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Abstract

Tolerance and adaptability to changing environmental parameters have made Nile tilapia Oreochromis niloticus (Linnaeus, 1758) a hardy
and desirable aquaculture species. These traits have also enabled this fish to become a highly successful invasive species into temperate and
subtropical aquatic environments. Otolith-based ages of Nile tilapia (41.3 — 400.0 mm TL, 1.34 — 1,293 g WW, n = 259) collected from a
power plant cooling reservoir and the Pascagoula River proper indicated that feral populations overwintered reaching ages up to 4+ years old
in coastal Mississippi, USA; these data confirm their establishment. A survey of mean daily winter (December — February) water
temperatures from 2004 — 2010 in this region showed minimum lethal temperatures of < 10°C to occur nearly 11% of the time attesting to
the adaptability of the Nile tilapia as an invasive species. One annulus (opaque zone) per year was being deposited from April to August
based on marginal increment analysis along with sulcal groove length-age estimation of the young-of-the-year Nile tilapia. Additionally, life
history metrics measured for this temperate population of Nile tilapia were nearly identical to those reported from African environments,
indicating they are flourishing in this non-native habitat.
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Introduction

Nile tilapia Oreochromis niloticus (Linnaeus,
1758) is native to Africa, ranging from the upper
Nile River south to the equator and west to the
Atlantic coast (Trewavas 1983). The species is
favored among aquaculturists due to its ability to
tolerate a wide range of environmental
conditions, fast growth, successful reproductive
strategies, and ability to feed at different trophic
levels. These same traits allow them to be an
extremely successful invasive species in
subtropical and temperate  environments
(Peterson et al. 2005).

One of the fallacies that fostered the
successful introduction of Nile tilapia and other
tilapiine cichlids into temperate environments of
the United States (Fuller et al. 1999; Nico and
Schofield 2011; Schofield et al. 2011) was the

belief the fish could not survive cold winter
temperatures; therefore, concern over escape
from aquaculture facilities was minimal.
Hargreaves (2000) reports the minimum lethal
water temperature for tilapia to range from 7 to
10°C. Peterson et al. (2005) found populations of
Nile tilapia thriving along thermal gradients
associated with aquaculture facility effluents in
coastal Mississippi, USA and suggested thermal
refugia coupled with the characteristic oligo-
mesohaline habitats of many estuarine areas
would increase the likelihood of survival and
establishment of non-native Nile tilapia. Mean
monthly water temperatures in the winter
(December — February) on the Mississippi Gulf
Coast typically range from 10 to 17°C with mean
daily temperatures ranging from 3 to 19°C
(GBNERRSWMP 2010). In fact, non-native Nile
tilapia has recently been reported from Nevsehir,



Turkey, the northern most locality of
introduction in the Mediterranean region (Mert
and Cicek 2010). In this region, monthly winter
surface water temperatures were similar to, if not
slightly lower than, those observed on the
Mississippi  Gulf Coast, indicating water
temperatures in these areas may not reach fatal
minimums for feral Nile tilapia as once
perceived. Finally, Nile tilapia and their hybrids
also appear to have the ability to adapt to colder
temperatures (down to 13.6°C) and possibly
inherit cold tolerance (Charo-Karisa et al. 2005).
Rising global temperatures (increase of 0.5°C
over the past century; McCarty 2001) have
already led to natural poleward range extensions
of many species (McCarty 2001; Perry et al.
2005; Hickling et al. 2006; Foldrie et al. 2010),
as well as enabling invasive species to flourish in
new environments (Stachowicz et al. 2002;
Rahel and Olden 2008). Moreover, increased
temperature tends to reduce native diversity of
ecosystems which are then more prone to
biological invasion (Stachowicz et al. 1999).
This concept is illustrated by the plasticity of
Nile tilapia (Duponchelle and Panfili 1998;
Duponchelle et al. 1998; Charo-Karisa et al.
2005; Zambrano et al. 2006), allowing easy
adaptation to new environments. Recent
experimental research has pointed out that Nile
tilapia can have important detrimental effects on
the structure of the northern Gulf of Mexico food
webs through agonistic behavior (Martin et al.
2010), with many invasive cichlids reducing
growth and reproduction of native species as
well (Lorenz and O'Connell 2008; Doupé et al.
2009; Lorenz et al. 2011).

Previous research has made a strong case for
Nile tilapia establishment in coastal Mississippi
(Peterson et al. 2004; 2005; 2006). We
endeavored to further confirm multi-year
survival in this area by examining otolith based
ages of individuals from these feral populations.
Therefore, our objectives were to 1) validate
annuli formation, 2) determine the age of Nile
tilapia collected in Mississippi, and 3) examine
life-history metrics in relation to age and metrics
of Nile tilapia native populations.

Materials and methods

Collection of fish

Nile tilapia were obtained from two coastal
Mississippi, USA watersheds from 2002 — 2006
over the course of several independent projects
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(Peterson et al. 2004; 2005; 2006; Slack et al.
2006). During 2002 and 2004, specimens (‘pond’
fish) were captured at the Plant Daniel Cooling
Reservoir (Jackson Co., Mississippi; Figure 1)
located 24 km due north of the Pascagoula River
estuary in the Escatawpa River drainage and
about 486 water hectares in size (J. Reynolds,
Jackson County Port Authority, Pascagoula,
Mississippi, personal communication, 2004). The
reservoir has a large, established population of
Nile tilapia (Peterson et al. 2005; McDonald et
al. 2007).

Additional sampling of ‘wild” fish was
conducted during 2005 and 2006 at numerous
stations throughout Clark and Robinson bayous
(Jackson Co., MS; Pascagoula River drainage;
Figure 1). This area represents individuals intro-
duced into the Pascagoula drainage following
accidental releases from nearby aquaculture
facilities (Peterson et al. 2005). The outflow
from the nearby facilities provided some thermal
refugia as geothermal wells were used to heat the
ponds (Peterson et al. 2005).

Nile tilapia were collected using a variety of
techniques. Trammel nets were the main
approach in 2002 — 2004 and were 31 — 61 m
long with 0.36 m bar mesh outer panels and a
0.06 m bar mesh inner panel. Nets were fished as
either overnight sets (2002) or day sets (2004)
and were deployed parallel to the shoreline about
2 — 5 m from the bank. During the later portion
of 2004, Nile tilapia were actively targeted with
a 2 m cast net fished off the bow of a johnboat in
backwater areas of the cooling reservoir.
Sampling stations in 2005 — 2006 were fished
using hoop nets (1 m hoop diameter; 0.04 m bar
mesh) and fyke nets (7.62 m L x 0.91 m H x
5.08 cm bar mesh) set overnight at fixed stations.
Sampling in the adjacent bayous consisted of
four trammel nets (dimensions as described
above) deployed parallel to the shoreline at fixed
stations and fished overnight for each sampling
event (Slack et al. 2006).

Site characterization by water temperature

Twelve water temperature probes (Hobo® Water
Temp Pro, Onset, Inc.) were deployed November
2003 — April 2005 throughout the Plant Daniel
Cooling Reservoir to identify thermal gradients
within the system. Each probe was attached to a
weighted float line approximately one meter
above the bottom and programmed to provide an
averaged hourly value over the course of their
deployment (Slack et al. 2006). Six additional
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Figure 1. Map of the United State and Mississippi region (insets) with the general study sites in the Escatawpa (A) and Pascagoula River (B)

drainages identified by dark circles.

water temperature probes were deployed 28
April 2005 - 15 May 2006 in both Robinson and
Clark bayous following the same configurations
utilized for the reservoir probes. One probe
(Little River Marina) was present at the same
location as described by Peterson et al. (2005).

Winter (December — February) water tempera-
ture data, recorded as part of the System-wide
Monitoring Program of the Grand Bay National
Estuarine Research Reserve (Grand Bay NERR),
were surveyed from 2004 - 2010 to examine
daily mean water temperatures to determine the
amount of days at which the temperature fell
below the lethal minimum temperature of 10°C.
The Grand Bay NERR is located east of the
mouth of the Pascagoula River on the
Mississippi  Gulf  Coast, USA and is
representative of the sampling region. These data
were collected using YSI 6600 data loggers at
four permanent stations recording parameters
every 15 minutes.

Specimen processing

Specimens used for otolith aging were fixed in
the field in a 95% solution of ethanol (2002) or
placed on ice in the field and maintained frozen
until data on length and weight could be
compiled and sagittal otoliths extracted (2004 —
2006); specimens were processed in the
laboratory within two days of collection.
Additional voucher specimens were euthanized
in the field with MS-222 or clove oil, fixed in
10% formalin solution for 7 — 14 days, washed
overnight in fresh water and preserved in 70%
ethanol. All voucher specimens were archived in
the Mississippi Museum of Natural Science
(MMNS) Ichthyology Collection.

Total length (TL, mm) was measured for all
fish using digital calipers or a meter tape. Fish <
160 g blotted wet weight (WW, g; 0.001 g) were
weighed on an O’HAUS Explorer Pro digital
balance (model EP213C; Pine Brook, NJ, USA),



whereas larger fish were weighed on a spring
balance (1/8 pound accuracy; £ 57 g) and the
weight converted to grams.

Otolith processing and age estimation

Sagittal otoliths were removed for annual and
daily age estimation, rinsed in water, and stored
dry in envelopes; otolith analysis followed
Pannella (1971) and Campana and Neilson
(1985). The otoliths were mounted in epoxy
resin and cut with a Buehler® 1somet® low speed
saw (Lake BIuff, IL, USA) in the transverse
plane near the primordium. These sections were
mounted onto  microscope  slides  with
thermoplastic cement and ground using 240 —
1500 grit sandpaper until the sulcus formed a
sharp point with the primordium. The otolith
sections were given a final polish using Buehler®
0.3 pum Micropolish® Alumina No. 2A Alpha
powder (Lake Bluff, IL, USA), and otolith annuli
(opaque zones, narrow regions) were counted
using an Olympus SZX-ILLK100 dissecting
microscope (Olympus America, Center Valley,
PA, USA) with transmitted light.

Marginal increment analysis (MIA) was used
to confirm annuli formation in adult fish (n =
85). Due to the small sample size, all fish with
one or more presumed annuli were pooled for the
analysis. The distance from the outer edge of the
last presumed annulus (opaque zone) to the edge
of the otolith was measured using an ocular
micrometer (0.01 mm) on an Olympus SZX-
ILLK100 dissecting microscope (Olympus
America, Center Valley, PA, USA) at 2.5x with
transmitted light. These measurements were
plotted by month (£ 1 S.E.) to determine the time
of annulus formation. Smaller marginal
increments denote a period of time near annulus
deposition, while larger values indicate an
extended time from deposition (Campana and
Neilson 1985; Beckman and Wilson 1995).

Each otolith was aged with two blind reads
performed at least 3 weeks apart by a single
reader counting the otolith annuli. The two
different reads were then compared, and the
otoliths on which the counts disagreed were
reread and compared again. If there was still a
deviation, a second reader counted and compared
the annuli. If 100% agreement between the
different annulus counts did not exist, then the
otolith was removed from further analysis.

The sulcal groove length (SGL) age estimation
technique was used to estimate the age of fish
with no annuli (< 1 yr; young-of-the-year
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(YOY)) and it relies upon a linear relationship
between otolith growth and the growth of the
fish in the first year of life (Francis 1995). These
body length — otolith radius data are described as
the population growth trajectory, which is
critical in establishing proportionality between
the fish and otolith growth in order to estimate
the ages of YOY fish based on otolith
measurements from adults (Francis 1995).
Gauldie (1996) successfully used a similar
technique to estimate ages of blue grenadier
(Macruronus novaezelandiae), which he found to
be strongly correlated to length modes observed
in wild fish.

To obtain the SGL, otoliths of YOY fish were
measured (mm) along the left side of the sulcal
groove in the transverse plane from the
primordium to the distal edge of the otolith
(Figure 2). The process was also repeated on all
fish with at least one annulus (n = 85); the
measurement on older fish was taken from the
primordium to the first annulus instead of the
otolith edge. The mean SGL resulting from older
individuals was used to calculate SGL ranges
that corresponded to three month age increments
and this approach allowed the ages of the
younger individuals to be estimated based on
their respective SGL. The age of fish was used in
conjunction with TL and WW to examine
weight-age-length  characteristics and gain
insight into age at sexual maturity.

Statistical Analysis

We compared male and female Nile tilapia in
terms of wet weight (WW, g) and total length
(TL, mm) relationships with Analysis of
Covariance (ANCOVA), where the covariate was
TL. If there was a non-significant relationship
between genders, all data were pooled; this
included immature fish and adult fish with no
gender information (TL and WW data only).
Linear regression of TL and SGL was used to
verify linear growth rates in YOY fish (Francis
1995) to allow the application of the SGL age
estimation technique. A Power Curve function
(Y = aX") was used to described the TL-WW
relationship on the total number of Nile tilapia
collected. The von Bertalanffy growth function
(VBGF) was fitted to the TL and age data
(Ricker 1975; Chen et al. 1992), and is expressed
as: Ly = L. (1 - e KtY) where, L, is the total
length at age t, L, is the asymptotic length, K is
the growth coefficient, and t, is the age of the
fish at zero length (Ricker 1975). All data were
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Figure 2. A. Arrow depicts the sulcal groove length (SGL; mm) of a young-of-the-year (YOY) Nile tilapia (100.54 mm TL; 18.23 g WW
specimen): SGL = 0.375 mm equating to 6 — 9 months age range. B. Arrow depicts the SGL of an adult Nile tilapia (371 mm TL; 1021 g
WW; SGL = 0.575 mm, 4 + yrs by annuli count). This measurement was used to calculate SGL ranges for YOY Nile tilapia (Photographs by

G.L. Grammer).

Table 1. Sulcal groove length classes used to estimate age in
young-of-the-year Nile tilapia. Mean length of primordium to first
annulus measured in the transverse plane along the left edge of
sulcus in adult Nile tilapia = 0.589 mm.

% of 0.589 L ength of Age Range
(n=85) mi:irr:; nt (months) (mm)
25 0.147 0-3 0.001 - 0.147
50 0.295 3-6 0.147 - 0.295
75 0.442 6-9 0.295 - 0.442
100 0.589 9-12 0.442 - 0.589

checked for homogeneity of variance (Levene’s
test) and normality (Kolmogorov-Smirnov one-
sample test) prior to analysis and if these
assumptions were not met, the data were
transformed (logyo) prior to analysis (Sokal and
Rohlf 1995). All analyses were completed with
SPSS 16.0 (SPSS Inc., Chicago, IL, USA) and
significant differences were designated if p <
0.05.

Results

A total of 259 Nile tilapia (juveniles and adults)
were collected from 2002 to 2006 and ranged in
size from 41.3 to 400.0 mm TL (1.34 to 1,293 g).
All data are presented (mean + 1 SE) and
analyzed in a non-transformed manner as all data
sets met both the normality and homogeneity of
variance assumptions. An examination of the
temperature probe data illustrated a thermal
gradient existing within the Plant Daniel Cooling
Reservoir as the data depict a linear correlation
(r* = 0.894; p < 0.001) of mean water
temperature decreasing along the gradient from
the uppermost station (plant effluent) to the
lowermost station (return canal). However, the
pooled monthly means (across all probes) for the
18 month deployment period illustrated a
thermal cycle within the pond that corresponded
to normal seasonal temperature fluctuations.
Similarly, mean water temperature among the six
probes deployed throughout Clark and Robinson
bayous differed significantly during the project
period (ANOVA: Fs 55164y = 106.074; p < 0.001)
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with the water temperatures within the project
area again exhibiting a cyclic pattern typical of
seasonal changes in temperature. Due to the
seasonal signal in water temperature within the
cooling pond emulating patterns depicted in the
nearby natural system, wild and pond caught fish
were pooled for all analyses (wild n = 26; pond n
= 233). Daily mean winter (December
February) water temperatures recorded from
2004 - 2010 at the Grand Bay NERR indicated
water temperatures of < 10°C occurred 10.6% of
this time.

Otolith analysis

Otolith growth (SGL) was linearly related to TL
in Nile tilapia < 1 yr (r> = 0.799; p < 0.001; n =
180). The SGL ranges corresponding to three

month age increments calculated from the mean
SGL (0.589 mm) resulting from older individuals
(Table 1). Marginal increment analysis indicated
one opaque increment was being deposited
yearly between April and July (Figure 3A). The
mean SGL is at a minimum in March (0.266 mm)
and progressively increased through February
(0.617 mm; Figure 3B) supporting the MIA. At
this point a young Nile tilapia is almost a year
old and would begin to form its opaque
increment in the following months as indicated
by the MIA (Figure 3A). There does not appear
to be an indication of a check (opaque zone) in
the fall (mean SGL = 0.550 mm), which supports
the premise that one annulus is deposited per
year in the spring/summer. Ages for Nile tilapia
ranged from 3 — 6 months to 4+ yrs and were
distributed among YOY and year classes 1 — 4.
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Life history metrics

There was no gender difference in the slope of
the TL-WW relationship (ANCOVA homo-
geneity of slopes, p = 0.102); however, WW
adjusted for TL differed between males (724.42
g £ 17.16) and females (692.92 g + 41.83), but
were not statistically significant (Fyss = 2.390, p
= 0.128). The Power Curve analysis of TL and
WW pooled for all fish was WW = 0.0000215
(TL)?9 (Fy257 = 41,154.34, r* = 0.994; Figure
4A). The VBGF indicated slowing of growth
around 3 years of age whereas the analysis for
TL and age was TL = 165.718 (Age)*®"" (Fy 257 =
2,847.78, r* = 0.917; Figure 4B).

Discussion

In temperate regions of the northern hemisphere,
most species form opaque otolith zones (annuli)
during the spring and early summer (April-
June), whereas a peak formation period for
tropical areas is not as clearly defined (Beckman
and Wilson 1995). Opaque zone formation has
been attributed to a variety of factors such as
food resources, spawning, and climate (Beckman
and Wilson 1995), particularly for species in
tropical areas (Fowler 1995). However, Pannella
(1980) indicated structural differences in otoliths
may be related to physiological effects induced
by seasonal environmental variation with



temperature being the most important factor. In
contrast, Admassu and Casselman (2000)
reported biannuli (i.e., two opaque zones per
year) to occur in Nile tilapia from Ethiopia and
attributed the formation of opaque zones to
seasonal decreases in water temperature.
Bwankia et al. (2007) also found the deposition
of biannuli by Nile tilapia to be closely
correlated with decreases in water temperature
associated with the two rainy seasons occurring
over the course of a year in two lakes in Uganda.
We present direct evidence of Nile tilapia
producing a single annulus in temperate climates
where it has successfully established wild,
breeding populations as well as exhibiting nearly
identical life history metrics to native, tropical,
African  populations when compared to
appropriate literature from these habitats (e.g.,
Admassu and Casselman 2000; Bwankia et al.
2007). Weight-length relationships of the
temperate Mississippi population (b = 2.992 in
the relationship Y = aX®) are almost identical to
those presented by Britton and Harper (2006)
from Kenya (b = 2.908 in the relationship Y =
aX®). Furthermore, our growth trajectory was
similar to results from Lowe-McConnell (1958)
in East Africa (e.g., current data: 300 mm TL
fish = 600 g; Lowe-McConnell: 300 mm TL fish
= 600 g), and the Mississippi population’s age-
length relationships (e.g., 350 mm TL Nile
tilapia = 3.5 yrs) reflected those from native
habitats (e.g., 350 mm TL Nile tilapia = 3.5 yrs;
Bwanika et al. 2007).

In coastal Mississippi, Nile tilapia spawned
from March to May and again from August to
September (Peterson et al. 2004). Native African
Nile tilapia also display the same bimodal
spawning pattern (Admassu 1996) indicating two
cohorts should be evident; one in the spring and
one occurring in the fall (Yosef and Casselman
1995; Admassu and Casselman 2000). We did
not, however, observe two cohorts of YOY fish
as expected (Peterson et al. 2004), which was
most likely a bias of multiple sampling gears
used over the course of several independent
projects or possibly resulting from a lower first
winter survival of the fall cohort. Within the
current dataset, the large TL range seen in older
age classes as well as the long period over which
an annulus is being formed (April — July) is
likely the result of the presence of these two
different, albeit unverified, cohorts in the coastal
Mississippi population.

Nile tilapia are readily able to adapt and thrive
in a variety of conditions. An example of this
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remarkable adaptability is presented by
Duponchelle and Panfili (1998) who found Nile
tilapia in reservoirs (from 6 to 8000 ha) of Cote
d’lvoire to become mature between 91 — 132 mm
SL (5.6 - 10 months of age). The results
confirmed a positive correlation between
size/age-at-maturity and the size of the water
body in which Nile tilapia were found. Fish
living in larger lakes exhibited a higher size/age-
at-maturity than did those found in small agro-
pastoral reservoirs. In comparing the Mississippi
non-native Nile tilapia population, fifty percent
maturity in females has been reported by
Peterson et al. (2004) to be 113 mm TL, with the
smallest mature female being 79.9 mm TL.
Results from the current research would indicate
that these fish were between 6 to 9 months old.
The Mississippi population was collected in a
486 water hectares reservoir and in smaller
streams. These results, again, fit closely with
what is seen in native habitats and demonstrates
the phenotypic plasticity of the species.

Considering the consistency of both length-
weight and length-age relationships between
Mississippi populations and native African
populations coupled with previous research on
this population (Peterson et al. 2004, 2005, 2006;
McDonald et al. 2007; Schofield et al. 2011), it
can be concluded that the tropical Nile tilapia
has successfully invaded a temperate climate
with multi-year survivorship. These data are
useful for state and federal permitting and mana-
gement agencies when making critical decisions
on approving specific species to culture and
citing new aquaculture facility locations (Scho-
field et al. 2007). These results should especially
be taken into account in climatic transition
regions where the environmental conditions
could potentially allow for the establishment of
Nile tilapia upon introduction, particularly as the
global temperature is increasing.
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