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a  b  s  t  r  a  c  t

Nile  perch  (Lates  niloticus)  was  introduced  to the  Lake  Victoria  basin  in  the  1950s  and  1960s  and  eventually
became  one  of  the most  valuable  commercial  species  of  East  Africa’s  inland  fisheries.  Intense  fishing-
induced  mortality  may  be contributing  to  dramatic  ecological  change  in  this  species  (reductions  in body
size and  catch  rate)  and  reinforcing  patterns  of ecological  divergence  in  some  lakes  in  the  region.  We  used
radio  telemetry  to characterize  Nile  perch  movement  and  home  range  size  in  Lake  Nabugabo,  Uganda
and  quantified  patterns  of  habitat  selection  by  Nile  perch  in  the  heavily-fished  near-shore  areas  of  this
system.  Nile  perch  exhibited  high  site  tenacity  with  daily  movement  averaging  ∼400  m/day  and  home
range  size  averaging  0.83  km2. Body  size  and  water  temperature  were  both  important  predictors  of  Nile
ast Africa
ome range and movement patterns
abitat selection
ropical inland fishery management

perch  movement  patterns.  In the  near-shore  area  of the  lake,  Nile  perch  selected  regions  characterized
by low  temperature  and  high  oxygen  conditions,  and  tended  to prefer  forest  edge over  wetland  edge.  The
level of site  tenacity  exhibited  by Nile  perch  suggests  that  ecological  isolation  between  fish  using  forest
and  wetland  ecotones  may  be  higher  than  expected.  These  results  also  have  important  implications
for  development  of territorial  jurisdiction  by Beach  Management  Units,  the  decentralized  structure  of
fisheries  management  in the region.
. Introduction

There is a growing body of evidence that size selective mor-
ality, such as that produced by fishing, can lead to changes in
ife history traits of harvested species (Law, 2000; Ricker, 1981;
ijnsdorp, 1993) and can bring about ecological change and diver-
ence among populations (Conover et al., 2006; Grift et al., 2003;
eznick and Ghalambor, 2005). Fisheries can lead to directional
election through a process known as ‘fishing down’ whereby large
ndividuals in a population or community are lost in favour of
maller, shorter-lived fishes that are less fit and not as effective
t maintaining stocks (Conover and Munch, 2002; Hsieh et al.,
010; Pauly et al., 1998). For example, over-exploitation of North
tlantic cod stocks coincided with a 2-year decline in age at matu-
ity between 1960 and 2000 (Hutchings, 2005). Fishing-induced

ortality can also have a number of indirect effects on ecological

nteractions between target species and their environment. Avoid-
nce of fishing gears (Handegaard and Tjøstheim, 2005; Ona and
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Godø, 1992) and modifications in habitat use (Sundby and Godø,
1994) have been documented in association with fishing pressure
(reviewed in Heino and Godø, 2002). Heterogeneous exploitation
centred in optimal habitat zones of target species can fundamen-
tally alter distribution and movement patterns of stocks leading fish
to use sub-optimal habitats (Heino and Godø, 2002). This has the
potential of precipitating patchy intra-region divergence in ecolog-
ical traits of harvested species. Depending on movement patterns,
site fidelity, and home range sizes this ecological divergence could
be transient, ontogenetic, or lead to distinct phenotypes within
the population (Law, 2000). Management of a sustainable fish-
ery, therefore, partly depends on an understanding of movement
patterns and habitat preferences of commercially harvested fish
species and how these patterns and preferences respond to fishing
pressure (Gruss et al., 2011; Mason and Lowe, 2010).

Relative to temperate marine systems, effects of exploitation on
fishes in tropical inland waters have received little attention (Cooke
et al., 2011; Mkumbo et al., 2007; Welcomme  et al., 2010). Given
the increasing population growth rates in many tropical nations,
and accelerating pressure and reliance on inland fish resources, it

is critical that we  understand habitat requirements of major stock
species, and both direct and indirect effects of fishing on habitat use
and selection (Cooke et al., 2011; Smith et al., 2005; Welcomme
et al., 2010). In this study we  quantified home range sizes,
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ovement patterns, and habitat selection of the intensively har-
ested Nile perch (Lates niloticus L.), an invasive, predatory fish that
as fueled important freshwater fisheries in East Africa.

.1. History of the Lake Victoria basin fishery

One of the world’s most important inland fisheries is that of
ake Victoria in East Africa, the largest tropical lake in the world
Balirwa, 2007; Chapman et al., 2008; Matsuishi et al., 2006). For

any decades, Lake Victoria supported a productive multi-species
shery, but the 20th century brought massive ecological change to
his region as human population density increased and demands
n aquatic resources intensified (Ogutu-Ohwayo, 2004). In the
950s and 1960s the large, piscivorous Nile perch was  released

nto Lake Victoria and other lakes in the region (e.g., Nabugabo,
yoga) to boost overexploited native fisheries (Balirwa et al., 2003;
oudswaard et al., 2008; Pringle, 2005). A dramatic increase in Nile
erch in the 1980s and other perturbations to the lake system (e.g.,
utrophication) led to the further decline of many native species,
ost notably ∼40% of the 500+ endemic haplochromine cichlid

pecies (Seehausen et al., 1997; Witte et al., 1992). The upsurge
f Nile perch fueled a rapid increase in fishing pressure, creating a
roductive fishery and an economically important export market
or Uganda, Kenya, and Tanzania in the 1990s (Balirwa et al., 2003).
owever, intense fishing and other changes in the lake basin have

ed to a decline in catch rates per fisher, and an apparent reduc-
ion in Nile perch biomass in some regions of the lake (Balirwa
t al., 2003; Hecky et al., 2010; Matsuishi et al., 2006; Mkumbo
t al., 2007). There is mounting evidence that dynamics among
shers, Nile perch, and Nile perch prey have contributed to eco-

ogical and phenotypic change in Nile perch including shifts in diet
nd habitat use, habitat-associated divergence in morphology and
ody size, and change in life history traits (Nkalubo, 2012; Paterson
nd Chapman, 2009; Paterson et al., 2010; Schofield and Chapman,
999). Documenting movement patterns and habitat use of Nile
erch is critical to understanding habitat- and fishing-associated
rait variation in Nile perch, and has implications for development
f territorial jurisdictions by community-based Beach Manage-
ents Units, institutions created in the lake basin to shift fisheries
anagement from central governments to individual fishing com-
unities (Nunan, 2006; van der Knaap and Ligtvoet, 2010).

.2. Ecological change in Nile perch in Lake Nabugabo, Uganda

We conducted our study in Lake Nabugabo, a satellite of Lake
ictoria that also experienced Nile perch introduction, intense fish-

ng, and dramatic ecological change. Several studies in this lake
ave focused on the ecology of Nile perch in two  major shore-

ine habitats: wetland edge or ecotone and forest edge (exposed).
ver a 12-year period (1995–2007), Paterson and Chapman (2009)

eported a decrease in average body size and catch per unit effort
CPUE) of Nile perch sampled from exposed habitats, and they
etected an increase in the proportion of Nile perch near wet-

and ecotones over the same period (Balirwa et al., 2003; Chapman
t al., 2003; Paterson and Chapman, 2009). Nile perch captured
ear wetland ecotones in 2007 were proportionately larger than
sh captured in exposed waters and the diet of Nile perch dif-

ered dramatically between the two habitat types (Paterson and
hapman, 2009). It is likely that changes in the size and distribu-
ion of Nile perch reflect, at least in part, intense harvest in their
pparently preferred open water habitat (Paterson and Chapman,
009; Schofield and Chapman, 1999). Interestingly, morphological

ivergence in juvenile Nile perch has also been detected between
etland edge and forest edge habitats; Nile perch from hypoxic
etlands have larger gills than those captured in well-oxygenated
aters (Paterson et al., 2010). Taken together, these findings point
s Research 137 (2013) 18– 29 19

towards the possibility that the cascading effects of heterogeneous
fishing pressure may  drive or reinforce divergence in Nile perch
diet, morphology, and other phenotypic traits between wetland
edge and forest edge habitats in Lake Nabugabo. This divergence
may  be transient if Nile perch move across habitats, ontogenetic
if juveniles are more site tenacious than adults, or lead to dis-
tinct adult phenotypes if Nile perch movement is limited across
all life-history stages. To maximize the effectiveness of manage-
ment of this stock, and to determine the likelihood of divergence in
this population, a sound knowledge of movement behaviour, home
range size, and habitat selection of Nile perch is required. In this
study we  used radio telemetry to track Nile perch movement pat-
terns, characterize home range size, and quantify habitat selection
of Nile perch in Lake Nabugabo to enhance our knowledge of the
ecological interactions of Nile perch with its environment. We  hope
that this work will also lead to further development of Nabugabo’s
Beach Management Unit by helping to define territoriality of the
Nile perch.

2. Materials and methods

2.1. Study site

Nile perch were tracked in Lake Nabugabo, Uganda, 4 km west
of Lake Victoria between 0◦20’ and 0◦24’S latitude and 31◦51’ and
31◦57’E longitude. Lake Nabugabo has a surface area of 33 km2

(mean depth = 3.13 m)  with an average surface temperature of
25.8 ◦C (±1.07, SD) and low water transparency (mean Secchi
depth = 0.69 m,  ±0.11, SD). High dissolved oxygen (DO) conditions
prevail in the open waters with surface DO averaging 7.71 mg/L
(±1.04, SD) but drop off near the bottom into a layer of near anoxic
water. Lake Nabugabo was  formerly a bay of Lake Victoria, which
became isolated from the main lake by an extensive swamp and
sandbar approximately 5000 years ago (Stager et al., 2005). Now,
much of the lake’s perimeter consists of a dense wetland (the Lwa-
munda Swamp) that is characterized by high structural complexity
and low DO conditions (Paterson and Chapman, 2009; Schofield and
Chapman, 1999). The west side of the lake is edged by dense forest,
fishing villages (three active fish landings) and small developments
(three holiday centres and two churches) (Fig. 1).

2.2. Home range and movement patterns

2.2.1. Tag attachment
Live Nile perch were purchased from fishers immediately after

capture, either on the shore if the fisher was  working near the
shoreline or at the exact capture location if the fisher was  work-
ing offshore, and placed in a large basin of clean lake water.
Nile perch condition was determined to be adequate for tagging
if equilibrium and buoyancy were immediately established and
maintained upon introduction to the basin. Fish were measured
for total and standard length (cm), and weighed to the near-
est 50 g. Radio transmitters were externally attached on the left
hand side below the rear dorsal fin (see Fig. 2 inset) while the
fish was held in clean lake water following methods described in
Cooke (2003).  Three sizes of radio transmitter were used: small
(model BD-2, 1.2 g, 16 mm  × 8 mm  × 3.5 mm), medium (model PD-
2, 2.5 g, 23 mm × 12 mm × 5 mm),  and large (model RI-2C, = 6 g,
3 mm × 10 mm × 6 mm)  (Holohil Systems Inc., Ontario, Canada).
Fish over 34 cm (>400 g) were given large tags and those under
27 cm (<250 g) were given small tags. All other fish were given

medium tags. This ensured that transmitters were always less than
the recommended 2% of body mass (Brown et al., 1999). Fish were
released either at their exact capture location or approximately
200 m directly offshore if they were collected from fishers at the
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ig. 1. Bathymetric map  of Lake Nabugabo showing the distribution of shoreline ve
abugabo relative to Lake Victoria and other major lakes in Uganda (inset).

horeline. The tagging process took less than 2 min, and total fish
andling time was under 5 min.

.2.2. Tracking
We  began tracking on 18 January 2011 and located fish through

3 May  2011. In January and February we relocated fish daily
etween 6:30 am and 7:00 pm,  and in March, April and May  fish
ere relocated daily during 2 weeks of each month. We  recorded
TM (Universal Transverse Mercator) coordinates of each fish’s

ocation with a Garmin 72HTM (Garmin International, Inc., Olathe,
S, USA) global positioning satellite (GPS) unit. Average accuracy
f locations (15.6 m ± 6.9, SD) was estimated by repeatedly (N = 9)
ocating a tag that was stationary on the lake bottom. This is similar
o the average GPS error (12.9 m ± 6.7, SD) determined by marking
ocations (N = 9) at the same point on shore. Thus, location errors
ppeared to be attributable to GPS error, and we feel confident that
sh were tracked within 7 m of their true location plus GPS error.
ach day a novel tracking route was established to ensure fish were
ocated at different times of day throughout the field season. Some
ays we tracked each fish twice, once in morning and once in after-
oon. The minimum time between two consecutive relocations was
.35 h, and the average (not including 2-week gaps) was  25.1 h. The

ongest time between two consecutive relocations including the
pproximate 2-week gaps was 458 h (∼19 d). At each relocation
oint we recorded environmental variables. Depth was  measured
ith a weighted meter tape and water transparency with a Secchi
isk. Temperature (◦C) and dissolved oxygen (DO) concentration
mg/L) were measured at the surface and then every meter using

 YSI Pro20 handheld probe. Distance offshore was measured in a
ost hoc analysis using ArcGIS 9.3 (described in detail below).

In numerous circumstances, radio tagged fish were captured by
shers, in part a reflection of the very intense fishing pressure in
his system. In most cases we were able to retrieve the tag from
he fish landing before it had been removed from the fish, which

llowed us to visually assess the condition of the fish and damage to
he scales and musculature. Similar to findings in Herke and Moring
1999) fish tag wounds appeared to be well healed after 4–5 days
ith only minor scale loss and dermal abrasion. In every case we
on and the positions of three fish landings, and a map showing the location of Lake

asked the fisher where, when, and how each fish was  caught. In
only 3 cases of 26 did the fisher find the transmitter to be the likely
cause of the fish’s entrapment.

2.2.3. Home range and movement calculations
All fish locations from tracking data were plotted in a Geographic

Information System (ArcGIS, v. 9.3) to quantify spatial distribu-
tion patterns of individual fish within the lake. Hourly movement
was calculated for each Nile perch by dividing distance moved by
number of hours between two subsequent relocations, and daily
movement was defined as the distance (m) between fish positions
within a 24 h period. Although we refer to observations between
tracking times as distance moved per day or per hour, it is a
conservative estimate as not all movements are expected to be uni-
directional. To estimate mean distance from shore for each Nile
perch, we averaged the distance of all relocation points in a home
range to their nearest points on shore using ArcGIS v. 9.3.

Hawth’s Analysis Tools v. 3.27 (Beyer, 2004) for ArcGIS was
employed to determine home range area using two  methods: mini-
mum  convex polygon (MCP), a polygon that connects the outermost
relocation points for each individual (Vokoun, 2003), and 50%
and 95% fixed kernel utilization distribution (FKUD) that produces
smoothed concentric isopleths representing the area where an
individual spends 50% and 95% of its time during tracking (Lowe
et al., 2003; Topping et al., 2005; Vokoun, 2003; Worton, 1989).
The 95% isopleth estimates the greater region used by a fish over
the study period, while the 50% isopleth identifies the core range
of an individual (Worton, 1989). Elapsed time between relocations
(sampling interval) is an important consideration when perform-
ing home range analyses (Swihart and Slade, 1985a; Vokoun, 2003).
The ideal sampling interval is unique for each species and avoids
autocorrelation of data by ensuring statistical independence of
successive relocation points (Vokoun, 2003). We  tested our data
for autocorrelation using Schoener’s ratio according to methods

described in Swihart and Slade (1985b) and found that successive
observations for all but two fish were independent at the  ̨ = 0.05
level. Home range estimates from fixed kernel techniques are free
from parametric assumptions, and are therefore not affected by
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f  externally attached radio transmitters on Nile perch (inset). The inner isopleths r

uto-correlated data (important given that home range data for two
ile perch did not meet independence criteria), and provide an effi-
ient method for smoothing locational data (Worton, 1989). Fixed
ernel density estimates require calculation of smoothing parame-
ers (h) that control the amount of variation in each component of
he estimate. We  used Animal Space Use v. 1.3 (Horne and Garton,
009) to calculate an adjusted h (hajd) smoothing parameter as out-

ined by Wauters et al. (2007).  hajd produces home ranges that are
omparable to MCP  and other FKUD estimators, but are less sen-
itive to small sample sizes and consistently produce biologically
ealistic core home ranges while minimizing over-smoothing of the
5% isopleth (Seaman and Powell, 1996; Wauters et al., 2007).
.2.4. Analyses
Linear regression was used to detect relationships between

ome range area and hourly movements (dependent variables),
r 14 Nile perch in Lake Nabugabo, and a schematic diagram indicating the location
ent the 50% FKUD and the outer isopleths represents the 95% FKUD.

and fish characteristics (total length, standard length, and weight)
and environmental characteristics (temperature, DO, depth, Secchi
depth, and distance from shore). All data were tested for normal-
ity with the Shapiro-Wilk goodness-of-fit test and adjusted using
a log transformation if necessary. Differences in home range size
and movement parameters between fish caught in distinct habi-
tat types (wetland edge vs. forest edge) were assessed using an
independent 2-tailed t-test to compare means of two groups. Equal
variance between groups was  tested using Levene’s homogene-
ity of variance test. Due to the inherent nature of co-linearity
among environmental parameters, a principal component analy-
sis (PCA) was performed using SAS software (JMP 8) to condense

the dataset into composite variables to assess the environmental
variables important for home range size and movement patterns.
We  incorporated seven physico-chemical variables (surface water
temperature, bottom water temperature, average water column
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emperature, surface DO, bottom DO, average water column DO,
nd turbidity) and two other environmental variables (depth and
verage distance from shore). A Pearson’s correlation matrix was
sed to detect relationships among PCA scores and environmental
ariables to detect variables that loaded most heavily onto PC axes.

.3. Habitat selection in the near-shore environment

.3.1. Habitat mapping
We  generated a bathymetric map  of Lake Nabugabo by inte-

rating systematically collected depth sounding data with GPS
ositional data. To collect depth data we followed a pre-determined
rid pattern heading N–S across the lake taking depth points at
400 m intervals using an EAGLE depth sounder. We  used ArcGIS v.
.3 spatial analyst tools to rasterize the point data and create bathy-
etric contour lines (Fig. 1). We  quantified shoreline vegetation by

ecording presence of major vegetation types (Miscanthidium vio-
aceum, Vossia cuspidata (hippo grass), Nymphaea lotus/Nymphaea
aerulea (water lily) and forest edge) every ∼50 m (548 vegeta-
ion data points total) around the lake perimeter. We  estimated
he distance that water lily and hippo grass patches extend into
he lake from the edge of the Miscanthidium,  grassland, or forest
dge. These data were used to create an ecological map  in ArcGIS
. 9.3 (Fig. 1). Every 100 m along the 10 m shoreline perimeter
e recorded abiotic environmental conditions (T, DO, depth, Sec-

hi depth) using the same methods as described above. A second
ampling perimeter 250 m offshore provided an indication of envi-
onmental conditions more likely to be used by Nile perch as they
ere rarely found within 10 m of shore. These sampling meth-

ds provided detailed information about both shoreline vegetation
extending approximately 100 m into the lake) and abiotic environ-

ental conditions (extending approximately 250 m into the lake)
n the near-shore zone of Lake Nabugabo.

.3.2. Near-shore habitat selection
We concentrated our analysis of the habitat selection behaviour

f Nile perch to locations sampled in near-shore regions of the lake
s these areas are currently the most intensively fished in Lake
abugabo and are characterized by a higher level of habitat hetero-
eneity than open waters. Near-shore habitat selected by Nile perch
as identified by comparing proportions of habitat available in the
ear-shore zone of Lake Nabugabo to proportions of habitat used by
ile perch when they were in near-shore regions. To evaluate habi-

at availability,  abiotic variables (depth, Secchi depth, average water
olumn DO, average water column temperature) were split into five
ategories (Appendix A), and perimeter data points falling into each
ategory were tallied. Similarly, shoreline vegetation was  split into
orest edge (category 1) and wetland edge comprised of water lilies
2), Miscanthidium violaceum (3), and hippo grass (4) (Appendix A).
very perimeter vegetation point was assigned a category based
n the dominant vegetation type in that location. To evaluate habi-
at used by Nile perch we calculated proportion of time spent in the
ategories outlined above. To estimate use of abiotic environmental
onditions, we used the temperature, DO, Depth and Secchi depth
ata associated with each Nile perch relocation point. Because our
erimeter survey for abiotic environmental variables represented
nly 250 m of the near-shore zone of the lake we only evaluated
ata associated with Nile perch relocation points that were within
50 m of shore (32% of all relocation points). To evaluate shoreline
egetation use we only used relocation points that were within
00 m of shore (19% of all relocation points). ArcGIS v. 9.3 was  used
o generate near-tables linking each relocation point within 100 m

f shore to the nearest vegetation point in the perimeter survey.
e justify this 100 m cut-off point in two ways: (1) The shoreline

egetation survey revealed that, in some areas, hippo grass and
ater lily beds extended 100 m into the lake and (2) an analysis
s Research 137 (2013) 18– 29

of long term sampling data (L. Chapman, unpublished data) indi-
cates that faunal assemblages associated with shoreline vegetation
tend to occur within 100 m offshore. We  therefore suggest that up
to 100 m from shore fishes can still be said to be ‘using’ shoreline
vegetation, or benefitting from its proximity. Pearson’s chi-squared
tests were used to detect differences between proportional habitat
use and availability. We  conducted this analysis twice, once using
all inshore fish relocation points and once with each fish equally
represented in the data set (8 points/fish) to avoid overrepresen-
tation of individuals who  spent more time inshore. Although the
direction and significance of the results were the same for both
analyses, there were a number of minor differences between them,
so both are reported.

3. Results

3.1. Movement and home range

We tagged a total of 38 Nile perch over 5 months in Lake
Nabugabo, Uganda. Radio-tagged Nile perch ranged from 24.5 to
57.2 cm total length (TL) (mean = 37.8 ± 9.56 cm,  SD) and weighed
between 160 and 2100 g (mean = 742.0 ± 595.4 g, SD). Of 38 individ-
uals, six were lost due to tag failure, and one died of natural causes
(no evidence of having been netted or hooked). Twenty-six indi-
viduals were re-captured by fishers (15 before sufficient data could
be attained for home range analysis), and five fish remained in the
lake until the end of the study period (two without sufficient data).
All individuals with too few relocation points (<11) were removed
from the data set leaving a total of 14 Nile perch for home range
analysis. Nile perch used in the analysis ranged in body size from
25 to 57 cm TL (mean = 39.9 ± 9.29 cm,  SD) and weighed between
170 and 2100 g (831.8 ± 588.7 g, SD) encompassing the same range
of body sizes as was  represented by all 38 fish.

Tracking of radio-tagged Nile perch revealed that the average
linear distance travelled in the first 4 days after tagging ranged from
85.5 m/h  on day 1 to 38.5 m/h  on day 4 (overall mean = 53.5 ± 21.6,
SD) but then decreased and levelled off. After 4 days, hourly dis-
tances moved in any one day ranged from 1.55 m/h  to 28 m/h
(mean = 12.6 ± 6.6, SD). To avoid introducing a bias as a result of the
tagging procedure, the first 4 days of tracking for each individual
were excluded from the analysis. A minimum of 11 and a maxi-
mum  of 43 (mean 25) relocation points were used to estimate home
range. This threshold of 11 relocations is less than the minimum of
30 suggested by Vokoun (2003).  However, in this case, using a min-
imum of 30 relocations would have reduced the number of tagged
Nile perch whose movements we  could characterize (Gilroy et al.,
2010). We  instead used multiple home range estimation techniques
that are well suited to small sample sizes (Wauters et al., 2007) to
ensure consistency among different home range calculators. We
further investigated this potential source of error by randomly
selecting 11 data points from individuals with >20 relocations and
calculating new home range estimates. These estimates were then
compared to the originals to determine whether important differ-
ences could be detected. Although home range estimates tended
to be smaller when only 11 points were used, there was no signif-
icant difference in mean home range area (t(df) = 1.84(13), p = 0.11).
Finally, linear regression showed no relationship between number
of relocation points and home range size (MCP: r2 = 0.04, p = 0.51,
FKUD 50%: r2 = 0.009, p = 0.74, FKUD 95%: r2 = 0.0004, p = 0.944) or
any other environmental variable or fish characteristic (data not
presented, r2: range = 0.001–0.22, p: range = 0.09–0.91).
Home ranges for Nile Perch in Lake Nabugabo ranged from 0.11
to 2.28 km2 (mean = 0.80 ± 0.71, SD) when estimated with MCP, and
0.11–2.42 km2 (mean 0.83 ± 0.72, SD) when measured with FKUD
(Fig. 2), and MCP  and FKUD home range estimates were strongly
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Table  1
Summary of fish characteristics, home range areas (MCP; 50% and 95% FKUD) and movement parameters for 14 Nile perch tracked in Lake Nabugabo. All movement distances
are  in m and all home range area estimates in km2.

Date of tracking start Fish ID# TL (cm) SL (cm) WT (g) Points MCP  FKUD 95% FKUD 50% Mean dist. from shore Mean dist
moved/hour

25 January 2011 1 25 22 170 42 0.118 0.108 0.022 121.58 4.92
09  February 2011 2 26 22.5 230 20 0.187 0.152 0.034 269.77 9.95
31  January 2011 3 28 24 260 34 0.264 0.193 0.042 365.03 8.85
24  January 2011 4 28 24 250 18 1.253 1.392 0.336 583.41 30.04
24  January 2011 5 29 25 250 11 0.530 0.792 0.202 510.65 38.18
28  January 11 6 30 25 250 16 0.147 0.152 0.041 308.63 6.20
22  January 2011 7 33.5 27 430 43 2.281 1.886 0.287 563.07 14.95
01  February 2011 8 34 28.4 480 11 0.395 0.459 0.126 444.14 24.78
27  January 2011 9 34.4 29.1 400 43 0.708 0.311 0.045 359.19 13.82
20  January 2011 10 36 30 500 35 2.275 2.429 0.770 760.22 37.54
22  February 2011 11 38 32 700 30 0.915 1.006 0.162 701.48 14.65

c
h
a
o
a
r
S
t
o
m
r
e
r
p
r

3

f
t
p
r
a
w
e
r
r
t

r
F
d
d
(
fi
t
t
a
p
d
i
t
F
T
(
w

10  February 2011 12 42 35 750 24
22  February 2011 13 49 42 1700 16 

11  April 2011 14 57.2 48 2100 12 

orrelated (r = 0.95, p < 0.0001). Details on movement patterns,
ome range areas, and fish characteristics are presented in Table 1
nd Fig. 2. Average distance moved per hour for individual fish
ver the entire tracking period ranged from 4.9 to 38.1 m/h  (over-
ll mean = 18.9 ± 10.6, SD), and average distance moved per day
anged from 118.0 to 594.7 m/day (overall mean = 454.4 ± 256.6,
D). Average time between relocations was 25.1 h, not including
he 2-week intervals in March, April, and May  when no tracking
ccurred. Site fidelity was evident for all 14 Nile perch with their
ovements staying within ∼ 400 m of the centre of their home

ange (mean = 416.6 ± 220.8, SD) and the 50:95 isopleth area ratio
qualling 20%. Seventy-nine percent of Nile perch established home
anges within either forest edge (8 Nile perch) or wetland (3 Nile
erch) ecotones, while only 3 individuals (21%) established home
anges that crossed the two habitat types.

.2. Home range vs. fish and habitat characteristics

Linear regressions indicate that Nile perch with home ranges
urther offshore were characterized by greater movement dis-
ances (r2 = 0.40, p = 0.015) and larger home ranges (MCP: r2 = 0.53,

 = 0.003, FKUD 50%: r2 = 0.58, F = 16.39, p = 0.002, FKUD 95%:
2 = 0.52, F = 12.92, p = 0.004) than those closer to shore (Fig. 3a
nd b). Home ranges established by perch near wetland ecotones
ere larger (mean = 1.21 km2 ± 0.73, SD) than those from the forest

dge (mean = 0.32 km2 ± 0.24, SD) (t(df) = 2.94(12), p = 0.0125). Home
anges established by fish that were caught near wetland ecotones
anged from 0.152 km2 to 2.42 km2, and home ranges of fish from
he forest edge ranged from 0.11 km2 to 0.74 km2.

Fish total length was positively related to individual home
ange area (MCP: r2 = 0.34, F = 6.27, p = 0.0277; FKUD 50%: r2 = 0.24,

 = 3.81, p = 0.074; KFUD 95%: r2 = 0.30, F = 5.26, p = 0.041), average
istance moved per hour (r2 = 0.33, F = 5.89, p = 0.032) (Fig. 3c and
), and average distance from shore (r2 = 0.36, F = 6.21, p = 0.023)
not shown in the figure). These relationships were similar when
sh size was expressed as standard length or body mass confirming
hat larger fish have home ranges that are both larger and fur-
her from shore than smaller fish. Average Nile perch home range
rea (MCP: r2 = 0.30, F = 5.17, p = 0.04; FKUD 50%: r2 = 0.47, F = 10.64,

 = 0.007; FKUD 95%: r2 = 0.46, F = 10.25, p = 0.008) and average
istance moved/hour (r2 = 0.35, F = 6.35, p = 0.027) decreased with

ncreasing water temperature (Fig. 3e and f). We  also found a nega-
ive relationship between fish TL and water temperature (r2 = 0.47,
 = 10.8, p = 0.007) (Fig. 3g) and a positive relationship between fish
L and the concentration of surface DO (r2 = 0.33, F = 5.93, p = 0.031)
Fig. 3h). These relationships were similar when fish total length
as replaced with either standard length or body mass indicating
0.930 1.440 0.213 193.32 19.66
0.780 0.744 0.119 475.64 19.45
0.479 0.607 0.091 516.35 22.09

that larger fish are generally found in cooler waters characterized
by high DO, while smaller individuals use warmer waters and lower
DO conditions. Pearson’s correlation showed that dissolved oxygen
increased (r = 0.18, p = 0.0013) and water temperature decreased
(r = 0.16, p = 0.005) with distance from shore. Neither depth, Secchi
depth, bottom DO, nor water column DO were significantly related
to fish size or any home range estimate.

The principal component analysis on environmental and habi-
tat variables generated two  functions with eigenvalues >1.0, which
cumulatively explained 77.4% of the variance (Table 2). Variable
loadings for the first two PC axes are given in Table 2. Environ-
mental factors that loaded most heavily on PC1 were temperature
(surface, bottom and average) followed by shore distance (Table 2).
Bottom DO concentration was the only factor that loaded heavily
onto PC2 (Table 2). There was  a negative correlation between PC1
and distance moved/h (r = 0.53, p = 0.0498, n = 14) and total length
(r = 0.69, p = 0.0068, n = 14). There were no significant relationships
between any fish characteristics and PC2.

3.3. Habitat selection

The habitat selection analyses for abiotic environmental vari-
ables and shoreline vegetation indicated significant preferences of
Nile perch for some habitat types over others. For environmen-
tal variables, Nile perch in near-shore zones selected intermediate
to low water temperatures (�2

(df) = 11.07(4), p = 0.03) (Fig. 4a) and
intermediate to high levels of dissolved oxygen (�2

(df) = 113.0(4),
p < 0.0001) (Fig. 4b). There was  also significant selection for deeper
waters (�2

(df) = 705.6(4), p < 0.0001) (Fig. 4c). Here we report Chi-
squared values for DO and T water column average values, but
these relationships held for surface and bottom DO and T values
as well. In terms of shoreline vegetation selection, results from the
Chi-squared analysis reveal that Nile perch selected for forest edge
habitat (�2

(df) = 15.17(3), p < 0.0017) and against Miscanthidium and
water lily habitats (Fig. 4d). We  decided to exclude Secchi depth
from this analysis due to minimal variation in Secchi transparency.

4. Discussion

Radio telemetry of Nile perch in Lake Nabugabo provides evi-
dence for high site tenacity, low daily movement, and small home
range sizes. Although many aspects Nile perch ecology have been
studied in detail (Nkalubo, 2012; Ogutu-Ohwayo, 1994; Paterson

and Chapman, 2009; Schofield and Chapman, 1999), very little was
known of their spatial dynamics prior to this study. This is the first
telemetry study of Nile perch, and one of the only telemetry stud-
ies of a commercially important tropical freshwater species (but
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Fig. 3. Simple linear regressions of (a) average distance from shore with 95% fixed kernel utilization distribution (FKUD) home range (HR) area; (b) average distance from
s UD HR
w mpera
c e. All 

s
m
(
d
m

hore  with movement distance/hour; (c) Nile perch total length (TL) with 95% FK
ater  column temperature; (f) distance moved/hour with average water column te

olumn  dissolved oxygen (DO). Grey lines represent the least squares regression lin

ee Heupel et al., 2011; Koehn et al., 2009). Our results support

any established aspects of Nile perch ecology and habitat use

preference for high-oxygen/low temperature conditions), but also
emonstrate high levels of site tenacity that may  contribute to the
aintenance of habitat-associated phenotypic divergence.
 area; (d) TL with movement distance/hour; (e) 95% FKUD HR area with average
ture; (g) TL with average water column temperature and (h) TL with average water
relationships are significant at p < 0.05.

4.1. Home range and movement parameters
We found a high level of variability in home range
sizes and movement distances among our tagged Nile perch
(HR = 0.1– >2.0 km2, distance = 0.06–141 m/h). Variability in home
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Table  2
Principal component analysis scores for environmental measurements. Nine variables were condensed into two PCs with eigenvalues greater than 1.0. Numbers in bold
represent variables loading heavily on each component (>0.60).

Axes % variance explained Test statistics Surf. DO Bot. DO Avg. DO Surf. T Bot. T Avg. T Depth Secchi Shore dist.

PC 1 51.57 Pearson’s −0.652 0 −0.549 0.928 0.908 0.939 −0.435 0.418 −0.85
Sig  (2-tailed) 0.012 0.999 0.042 <.0001 <.0001 <.0001 0.12 0.137 <.0001
N  14 14 14 14 14 14 14 14 14

0.95
<.00

14 
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PC  2 25.81 Pearson’s 0.585 

Sig  (2-tailed) 0.028 

N  14 

ange size has been documented in several other tropical fish
pecies from both marine (Bellquist et al., 2008; Lowe et al., 2003;
opping et al., 2005) and freshwater environments (Heupel et al.,
011; Koehn et al., 2009). For example, Heupel et al. (2011) found
ome ranges from ∼0 km2 to 2.5 km2 in Barramundi (Lates calcar-

fer), a tropical congener of comparable size to Nile perch. Body
ize was a significant predictor of home range size in Nile perch,
xplaining 30% of the observed variation for fish 25–57 cm TL.
any other fish movement studies have found links between home

ange area and fish size both inter- and intra-specifically (Jones,
004; Kramer and Chapman, 1999; Minns, 1995). For example,
oehn et al. (2009) cited body size as being a key determinant
f home range area in Murray cod in the Murray River drainage
n Australia. Although mechanistic links between body size and
ome range have rarely been thoroughly investigated, it is com-
only proposed that larger individuals establish greater home

anges to meet their increased need for resources such as food, mat-
ng opportunities or spawning grounds (Jones, 2004; Koehn et al.,
009; McGrath and Austin, 2012). Whatever the case, the strong

nd common relationship between the spatial requirements of fish
pecies and their body size emphasizes the role that life history
lays in the ecology of fish and interactions with their environ-
ent. This may  be especially important in species that go through

ig. 4. Differences in observed (used habitat in near-shore zones) and expected (availab
ater  column average temperature, (b) water column average dissolved oxygen (DO), (c) 

nd  negative values indicate selection against a category.
4 −0.593 0.246 0.288 0.275 −0.49 −0.451 −0.179
01 0.025 0.396 0.317 0.342 0.075 0.106 0.541

14 14 14 14 14 14 14

ontogenetic changes in diet or habitat use, like Nile perch who
switch from insectivory to piscivory (Ogutu-Ohwayo, 1993, 1994).
Although the timing of this dietary shift depends on habitat type
and prey availability (Chapman et al., 2003; Paterson and Chapman,
2009), the increase in home range size and average movement dis-
tance with body size could be due, in part, to the higher mobility
and larger spatial requirements of fish prey that are targeted by
larger Nile perch.

Variation in Nile perch spatial requirements was  also related
to several environmental and habitat characteristics. Temperature
accounted for 46% of the variation in Nile perch movement pat-
terns with higher activity levels and larger home range sizes in
cooler waters. These patterns were corroborated by habitat selec-
tion results for near-shore areas and may  relate to the negative
effect of increasing water temperature on aerobic performance
that has been documented in many fish species (discussed further
below) (Farrell, 1997; Pörtner and Knust, 2007). There was  also a
positive relationship between home range size and distance from
shore. Differences in home range size between near-shore and off-

shore environments could reflect a larger search radius required to
seek out pelagic prey species and/or be a by-product of larger fish
inhabiting offshore zones where low temperature and high oxy-
gen conditions can be found. Given the strong correlations between

le habitat in near-shore zones) values based on four environmental variables: (a)
depth, and (d) shoreline vegetation. Positive values indicate selection for a category
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ile perch body size and both water temperature and distance off-
hore, it seems likely that these factors combine to effect larger
ome ranges in these areas.

We  also found that Nile perch near wetland ecotones tended
o have larger home ranges than those from forest edge environ-

ents. This relationship was unexpected since wetlands in Lake
abugabo are thought to have a richer prey base and greater struc-

ural complexity than open water or forest edge zones (Chapman
t al., 1996; Schofield and Chapman, 1999) and many studies have
ound that predatory fishes in areas of high structural complex-
ty show restricted movement (Ahrenstorff et al., 2009; Savino and
tein, 1982). We  suggest that Nile perch prey may  be more abundant
n highly structured habitats, but less available if dense vegetation
rovides physical and visual obstruction to predators and enhances
scape probabilities of prey (Ryer, 1988; Sass et al., 2006). Indeed,
any studies of fishes have shown that foraging efficiency is

nversely related to structural complexity (Eklöv, 1997; Ryer, 1988).
ecreased foraging efficiency may  prompt predators to increase

earch effort. For example, Flynn and Ritz (1999) showed that Hip-
ocampus abdominalus (sea horse) adults in exposed regions only
arget prey items that come within reach but search actively in
reas of high structural complexity. Nile perch near wetland eco-
ones may  similarly use a more active foraging strategy while
earching the ecotone for prey species emerging from the near-
hore vegetation.

.2. Implications for ecological divergence

Given its streamlined body morphology and hunting lifestyle,
ile perch has generally been assumed to be a relatively active

pecies (Ligtvoet and Mkumbo, 1990) with low chance of sub-group
solation within a lake or region. Results of this study, however,
eveal that movement distances and home range sizes are restricted
elative to some other freshwater fish species of comparable body
ize in both tropical and temperate systems (Gilroy et al., 2010;
eupel et al., 2011; Smith et al., 2011; Trested et al., 2011). For
xample, Australian bass (Macquaria novemculata, Perciformes) a
losely related but smaller species, was found to move an aver-
ge of 35 m/h  (Smith et al., 2011); much greater than the 18.9 m/h
bserved in Nile perch. The restricted movement of Nile perch
s especially important when considered in the context of eco-
ogical change and possible sub-stock variation in this species in
akes where it has been introduced. Only 21% of Nile perch in
his study moved across wetland/forest edge habitat boundaries,
nd individual perch remained within 400 m of the centre of their
ome range with half of their relocation points falling within an
rea ∼20% of their spatial distribution. This limited movement, in
ombination with heterogeneous fishing pressure, may  promote
cological divergence in Nile perch between the two  habitat types.
uvenile Nile perch from wetland ecotones exhibit unique pheno-
ypic responses to their low-oxygen habitat, differing in gill size
Paterson et al., 2010), morphology, and colour (E. Nyboer, unpubl.
ata) from juveniles in forest edge sites. Since smaller fish generally
ave smaller home range sizes, this trajectory may  lead to an even

ower chance of overlap between forest edge and wetland edge
omponents of the population resulting in further habitat-specific
henotypic differentiation. This may  increase the possibility for the
evelopment of a sub-stock of Nile perch that are smaller and better
dapted to wetland ecotones.

.3. Habitat selection in the near-shore zone
In the near-shore areas of Nile perch home ranges, we found
vidence for selection of specific habitat types and environmen-
al conditions. Our movement study shows that Nile perch in Lake
abugabo prefer forest edge over wetland edge ecotones when
s Research 137 (2013) 18– 29

occupying near-shore regions of their home range. In their study
of Nile perch (5–35 cm TL) Paterson and Chapman (2009) found
that the proportion of Nile perch near wetland ecotones relative
to forest edge had increased over a 12-year period; however, there
was no evidence for an increase in their abundance near the wet-
lands over the same period. They speculated the proportional shift
in distribution reflected, at least in part, intensive fishing for Nile
perch in more open waters near the forest edge where Nile perch
abundance declined over the same period, although quantitative
evidence for historical heterogeneous harvest patterns is lacking. It
is interesting that our radio-tagged Nile perch showed a preference
for forest edge habitat given apparent declines in their abundance
in the habitat since 1995. The difference between studies may
relate to the size of Nile perch used and/or differences in defin-
ing habitat use and selection, and clearly highlights the importance
of integrating methods. Our radio tracking study provides detailed
information on individual habitat selection and intra-specific vari-
ation in behaviour that whole-population studies overlook. When
these fine-scale movement data are combined with population-
level abundance and density data a clearer picture of Nile perch
movement, habitat use and habitat selection may  emerge (Mason
and Lowe, 2010). Paterson and Chapman (2009) focused their study
on Nile perch of a smaller average and maximum size than in our
telemetry study, which may  point to the possibility of size-related
shifts in habitat use.

Nile perch in this study also exhibited selection for waters
with mid to high dissolved oxygen and mid  to low temper-
atures when using near-shore areas of the lake. These results
corroborate previous findings that temperature and oxygen are
important in determining Nile perch distribution (Ogutu-Ohwayo,
1994; Schofield and Chapman, 1999). Many movement studies
have documented that environmental temperature is a key deter-
minant of fish distribution (Farrell et al., 2008; Perry et al., 2005).
Physiological processes operate optimally within a range of body
temperatures specific to every organism (Pörtner and Farrell, 2008).
For fishes, this temperature range is limited by basal metabolic rate
and oxygen availability, which is directly related to water temper-
ature (Pörtner, 2010). An increase in water temperature increases
basal oxygen demand of a fish while decreasing oxygen availability,
since warmer waters hold less oxygen than cooler waters (Farrell,
1997; Pörtner and Knust, 2007). This can lead to anaerobic res-
piration and temperature-induced hypoxaemia in fishes (Pörtner
and Knust, 2007; Pörtner and Farrell, 2008), which can reduce
activity levels. This may  partly explain results from this study that
show high water temperatures correlate with low rates of move-
ment and small home ranges in Nile perch, as discussed above. In
more extreme cases temperature-induced hypoxaemia can cause
fish to seek out more favourable environmental conditions leading
to shifts in habitat use. For example, Farrell et al. (2008) found that
Pacific salmon in the Fraser River system of British Columbia cannot
access upstream reaches of their spawning grounds due to ther-
mal  stress limiting their aerobic swimming capacity. Interestingly,
oxygen- and capacity-limitation of thermal tolerance predicts an
earlier loss of aerobic scope in larger fish (Pörtner, 2010; Pörtner
and Farrell, 2008), which may  explain, at least in part, why  larger
Nile perch are generally found in cooler, high DO waters.

4.4. Nile perch fishery management

Home range and movement parameters have long been of inter-
est to fisheries managers and conservationists since distribution
of stocks has direct application to species management. Many

studies have examined the adequacy of marine protected areas
(MPAs) in protecting stocks and/or boosting yields of marine fish-
eries (Roberts and Polunin, 1991; Allison et al., 1998); and results
have provided overwhelming evidence that MPA efficacy depends
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Table A.1
Definitions and proportions of available habitat in each habitat selection category
(1–5; wetland (W)  or forest edge (FE)) of environmental variables (temp, DO, depth,
Secchi depth) and shoreline vegetation.

Environmental variables Cat. Definition % avail

Water column temp ◦C 1 24–25 19.3
2  25–26 35.1
3  26–27 24.6
4  27–28 14.0
5  28–31 7.0

Water column DO
(mg  L−1)

1 3–6 31.6
2  6–7 36.8
3 7–8 19.3
4  8–9 10.5
5  9–11 1.8

Depth (m) 1 0–1 35.1
2  1–2 40.4
3 2–3 12.3
4  3–4 7.0
5  4–5 5.3

Secchi depth (m) 1 0–0.55 21.1
2 0.55–0.65 24.6
3  0.65–0.75 24.6
4  0.75–0.85 28.1
5  0.85–1.0 1.8

Shoreline vegetation FE Forest edge 27.1
W Water lily 34.8
E.A. Nyboer, L.J. Chapman / F

argely on features of life history, home range size, and movement
arameters of the managed species (Gruss et al., 2011; Kramer and
hapman, 1999; Pastor et al., 2009). Because Nile perch in East
frican lakes are intensively targeted by fishers, knowledge of the
patial dynamics of this species is needed to improve our ability
o predict changes in stocks and to develop effective management
trategies (Mason and Lowe, 2010). Although issues surrounding
anagement of Nile perch are much different than those encoun-

ered in marine fisheries, there is still an inherently spatial quality
o the management schemes currently in place. In recent years,
fforts have been made to improve fisheries management in the
ake Victoria basin by shifting responsibilities away from a cen-
ral governing body to individual fishing communities through
he creation of locally regulated beach management units (BMUs)
here fishers and other stakeholder groups are responsible for
anagement decisions and enforcement (Nunan, 2006; van der

naap and Ligtvoet, 2010). A major challenge to the success of this
o-management scheme is in defining BMU  boundaries that are
oth socially and biologically meaningful (Allison and Ellis, 2001).
esearch on the functioning of BMUs therefore requires an inter-
isciplinary approach to assess both the social range of the fishers
nd also the distribution and mobility of key fished species in the
ake. Knowing that Nile perch, one of the most important commer-
ial catches in the Lake Victoria basin, have definable home ranges
rovides a biologically relevant rationale for the insertion of territo-
ial boundaries for BMUs. Clearly defined resource-use boundaries
ay  provide additional incentives for members to follow fishery

ules and may  prove to be instrumental in improving BMU  efficacy.
ore research is required both spatially and temporally to evaluate

he consistency of Nile perch movement behaviours between lakes
nd over longer time scales, and to determine how movement pat-
erns compare to Lake Victoria’s much larger and more socially and
nvironmentally complex fishery.

.5. Conclusions and caveats

Measuring habitat selection and generating information on
ffects of environmental variables on movement and home range
ize of Nile perch provide details that have direct management
mplications (Gilroy et al., 2010; Kramer and Chapman, 1999) and
lso provide insight into our understanding ecological divergence
n this population. Nevertheless, it is important to note that these
ata are not comprehensive. Although we accounted for low sam-
le sizes of individual Nile perch and of relocation points as much as
ossible in our analyses, the rate at which Nile perch were removed
rom the system by fishers made it very difficult to track fish for
onger than a few months. These low sample sizes combined with
he limited temporal scale over which data were collected restrict
ur ability to extrapolate to other lake systems (Gu and Swihart,
004). This study, however, still provides important and novel eco-

ogical information on a commercially fished and economically
mportant species in a large tropical fresh water fishery.

One further caveat is that the largest fish tracked in this study
57 cm)  was much smaller than a full-grown Nile perch. Very large
ndividuals (>1 m)  will likely have more extensive home ranges
nd movement distances than those reported here if the positive
elationship between size and home range does not plateau. This
ould mean greater regions of overlap between the largest and
ost fecund individuals in Lake Nabugabo, an important consid-

ration for future management decisions. Furthermore, movement
atterns of Nile perch in larger lakes with different environmental

onditions and habitat variability could be very different than those
ound in Nabugabo. Future studies should focus on home ranges on
he extremes of the size continuum, and on expansion of move-

ent studies to nearby lakes to determine if movement patterns
W  Miscanth. 21.7
W  Hippo grass 16.4

are equally restricted in larger lakes (Lake Victoria) and if the same
habitat preferences and environmental limitations apply.
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