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Effects of turbidity on the neural structures of two closely related redfin minnows,
Pseudobarbus afer and P. asper, in the Gamtoos River system, South Africa
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The neural structures of the sister species Pseudobarbus afer and P. asper were compared. P. afer, a redfin
minnow which inhabits clear, perennial mountain streams, was found to have larger neural structures related
to vision than P. asper, which inhabits turbid, intermittent streams of the Gamtoos River system. P. asperdid
not show any compensation to inhabiting a turbid environment. Overall, P. afer males had the largest neural
structures, most notably the optic lobes and cerebella, and P. asper females had the smallest neural

struciures.

Die neurc-ekologie van die susterspesies Pseudobarbus afer and P. asper ward vergelyk. Dit is bevind dat P.
afer, 'n rooivlerkie wat skoon standhoudende bergstrome bewoon, beskik ocor groter neurostrukture wat
verband hou met gesigsvermod as P. asper, wat die modderige strome van die Gamtoosriviersisteam
bewoon. P. asper toon geen aanpassing vir die bewoning van modderige omgewings nie. In die algemeen
beskik die manlike P. afer oor die grootste neurostrukiure, mees opsigtelik die optiese lobbe en kleinharsings,
en die wyfie P. asper beskik oor die kleinste neurcstrukture.

Teleost studies have revealed that ecological characteristics
are reflected in brain strucwres (¢.g. Miller & Evans 1965;
Davis & Miller 1967; Rac 1967; Kishida 1979; Kouschal &
Junger 1988; Huber & Rylander 1992a; Koirschal & Palzen-
berger 1992). The assumption is that a larger size of a
section of the brain mcans better performance of the func-
tions controlled by that section. “The environment may act
upen the brain (and hence behaviour) through evolutionary
forces as well as epigenctic changes’ (Huber & Rylander
1992b, p. 250). Fish arc useful for comparative studies, as
thc primary targets of sensory modalitics are distinct divi-
sions which ¢an be measured in the intact brain (Huber &
Rylander 1992a). Good corrclations arc cvident between
brain form and function in many fish species (Tuge, Uchi-
hashi & Shimamura 1968).

In closely related vertebrates quantitative, comparative
brain morphological techniques can reveal, within a group,
trends of sensory diversification, and the findings can be
interpreted in terms of ecology and evolution (Bullock 1983;
Northcutt 1988; Goldschmid & Kotrschal 1989; Huber &
Rylander 1992a; Kouschal & Palzenberger 1992). One
benefit of such studies is the understanding of sensory
specializations at the species level (Miller & Evans 1965).
Neuro-ccology can be used to clucidate and predict habitat
types, radiations of vericbrate taxa and to gencrate novel
cvolutionary and functional hypotheses (Kotrschal &
Palzenberger 1992).

Morphologically and meristically the main differences
which scparated P. afer from P. asper were scale size,
length of gut and pigment pattern (Skelton 1988). Both
species grow to the same maximum size {c¢. 80 mm SL;
Cambray 1992). Since P. asper occurs in the highly turbid
section of the Gamtoos River system and . afer inhabits the
clear flowing mountain streams, they are ideal candidates to
investigate the relationship between brain morpbology and
wrbidity preference. Pattens of brain morphological varia-
tion are correlated with the biology of P, afer and P, asper
(Cambray 1992).

Larger eyes and optic lobes would be expected in P. afer
because vision would possibly be superior to all other
sensory modalities for evaluating the clear water environ-
ment. With an increase in turbidity other senses in P. asper
may be¢ better developed, such as taste, smell or wuch,
which would result 1n longer barbels and larger brain areas
associated with these senses, These aspects were investi-
gated in this study.

Methods

P. afer was collected in the Wit River, a clear, perennial
strcam found in the Cape Fold Mountains. P. asper was
collected from the Groot River, a turbid, intermittent river
Mowing through the Karoo. Both rivers arc tributaries of the
Gamtoos River system in the eastern Cape and there is no
physical barrier scparating these two specics (Cambray
1992). There are distinct differences in the water chemistry
of the two sections of the river system (Table 1).

A collection of 85 P, gfer (29,2-67,3 mm SL: 36 &3)
and 63 P. asper (27,7-71,6 mm SL; 30 & &) was examin-
ed. An additicnal collection of &) adult P. afer (30 &3 30
29)
and 60 adult P. asper (30 & &; 30 %) between 54,0 and
57,0 mm SL. was dissected and measurcd. It was assumed
that fish in this narrow length group would have similar
behaviour patterns and that there would be no functional
shifts in sensory development within this length range.
Males and females of P. afer and P. asper were analysed
scparately as there can be intersexual differences in the size
of some brain structurcs.

The fish were fixed in 10% formalin and then preserved
in buffered 5% formalin. They were dissected after at least
siXx months preservation to allow for tssue shrinkage.
Morphometric data were collccted as suggested by Hubbs &
Lagler (1947). Each specimen was sexed by examining the
gonads and then measured to the nearest 0,5 mm SL.
Standard length was used as body mass varies with seasonal
gonad development and other physiological and nutritional
factors, The eye diameter (along the nasal-temporal axis)
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Table 1 Water analysis of the Wit and Groot
Rivers giving the exireme ranges of the monthly
readings during the period 22 February 1987 to 23
April 1889 (aftar Cambray 1992)

Wit River Groot River
pH 6672 80-85
Electrical conductivity (mS/m}) 7.7-10,94 118,0-1006,0
Total dissolved solids (mg/l) 44,0 - 1590 7630 - 5063.0
Turbidity (ntu) 02-30 1,7 - 36,0
Secchi disk (cm) 500 plus* 8 -129

* Secchi disk was always visible to bottom of deepest pool

and length of barbel were measured to the nearest 0,05 mm.
The fish were placed in a V-notched dissecting block on the
stage of a dissecting microscope. The darsal section of the
ncurocranium was dissected and removed leaving the brain
exposed from the anterior olfactory bulbs 10 the rostral end
of the spinal cord. The lobes were clearcd of any tissuc 1o
improve accuracy of measurement. The length and width of
the olfactory bulbs and lobes, optic, facial and vagal lobes,
and cercbellum were measurcd to the nearest 0,05 mm at
10x magnification using a calibrated ocular micromeier.
The length and width measurcments of paired structures
were taken from the structure on the right side of the brain
(Figure 1). In some F£. asper specimens longitudinal en-
largements of the olfactory lobes covered part of the olfac-
tory bulbs. The lobes were measured first and then lifted so
that the bulbs could be mcasured. The size of cach neural
structure was estimated by the product of Iength and width
of the structure (Huber & Rylander 1992a). These measure-
ments provided a quantitative basis for comparison of the

STRUCTURE FUNCTION
Olfactory bulb Olfaction

Offactory lobe Qlfaction

Optic lobe —— —— Vision

Cerebellum — — Mator pathway and

lateral line inputs

Sensory from lips,

Facial lobe barbels and skin

Vagal lob.
9 ° Sensory from taste

buds in pharynx, gill
rakers and on palate

Figure 1 Schematic diagram of the dersal view of a P. afer
brain showing how the mecasurements were 1aken for paired and
unpaired neural structurcs,
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sizes of the various neural structures. The size of necural
structures was related 10 the length of 85 P. afer
(29,2673 mm SL) and 63 P. asper (27,7-71,6 mm SL)
using regression analyses. The two-sample ¢-test was used o
analyse differences between the brain structures.

Results

Results of the regression analyses of neural structures
related to length of the two species are given in Table 2.
Males and females were combined as the smaller specimens
were not sexed. There are good correlation coefficients (r)
for all structures of both species with lengths at 95% confi-
dence levels.

The lengths and widths of the structures arc summarized
in Table 3, together with the products of length times width
for each of the neural structures. The trends arc depicted in
Figure 2.

The comparalive statistics of the four groups analysed, 3 8
and 99 of P. afer and 43 and ¥ 9 of P. asper, indicated
a significant enlargement of the optic lobes and cerebella of
malc P. afer compared with any of the other groups. Male
P. afer had significantly larger optic lobes (1 = 3,311; df =
29} and cercbella (¢t = 3,9015; df = 29) than [cmale F. afer,
whereas male P. asper had larger olfactory bulbs (1 =
2,1905; df = 29) and cerebella (1 = 2,1999; df = 29) than
female P. asper. In a comparison of males, /. afer had
larger olfactory bulbs (1 = 4,084; df = 29), olfaciory lobes (¢
= 4,8489; df = 29}, optic lobes (1 = 8,8165; df = 29), cere-
bellum (¢ = 8,0738; df = 29}, eyes (+ = 16,4756; df = 29)
and longer barbels (¢ = 3,244; df = 29) than male P, asper.
That is, the only two structurcs which were not significantly

Table 2 Linear regression analyses relating
the size of the neural structures to length in P.
afer (n = 85; 29,2-67,3mm SL) and P. asper
(n = 63; 27,7-71,6mm SL) (where a and b
are constants and r is the correlation coeffi-

cient)

Strucwre a b r
P. afer

Olfactory bulb -0,39419 0,020482 0,942
Olfactory lobe -0,87137 D,078884 0,969
Optic lobe -0,57799 0,121911 0,967
Cercbellum -1,30855 0,168248 0922
TIFacial lobe —0,49409 0,032313 0,926
Vagal lobe -0,22134 0,113199 0,854
Eye diameler 1,2945 0,042496 0,960
Barbel length -3,12038 0113169 0,853
P. asper

Olfactory buib —0,52324 0,022426 0,959
Olfactory lobe -0,31624 0,053069 0,962
Oplic fobe 0,07879 0,081623 0,953
Cerebellum -0,55074 010184 0,971
Facial lobe —0,18005 0,014088 0,954
Vagal lobe -0,12068 0,034036 0,860
Eye diameler 1,50148 0,026256 0,949
Barbel length -2,27093 0,080972 0,942
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Table 3 Means and standard errors (S.E.) for the defi-
nitive brain morphology of P. afer and P. asper. All
measurements are in millimetres (L = length, W = width;
L x W (mm?))

P. afer P. asper

323 29 24 ¢
Neural structure n =30 a =30 a =30 n =30
Olfactory bulb W 0,76 Q9,79 0,76 0,72
(S.E) (0.01) (0.02) (0o1) 0,01)
Olfactory bulb L 1,11 1,07 0,91 0,85
(S.E) (0,03) (0.02) (0,02) (0,03)
Olfactory bulb L X W 0,85 0,84 0,69 0,61
(S.E) {0,03) (0,02) 0,02) (0,03)
Tejencephalon W 1,26 1,27 1,21 1,15
(S.E) {0,02) {0,01) (0,01) 0.1)
Telencephalon L 242 2,38 222 2,31
(S.E) (0.04) ©.04) {0,03) (0,03)
Telencephalon 1. X W 3,05 3.01 2,69 2.65
(S.E) (0,06) (0,06) (0,04) (0,05)
Optic lobe W 2,17 2,13 1.99 1,94
(S.E) (0,02) (0,02) {0,02) (0,02)
Optic lobe L 2,84 271 2,57 2,57
(S.E) (0,03) (0.03) (0,03) (0,02)
Oplic lube L X W 6,14 5717 511 4,98
(S.E) 0,08) 0,07 (0,08) (0,03)
Cerebellum W 3,01 29 2,68 2.56
(S.E) (0,03) (0,03) (0,03) (0,04)
Cerebellum L 2.51 2,34 22 2.13
(SE) 0,03) (0,03) (0,03) {0,03)
Cerebellum L. X W 7.56 6.8 5,93 5,48
(S.E) {0,15) 0,13) (0,14) {0,15)
Facial lobe W 1,33 1,31 1.1 1.16
(S.E) 0,07} (002} (0,02) (0,{2)
Facial lobe L. 1,0 0,95 1,07 1.04
(S.E) (0,01} o) 0,01 {0,02)
Facial lobe . X W 132 1,25 1.28 1,21
$.E) {0,03) 0,03 (0,03) {0,03)
Vagal lobe W 072 0,76 0,7 07
S.£) (0,01) 0,01y (0,01) (0,01)
Vagal lobe L 2,53 2,46 25 2,46
(SE) (0,03) {0,03) {0,02) (0,02)
Vagal lobe L X W 1,87 1,86 175 171
(S.E) (0,03) {0,04) 0.03) (0,03)
Lye diameler 37 3,79 3,1 3,12
(S.£) (0,03) {0,04) (0,02) (0,03)
Barbel L 27 2,55 2,36 2,31
(S.E) ©.1) (0.09) (0,04) (0.05)

different were the facial {t = 1,052; df = 29) and vagal (¢ =
1,6533; df = 29) lobes. In a comparison of females, P. afer
had larger olfactory bulbs (r = 6,7301; df = 29), olfactory
lobes (¢ = 4,4277; df = 29), optic lobes (t = 7,3485; df = 29),
cerebellum (& = 6,6952; df = 29), vagal lobes (¢ = 3,5831; d4f
= 29) and eyes (t = 14,6728; df = 29) and longer barbels (1 =
2,365; df = 29) than female P. asper. Male P. afer brains
were significantly larger than female P. asper brains in all
structures. Male . asper brains and associated structurcs
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Figure 2 Comparative means for the preduct of length and
width (mni?) of seven neural structures and barbel length (mm) of
P afer (n=730 33 and 30 ¢ ?) and P. asper {n =30 4 & and 30
¢ @). OB = olfaciory bulb; T = telencephalon; OL = optic labe;
C = cerebellum; FL = facial lobe; VL = vagal lobe; ED = cye
diameter; BL = barbel length (5.£. of means are too small to plot
<0,1).

compared to the female P. afer structures were smaller in
every respect except the facial lobe and barbel length. Over-
all, male P. afer had the largest brain and female P. asper
the smallest.

Discussion

Some studies which bave related brain morphelogy and
ccological parameters of fish have a number of problems,
such as small sample sizes and comparisons of: distantly
related 1axa, members of polyphyletic groups, different size
ranges and different preservation methods (Huber & Rylan-
der 1992a). In an ontogenetic study on cyprinid brain
morphologies there were considerable differences which
decreased with growth (Kotrschal & Junger 1988; Brand-
stitter & Kotrschal 1990). The pelential effects of ontoge-
netic changes in necuro-anatomical studics are listed by
Huber & Rylander (1992a). To avoid such ontogenetic vari-
ables the definitive brain form should be used (Miller &
Evans 1965). Huber & Rylander (1992a) used only adults of
a similar size ranging from 40 to 90 mm in length (although
in minnow species 50 mm is a considerable difference). To
overcome these problems, Huber & Rylander (1992a) used
the residuals of a linear regression on standard length in
their analysis of the brains of Notropis and related species,
For meaningful conclusions to be drawn from quantitative
interspeciflic comparisons of brain areas, the species should
be closcly related to ensure a high probability that the
compared arca would have a comparable functional role
(Northcutt 1988; Goldschmid & Kotrschal 1989; Kotrschal
& Palzenberger 1992).

The problems outlined above were avoided in this study
because: P, afer and P. gsper are sister species, a reasonably
large sample of specimens of adult fish of about 55 mm SL
was dissected; and all material was fixed and preserved in
the same way.
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Davis & Miller (1967) suggested that measurements of
width rather than length of brain lobes were better indicators
of habitat preference, They reasoned that longitudinal
enlargements can displace adjacent lobes whercas lateral
cxpansion is prevented only by available cranial space.
Huber & Rylander (1992a) uscd both length and width
measurcments and this method was followed in this swdy.
The relative lobe size in some species can be corrclated with
cither hyper-development or degencration of a specific
afferent sensory system (Davis & Miller 1967).

The dorsal aspect of the gross brain morphology of the
two redfin minnows is typical of cyprinid fish such as the
false-goby minnow {(Pseudogobius esocinus) depicted in
Tuge et al. (1968). Both redfin minnows show a similar
configuration but there are differences in the sizes of the
various lobes.

Telencephalon

The olfactory bulbs were very similar for bolh sexes of P,
afer, but male P. asper had larger bulbs than female P.
asper. P. afer males and fcmales had significantly larger
olfactory bulbs than P. asper males or females. The olfac-
tory lobes were similar in both sexes of P. afer and P.
asper. The olfactory lobes of both sexes of P. afer were
larger than both sexes of P. asper. Thercfore, the iclen-
cephalon of P. afer is better developed than that of P. asper.
The significantly larger olfaciory bulbs and lobes of P. afer
indicated that this clear water species has a better developed
sense of olfaction than the (urbid water specics, P. asper.
This may indicate that in clear water the clfactory bulb is
used for social communication and is thercfore more impor-
tant than in species in turbid conditions.

Optic lobes and eyes

The larger visual centres of P, afer indicate that they are
visual specialists compared with P, asper. P. asper, being
the more derived specics (Skelton 1980; 1988), has possibly
undergone a reduction in the size of the optic lobes. Male P,
afer had bigger optic lobes and eyes than . asper males and
females. The optic lobes of malc P. afer were significantly
larger than those of P. asper and this may be associated with
their behaviour. Male P. gfer have a brighter brecding
colouration as well as larger nuptial tubercles (Skelton 1980;
Cambray 1994) and the large optic lobe may be positively
correlated with these features. Male P. asper arc not as
brightly coloured and have significantly smaller and fewer
tubercles (Cambray 1994). One adaptation of fish to turbid
walers is a reduction in the size of Lhe eye to protect it from
suspended particles (Nikolsky 1963). The reduced size of
the eycs of P. asper may also be a prolechive adaptation 1o
the high level of total dissolved solids in its habilat
(Table 1).

Cerebellum

P. afer males have the largest cercbella and female P. asper
the smallest. The large cerebellum might enable P. afer 10!
quickly and cfficiently orientate to food items in the clear,
flowing waters below riflles; maintain the high level of
motor activity necessary for ‘station-keeping’ 1o resist being
displaced in fast water currents; and allow for gquick eye

129

movements and the processing of information related to
nuptial activities {(suggested by the bigger optic lobes of P.
afer males). In contrast, P. asper rarely inhabits fast-moving
waler, lives in a relatively food-rich environment and has
less vivid colouration {Cambray 1992), which suggests that
a relatively smaller cerebellum would be adequalte.

Medulla oblongata

The facial lobes were similar for both redfin minnow
species. The only significant difference occurred in the
larger facial lobe in male P. gfer compared with female P.
asper. The swellings of the lobes of the vagal section of
male and female P. gfer was more developed than those of
female P. asper. On a comparative basis, therc is very litlle
difference between the facial and vagal lobes of both
Specics.

Barbels

The use of barbels in cyprinid taxonomy has stimulated
considerable debate (Skelton 1988). Over a range of P. afer,
Skelton (1980) found that the length of the posterior barbels
showed considerable intraspecific variation, Barbel length
variability within the Pseudobarbus species is probably
influgnced by local environmental conditions and is not
genctically fixed. Schmidt (1983) suggested that barbels are
not sound generic characters and should be used with cau-
tion at the specics level. In some species barbel development
may be a recent compensatory adaptation for reduced vision
in turbid habitats (Hubbs & Ortenburger 1929). Contrary to
the findings of this study, barbel size was longer in turbid
water species of Hybopsis compared with clear waler forms
{Davis & Miller 1967). The males of P. afer, the clear waler
species, had significantly longer barbels than male P. asper,
and female P. afer had longer barbels than female P, asper.
The longer barbels of P. afer may be related to the need to
locatc hidden benthic prey quickly and efficiently in the
oligotrophic, clear mountain stream (Cambray 1992). It is
recommended that taste bud densities be investigated on F.
afer and P. asper barbels. The density of tasle buds may be
more important than barbel length in locating food in the
turbid environment of the Groat River,

Turbid versus clear water species

The scnsory apparatus appears (0 be paricularly sensitive 10
environmental variation (Huber & Rylander 1992b). The
microscopic structure of the visual part of the optic tectum
was better developed in minnow species which inhabited
turbid water (Huber & Rylander 1991). In clear water
specics of Noiropis and related genera, the primary optic
structures and cerebellum were found to be larger (Huber &
Rylander 1992a) and this relationship was also found in this
study. In turbid water species of Notropis and related genera
the olfactory bulb and facial lobe werce larger. This suggests
compensatory taste development when vision was impeded
by high wrbidity. In P. afer and P. asper the olfactory bulbs
were larger in the clear water species and the facial lobes
were of similar proportions. The differences in size of the
neural structures are ¢ither the result of functional adapta-
tions to respcctive habitats (clear mountain stréam versus
turbid Karoco stream) through evolution or by epigenesis
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during development. The smailer neural structures of P.
asper may reflect phenotypic plasticity between the sister
species.

In American minnows, species which lived in both clear
and turbid habitats had more variability in the brain lobe
size than species which inhabited constant environments
(Davis & Miller 1967). The correlation of brain morphology
and turbidity in Notropis and related genera showed that the
size of the brain structures concerned with vision, olfaction
and gustation was correlated with habitat wurbidity {Huber &
Rylander 1992a). Habiwat wrbidity correlated with the size
of the facial lobe bul not with that of the vagal system. The
facial lobe system is important for locating a food source in
the environment, and the glossopharyngeal-vagal sysiem is
important for ingestion of food placed in the mouth (Atema
1971). Huber & Rylander’s (1992a) study supported two
hypotheses: (1) species of minnows rely on different sensory
modalities, which correlatc with the physical parameters in
their preferred habitat, and (2) the importance of a particular
modality is reflected in the size of the corresponding neural
structures. Their analysis showcd that neither similar
turbidity preferences nor shared phylogeny were sufficient
to explain the obscrved differences in brain morphology. In
this study the two gustatory subsysiems did not show the
trend found in the American minnows.

In the American minnows a high correlation between size
of cerebellum and visual structurcs suggested a funciional
association between these structures (Huber & Rylander
1992a). This study supports this [inding for two African
minnows. A visually orientaling species which can pursue
faster moving prey may also need betier developed motor
coordinalion than a species rclying on taste (Huber &
Rylander 1992a). In addition, swimming ability is morc
developed in species which inhabit fast currents which are
frequently clear (Gatz 1979; Felley 1984). Thercfore
swimming ability and vision may bc independent adapta-
tions to a clear, fast-flowing stream environment (Huber &
Rylander 1992a). P. afer are frequently seen in the swift
water below riffles searching in the water column for prey
{Cambray 1992). The larger areas of the brain of P. afer can
possibly be explained by its adaptation to clear, perennial
flowing mountain streams. In the turbid waters inhabited by
P. asper, quick feeding movements would not be as
advantagcous.

Sight-feeding fishes usually have enlarged optic but small
facial and vagal lobes, whereas fishes with entarged vagal
lobes are usually bottom feeders (Davis & Miller 1967). P.
afer has enlarged optic lobes but the vagal lobes are similar
to those of P, asper males. This may be because P, afer
feeds both on the bottom of pools and in the water column
below riffles (pers. obs.).

Intersexual differences

Male P. gfer had larger optic lobes and cercbella than
female P, afer, which may indicate a behavioural difference
as was also suggested by the larger tubercles and brighter
red nuptial fin colouration of male P. afer (Cambray 1994),
The optic lobes of male and female P. asper are similar but
males have larger ccrebella than females. The cerebellum
has many different functions (Demski 1983; Finger 1983).
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Male P. asper have larger telencephalons, olfactory bulbs
and lobes than do femalc F. asper. In the turbid environ-
ment a larger telencephalon may be more important than
larger optic lobes, which is the reverse of what was found
for P. afer males and females. Olfactory bulbs play a role in
social communication and therefore may be important in the
turbid river, although these struclures in P. asper are not
significantly bigger than those in P. afer.

Taxonomic character

The morphology of neural structures, such as the valvula
cerebella, can be vused as a means of identification of other-
wise morphologically closely related fish species (Tandon
1986). Altempts to use brain morphology as a taxonomic
character have not always been successful (Lissner 1923 in
Davis & Miller 1967} because ceological factors strongly
influence the brain lobe proportions. Parallelisms in habitat
preference and feeding behaviour may result in similar brain
forms in different tribes of Catostominae (Davis & Miller
1967). Brain form should not be used alone as ecological
factors influence brain morphology and may obscure phylo-
genetic relationships (Svetovidov 1953). Differences in the
sizes of ncural structures of the sister species £. afer and P.
asper arc probably due 1o ecological differcnces.

Summary

P. afer, which inhabits clear mountain streams, probably has
better olfactory and optic senscs and a considerably better
developed locomotory centre (cerebellum) than its more
derived sister species, £. asper, which inhabits the turbid
section of the Gamitoos River system. The difference in rela-
tive size of the cercbellum was probably the result of a
greater specialization of P. afer in the fast-flowing mountain
streams. Certain neural structures of P. asper, such as the
optic lobes and the cyes, were found to be comparatively
smaller than those of P. afer. The size of brain structures,
such as the vagal and facial lobes, which would compensate
P. asper inhabiting a turbid environment, have not increased
compared with those of P. afer.

There were intersexual and interspecics differences in
some of the neural structures of P. afer and P. asper. The
intersexual differences may be related 10 the ecology or
behaviour of males and females. Overall, the largest brain
occurred in male P. afer and the smallest in female P. asper.
The interspecics differences may be related 1o the two
distinct environments, one clear and one turbid. That P.
asper has nol developed relatively larger facial or vagal
lobes to cope with turbidity may indicate that the morpho-
logical response is conservalive in differenl ccological
conditions,
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