatment™! during mesocosm experiments. Shared letters:

groups that do not differ significantly (Kruskal-Wallis and
post hoc Conover-Iman tests, p = 0.05)

Trial Percentage of time
in which species/
stages interact

1 Juv lane — adult lane 3.5+ 1.23 (b)
3 Juv lane — adult lane 0.7+ 0.51 (a)
1 Juv red — adult lane 1.8 = 0.00 (ab)
3 Juv red — adult lane 28.1 +6.06 (d)
1 Juv lane - adult red 2.2+0.34 (b)
1 Juv red — adult red 22.2 + 4.67 (cd)
3 Juv red — adult red 17.4 £ 1.35 (¢)
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and grouped juvenile red snapper. Additionally, adult
lane snapper consumption was observed in interaction
trials with grouped juvenile lane snapper and single
red snapper, and in control trials. Similarly, no con-
sumption was observed by adult red snapper in inter-
action ftrials with grouped juvenile red snapper,
while adult red snapper consumption was observed
in control and other interaction trials. Additionally, no
significant trends were observed for predatory at-
tempts per fish (K'=20.911, df = 19, p = 0.342; Fig. S1
in the Supplement at www.int-res.com/articles/suppl/
m622p139_supp.pdf) within and among control and
interaction trials.

Overall, low or zero-values were observed for the
percentage of time that adult and juvenile snapper
spent pursuing prey (K = 19.504, df = 19, p = 0.425;
Fig. S2) and for the number of non-consumptive
approaches by fishes on prey (K=15.934,df =19, p =

0.665; Fig. S3). No significant differences in values
for either variable were observed. Retreats from crab
prey were only observed twice (for single juvenile
lane snapper and single juvenile red snapper)
throughout all trials.

Prey ignored by fishes significantly differed
among control and experimental treatments (K =
32.687, df = 19, p = 0.026; Fig. 4). Across control
trials, post hoc analyses revealed that adult lane
snapper ignored prey significantly more often than
adult and juvenile red snapper, or single juvenile
lane snapper. Additionally, adult lane snapper
ignored prey significantly more often in control trials
than when paired with grouped juvenile lane snap-
per. Within interaction trials, adult lane snapper
ignored prey significantly more often than single
juvenile red snapper when paired together. Single
juvenile lane snapper also ignored prey significantly

g 250 Juv Snapper - Adult Lane
2 E
8 200 MW Approaches
» O Retreats
c
o
E _::",’ 150
32
£ 100 ABCD
s ABCD ABC
é 50 ABCD BCDE
3 . ABC ABCD D ABC ﬁ A
3IJL 1JR 3JR
1 Juvlane - Adult lane 3 Juv lane - Adult lane 1 Juv red - Adult lane 3Juv red - Adult lane
250 Juv Snapper - Adult Red

200

Number of interactions between
fishes

1IL AR

1 Juv lane - Adult red

1 Juv red - Adult red

150
100
% ascoe  CPF BCDE
. A !_LI - A

3 Juvred - Adult red

Fig. 2. Mean (+1 SE) number of interspecific approaches and retreats on other fish species between adult and juvenile lane

and red snappers during interaction experiments. Data from interaction trials with single (1 juv lane: 1 JL; 1 juv red: 1 JR) and

grouped (3 juv lane: 3 JL; 3 juv red: 3 JR) juvenile snappers and adult lane snapper (adult lane: AL, top panel) or adult red

snapper (adult red: AR, bottom panel). Shared uppercase letters indicate groups that do not differ significantly (Kruskal-Wallis
and post hoc Conover-Iman tests, p = 0.05)
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more often when paired with adult lane snapper than
in control trials, while single juvenile red snapper
ignored prey significantly more often when paired
with adult red snapper than in control trials.
Intraspecific and interspecific aggressions by adult
red and lane snapper upon juveniles occurred during
this study, while no aggressions by juveniles were ob-
served (Fig. 5). Chasing behaviors by adult lane and
red snapper, while not differing significantly among
treatments (K = 19.056, df = 13, p = 0.121), were
observed by adult snappers upon single juvenile red
and lane snapper, and by adult red snapper upon
grouped juvenile red snapper. Habitat displacements
of juveniles by adults were the most frequent aggres-
sive interactions. While displacement behaviors
among treatments were not significant (K = 20.310,
df =13, p =0.088), adult lane snapper displaced single
juvenile lane snapper at highest frequencies. Addi-
tionally, adult red and lane snappers were frequently
observed displacing single juvenile lane snapper from
habitats, while adult lane snapper also frequently
displaced single juvenile red snapper. No displace-
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ments of grouped juvenile snappers by adults were
observed. Adult lane and red snapper infrequently
nipped at juveniles, and activity was significantly
higher for adult red snapper acting upon single juve-
nile red snapper (K= 28.966, df = 13, p = 0.007). Addi-
tionally, very few instances of pushing by adults upon
juveniles were observed, and values did not differ
significantly (K =9.192, df = 13, p = 0.758).

No significant relationship between temperature
and any adult or juvenile fish behavior was observed
(Table 6), while the strongest relationships were
found for all 3 environmental factors (temperature,
salinity, dissolved oxygen), average length, and per-
centage of time swimming together (adults R? = 0.83;
juveniles R? = 0.98). Relationships were polynomial,
parabolic, or inverse parabolic. Similarly, few strong,
significant relationships were observed between fish
behaviors, salinity, dissolved oxygen, or average size.
For adults, significant relationships between salinity
and percent time pursuing prey (R* = 0.55, p = 0.031;
Fig. S4), and salinity and number of non-consump-
tive prey approaches (R? = 0.62, p = 0.001) were
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Fig. 3. Mean (+1 SE) consumption rates of blue crabs fish™! by adult and juvenile lane and red snappers. Data from interaction

trials with single (1 juv lane: 1 JL; 1 juv red: 1 JR) and grouped (3 juv lane: 3 JL; 3 juv red: 3 JR) juvenile snappers and adult

lane snapper (adult lane: AL, top panel) or adult red snapper (adult red: AR, bottom panel), and monoculture control trials of
single and 3 juvenile snappers and single adult snappers
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observed. A significant relationship was additionally at concrete blocks (R? = 0.72, p = 0.010), and between
observed between average length and number of average length and prey consumption (R? = 0.93, p =
non-consumptive prey approaches (p = 0.006). For 0.025), predatory attempts (R? = 0.90, p = 0.042), and
juvenile behaviors, significant relationships were percentage of time swimming together (p < 0.0001).

observed between dissolved oxygen and swimming For adult snappers, highest percentages of prey pur-
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Table 6. Multiple regression relationships among environmental parameters, average fish total length (mm), and observed be-
haviors in adult-juvenile (juv) lane and red snapper control and interaction trials. Values in bold indicate significant
relationships (p < 0.05) among factors and behaviors

Stage Fish behavior R? p-value
Model Temperature Salinity Oxygen Average length

Adult Swimming around tank 0.39 0.378 0.339 0.452 0.554 0.678
Swimming at block/edge 0.64 0.196 0.695 0.122 0.081 0.804
Swimming at center 0.60 0.611 0.138 0.767 0.503 0.999
Huddling
Approaches on other fishes 0.64 0.517 0.317 0.455 0.775 0.658
Retreats from other fishes
Total aggressions 0.48 0.937 0.966 0.469 0.737 0.919
Consumption of crabs 0.38 0.469 0.950 0.221 0.292 0.213
Predatory attempts 0.39 0.209 0.780 0.106 0.227 0.067
Percent time pursuing prey 0.55 0.184 0.727 0.031 0.498 0.054
Prey approaches 0.62 0.007 0.140 0.001 0.125 0.006
Retreats from prey
Percent time swimming together 0.83 0.802 0.899 0.638 0.300 0.917
Number of times fish ignored prey  0.49 0.310 0.197 0.284 0.324 0.491

Juv Swimming around tank 0.60 0.504 0.359 0.882 0.109 0.491
Swimming at block/edge 0.72 0.077 0.908 0.938 0.010 0.761
Swimming at center 0.78 0.904 0.921 0.419 0.570 0.657
Huddling 0.83 0.282 0.070 0.249 0.748 0.344
Approaches on other fishes 0.88 0.360 0.379 0.273 0.622 0.084
Retreats from other fishes 0.86 0.331 0.480 0.426 0.615 0.325
Total aggressions
Consumption of crabs 0.93 0.077 0.146 0.286 0.299 0.025
Predatory attempts 0.90 0.156 0.274 0.423 0.323 0.042
Percent time pursuing prey 0.51 0.583 0.902 0.442 0.362 0.204
Prey approaches 0.44 0.324 0.377 0.158 0.081 0.310
Retreats from prey 0.32 0.451 0.985 0.527 0.229 0.180
Percent time swimming together 0.98 0.0003 0.918 0.587 0.172 <0.0001
Number of times fish ignored prey = 0.57 0.689 0.890 0.525 0.711 0.501

suit time and number of non-consumptive prey ap-
proaches were observed in low- to mid-salinities and
by medium sized lane snapper. Increased swimming
activities at concrete block habitat were observed with
dissolved oxygen, with little differentiation between
juvenile lane or red snapper. Higher interaction times
were observed with juvenile average length, which
were highest for juvenile red snapper, while prey
consumption and predatory attempts were highest for
medium sized juvenile red snapper. Additionally, no
significant relationship was observed between time of
day (3 h blocks of time) and behavioral variables (K =
0.715-7.074, df = 2-3, p = 0.063-0.699).

4. DISCUSSION

Examining inter- and intraspecific interactions be-
tween adult and juvenile red and lane snapper has
revealed that competitive interactions in these fishes
are complex, species-specific, and differ when in-

volving single versus grouped juveniles. Overall inter-
actions for mutual prey and habitat were strongest
among inter- and intraspecific adult snappers and
single juveniles, and among intraspecific adult snap-
pers and grouped juveniles. Inter- and intraspecific
interference and exploitative interactions were ob-
served as adult lane snapper frequently displaced
single juvenile red snapper and lane snapper from
habitats and as adult red snapper displaced and
chased single juvenile lane snapper. Although single
juvenile red snapper were less active in the presence
of adult lane snapper, and were frequently displaced
by them, overall they do not appear to be strongly af-
fected by adult lane snapper as they did not signifi-
cantly retreat in their presence nor did their swim-
ming times and prey consumption significantly differ
from control observations. Similar interspecific effects
were also observed between single juvenile lane
snapper and adult red snapper. Adult red snapper
were more active in the presence of juvenile lane
snapper than in control trials but did not cause juvenile
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lane snapper to significantly retreat or significantly af-
fect their prey consumption. Although our experi-
mental design did not factor for prey depletion, Ju-
liano (2001) highlighted the value of holding prey
constant to inform about stochastic predation, which
may be more likely to occur with increasing predator
richness and density and from cohorts co-occurring in
limited habitat (Wittmer et al. 2014). While increasing
overlap of juvenile and adult snappers leads to a higher
abundance of predators in a given area, competitive
dominance among predators can cause species-specific
predation intensities to vary. Competition may lead to
differential predator abundance and to more special-
ized or stochastic predatory frequencies from rarer or
less competitively dominant species (Festa-Bianchet
et al. 2006).

Intraspecific interactions between cohorts were
more pronounced between adult and juvenile lane
snapper, where juveniles retreated from approaching
adults at significant rates, displayed increased swim-
ming activities in their presence, and adults displaced
and chased juveniles from habitats. Additionally, sin-
gle juvenile lane snapper were more active in the
presence of an adult conspecific, while single juvenile
red snapper were not significantly affected by the
presence of adult red snapper. Among juvenile and
adult snappers, however, grouped juvenile red snap-
per approached adults more readily. Adult lane snap-
per were also significantly less active in the presence
of grouped juvenile lane and red snapper. Therefore,
our data suggest limited effects of adult lane snapper
on single juvenile red or lane snapper at small scales.
Additionally, clusters of juveniles appear to be more
resilient to competitive pressures by adult lane snap-
per while more strongly enacting competitive pres-
sures on them. Inter- and intraspecific schooling asso-
ciations among snapper species and cohorts are likely
to occur while fishes are targeting mutual prey and
space or mutually avoiding predation (Lukoschek &
McCormick 2000). Under natural conditions, the be-
haviors observed in our study are more reflective of
the former scenario. However, if more than one
cohort or species is co-occurring in the presence of a
predator, then enhanced interspecific associations
and competitive interactions for shelter and prey may
occur (Persson 1993). In more structurally complex
habitats that could favor greater resource partitioning
and differential predatory pressures, competition may
be less intense and potentially mediated (Gilliam &
Fraser 1988, Persson 1993).

Marshak & Heck (2017) found that juvenile red
snapper were able to displace juvenile lane snapper,
which could strongly affect adult lane snapper popu-

lation size. However, there may be greater potential
for juvenile and early adult lane snapper to overlap
with red snapper in structurally complex habitats
(Wells & Cowan 2008, Mudrak & Szedlmayer 2012,
Marshak 2016, Marshak & Heck unpubl. data). Inter-
specific interactions between solitary adult and juve-
nile snappers partially support our initial hypotheses
that adults would dominate juvenile snappers in prey
consumption and habitat use. However, grouped juve-
niles were often at a greater advantage than solitary
adults, which suggests certain competitive resistance
of juvenile and adult red snapper to both juvenile
and adult lane snapper. Our data additionally show
that adult lane snapper swimming activities and prey
consumption when paired with juvenile snappers did
not significantly differ from those observed for adult
red snapper, which did not align with our initial
hypotheses. In the presence of grouped juveniles,
significant effects on swimming activity and ignoring
prey were only observed for lane snapper and not for
red snapper, while the opposite was observed for
swimming activity in the presence of single intraspe-
cific juveniles.

4.1. Juvenile—adult interactions

In nature and the laboratory, intraspecific competi-
tion between adult and juvenile red snapper has
been observed, with larger individuals excluding
and displacing juveniles from priority habitats (Bai-
ley et al. 2001, Mudrak & Szedlmayer 2012, Szedl-
mayer & Mudrak 2014), and older red snapper ex-
cluding young-of-the-year individuals from structures
(Workman et al. 2002). Additionally, Robertson
(1995) suggested that interspecific competition would
be stronger and more size-determinant, with one
species taking space from a smaller but not a larger
heterospecific neighbor. Our study suggests that adult
lane snapper may exert certain competitive pres-
sures on juvenile red snapper at small scales, but not
multiple red snapper. Our study likewise demon-
strates that clusters of juveniles may be better able to
resist adults than when alone, enhancing their suc-
cessful transition from juvenile to adult, and poten-
tially favoring later adult populations (Connell &
Jones 1991). Juvenile and adult snappers are often
found schooling with similar sized individuals
(Mudrak & Szedlmayer 2012, Szedlmayer & Mudrak
2014); however, solitary individuals or smaller num-
bers of snapper of different species may also be
observed among these clusters (Mudrak & Szedlmayer
2012). While red snapper is the dominant snapper
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species in the nGOM, and often the dominant snap-
per in reef fish aggregations, its relative abundance
may vary according to habitat (Wells & Cowan 2008,
Marshak 2016, Marshak & Heck unpubl. data). Habi-
tat overlap of juvenile age-0 and age-1 snappers and
larger adult snappers has also been observed in
nature (Mudrak & Szedlmayer 2012), with larger
sized age-1 juvenile red snapper dominant in certain
structured habitats.

Although overlapping with red snapper, lane snap-
per throughout their life histories do not currently
appear to have major effects on red snapper popula-
tions (Marshak & Heck 2017). Similar to suggestions
by Munro & Williams (1985) that resident popula-
tions may not necessarily affect recruitment of other
species, ultimately it does not appear that under cur-
rent conditions the increased presence of juvenile
and adult lane snapper will strongly affect large-
scale red snapper recruitment. Dominance of larger
red snapper at artificial reef structures, and red snap-
per juveniles at lower-relief inshore habitats, sug-
gests that red snapper may more strongly affect juve-
nile lane and adult snapper instead and limit their
propagation. However, in deeper, more complex
habitats where coexistence of lane and red snapper
has been observed, and where refuge and prey may
be more available, lane snapper can thrive and grow
at faster rates than red snapper (Marshak 2016, Mar-
shak & Heck unpubl. data), which could allow adult
lane snapper to displace occasional juvenile red
snapper. Although displaced snappers may still feed
on benthic or pelagic prey (Szedlmayer & Lee 2004,
Wells et al. 2008b), their vulnerability to predators
while foraging away from preferred or limited natu-
ral structures may be enhanced. Alternatively, lane
and red snapper may be favored to coexist in more
structurally complex habitats. Additionally, localized
depletions of red snapper by fishing may also favor
propagation of larger lane snapper (Lindberg et al.
2006, Geange & Stier 2009).

In this study we did not test for interactions among
grouped juvenile lane snapper and adult red snapper
because this occurrence was beyond the scope of
investigation, and as they are generally not observed
co-occurring in nature (Mudrak & Szedlmayer 2012,
Addis et al. 2013, Garner et al. 2014). This pattern is
potentially due to documented competitive aggres-
sion between adult and juvenile red and lane snap-
per (Mudrak & Szedlmayer 2012, Marshak & Heck
2017). When paired with juvenile lane snapper,
exploitative dominance by juvenile red snapper has
been observed (Marshak & Heck 2017), while habitat
differentiations among interspecific adult and juve-

nile red and lane snapper appears to be less distinct
for adult red snapper (Dance et al. 2011, Marshak
2016, Marshak & Heck unpubl. data). Additionally,
single juvenile lane snapper have been observed
coexisting with occasional solitary adult red snapper
(Mudrak & Szedlmayer 2012). However, as regional
warming in the nGOM continues to favor the migra-
tions of multiple species and cohorts into deeper
waters with limited naturally occurring reef habitat
(Schroeder et al. 1988, Gallaway et al. 1999, Pinsky et
al. 2013), higher overlap among grouped juvenile
and adult red and lane snapper in more complex
habitats may occur and result in more pronounced
interactions. Ongoing research into the effects of
habitat complexity and regional warming on inter-
and intraspecific adult and juvenile interactions
remains warranted, particularly as it can help predict
outcomes of these potential habitat shifts.

4.2. Size and priority effects

Size is suggested to be more important in influenc-
ing competitive success than residence in a given
habitat (Geange & Stier 2009, Poulos & McCormick
2014). Studies examining reef fishes (Poulos &
McCormick 2014) have demonstrated that size-based
aggression plays a larger role in space occupation,
while residence history may be important when com-
petitors are of a similar size. Our study demonstrated
that adult snapper do have partial size-based advan-
tages against single intra- and interspecific juveniles,
while Marshak & Heck (2017) found that similar
sized juvenile red snapper have a competitive advan-
tage against juvenile lane snapper, which may also
be reflective of priority. Given the partial inshore life
history of lane snapper, red snapper may have a pri-
ority advantage in some offshore habitats, but adult
lane snapper are able to establish themselves in off-
shore shelf habitats <40 m depth, and with differing
degrees of overlap with red snapper (Marshak 2016,
Marshak & Heck unpubl. data). Overall, our findings
affirm that aggressive interactions by larger individ-
uals can produce competitive dominance and, together
with these aforementioned studies, suggest that prior
residence may be more important in interactions
among smaller individuals.

Although a relationship among fish size and number
of non-consumptive prey approaches was observed
for adults, there was only one non-zero observation
observed in total, which was for a single adult lane
snapper. Nor was there a significant difference
among trials observed for this behavior, suggesting
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little overall biological effect. Additionally, relation-
ships among fish size and juvenile fish behaviors
showed influence of size on percentage of time
swimming together, which may have influenced red
snapper gregariousness with adult snappers.
Medium sized juvenile red snappers more frequently
attempted to prey upon and consume crabs, also sug-
gesting lowered effects of adults on these mid-size
individuals. While relative blue crab prey size was
highest for juvenile lane snapper, no significant dif-
ferences in swimming activities, approaches, retreats,
consumption, or predatory attempts were observed
among juvenile snappers in trials, suggesting no major
effect of prey size on juvenile lane snapper. In inter-
action trials, solitary and grouped juvenile red snapper
were equally able to consume prey as adult snappers,
and their swimming activities were not diminished.
Juvenile lane snapper did not appear to compensate
in feeding ability as observed in other interaction
studies (Marshak & Heck 2017), but they increased
their swimming activities in the presence of adult
lane snapper. This suggests that intraspecific compe-
tition may affect both red and lane snapper more
strongly than interspecific competition, as observed at
natural and artificial habitats (Dance et al. 2011,
Mudrak & Szedlmayer 2012, Syc & Szedlmayer 2012).

4.3. Role of temperature, dissolved oxygen, and
salinity

Although red snapper appear to be stronger com-
petitors under current conditions, models (Poloczan-
ska et al. 2008) and empirical studies have illustrated
reversals in the competitive dominance of salmonid
fishes (Taniguchi & Nakano 2000) with altered tem-
peratures. In addition, warming has been demon-
strated to exacerbate interspecific interactions be-
tween labrids (Milazzo et al. 2013). We observed
juvenile lane snapper and adult red snapper interac-
tions at temperatures reflective of winter tempera-
tures at which red snapper exist (~14°C; Gallaway et
al. 1999, Turner et al. 2017) and at which lane snap-
per appear able to overwinter (Fodrie et al. 2010). No
significant effect of temperature on adult or juvenile
red or lane snapper behaviors was observed in this
study. Juvenile lane snapper were active at a range
of temperatures, suggesting that warmer tempera-
tures might lead to an increase in lane snapper activ-
ity and competitive ability. To date, however, empiri-
cal evidence on the role of warming in modulating
the strength and direction of species interactions
remains limited (Nagelkerken & Simpson 2013).

Additionally, while dissolved oxygen values in our
experiments were indicative of supersaturation, swim-
ming activities and behaviors by juvenile red and
lane snapper were similar to those found by Marshak
& Heck (2017), suggesting minimal effect of oxygen.
The only significant effect of oxygen on fish behavior
observed was on percentage of time swimming at
concrete block habitat by juveniles; no other effects
of oxygen on swimming activities were observed for
juveniles or adults. Similarly, while salinity differed
significantly among trials, and regressions found rela-
tionships with salinity and adult lane snapper prey
pursuit and number of non-consumptive prey ap-
proaches, together these findings did not appear to
have biological significance or to demonstrate strong
influences of observed temperatures, salinity, and oxy-
gen concentrations on snapper activities and behavior.
This assertion is supported by the lack of significant
differences for these values among species and life
stages in interaction and control trials.

Szedlmayer & Shipp (1994) and Gallaway et al.
(1999) suggested that little variation in temperature
is observed in offshore nGOM snapper habitats, espe-
cially at depths of >25 m where juveniles are found.
Additionally, Fodrie et al. (2010) and Whitfield et al.
(2014) proposed that deeper-water individuals are
mostly influenced by minimum winter temperatures
and that increasing sea surface temperatures will
more heavily influence inshore community composi-
tion. As warming in deeper snapper habitats is not
likely to be as strong as in nearshore habitats, differ-
ential degrees of competitive ability may occur with
depth, and be especially important in shallower areas
with limited structural habitats. Thus, shifts toward
juvenile and early adult lane snapper advantage in
warmer waters may be concentrated in shallower off-
shore habitats where structural natural reef habitats
are generally limited (Patterson et al. 2005). However,
migrations by adults into deeper waters may addi-
tionally result in differential competitive interactions
between red and lane snapper populations.

4.4. Management implications

Ongoing study of biological interactions of range-
shifting and resident species throughout their life
stages will provide enhanced understanding of their
differential vulnerabilities to climate change and of
reef fish ecology. Findings from such studies will also
improve understanding of multi-species interactions
that can be applied to ecosystem-based fisheries man-
agement, integrated ecosystem assessments (Cowan
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et al. 2012, Karnauskas et al. 2017), and lead to more
complex species-specific and ecosystem-level cli-
mate vulnerability assessments (Hare et al. 2016). For
example, our observations that grouped juvenile snap-
pers demonstrate lesser effects from tropically asso-
ciated lane snapper adults compared to single indi-
viduals reinforces the importance of ongoing stock
rebuilding and conservation efforts to enhance snap-
per populations as they are affected by regional warm-
ing and range expansions of confamilials. As dis-
placement potential may strengthen with predicted
overlap between species and cohorts in limited natu-
ral habitats, occupation of preferred hard bottom
habitat by abundant juvenile and adult red snapper
may lead to enhanced resiliency against additional
warming-related species shifts and stressors. Addi-
tionally, as management efforts broaden, incorporation
of these species' interactions into holistic managerial
approaches can enhance management of vulnerable
fish stocks, and ground-truth and build upon models
that investigate the impacts of regional warming
upon marine ecosystems. Ultimately, examining dif-
ferential vulnerabilities to climate change can allow
adaptive strategies to mitigate effects upon histori-
cally overfished commercially important species,
such as red snapper.
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