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Summary

The effects of body size and habitat variability on ammonia
excretion rates (Rans) of Aphanius iberus were analyzed in situ
for the first time. At hourly intervals during a 5-h field
experiment, ammonia excretion was measured in 75 mature
specimens from three sampling sites (small creek, marine salt-
mine, and salt-marsh) established in a gradient of water
salinity (0-5; 35-40; 65-709,). Our results showed a specific
size dependence pattern of Ry in the reproduction period,
which might reflect an effect of the reproductive effort. In
addition, the results point to a significant decrease in mean
Ram values of each population from freshwater aquatic
systems (3.81 + 0.58 umol g~' h™' in fish of 2.8 + 0.3 mm
total length, TL) to salt aquatic systems with significantly
higher alkalinity (2.52 + 0.35 umol g™' h™' in fish of
3.1 £ 0.5 mm TL in marine salt-mine;
1.98 + 0.55 yumol g™ h™" in fish of 3.1 + 0.4 mm TL in
salt-marsh). Due to the size-dependent pattern, Rap; in
different habitats cannot be compared directly; ANCOVA,
followed by residual compared analysis (regression-related
techniques), is seen as a valid method for this purpose. This
work presents the first field data on ammonia excretion in the
Aphanius genus and the flexible physiologic response charac-
teristic of Cyprinodontids has been demonstrated.

Introduction

Fish from habitats characterized by a wide range of salinity
fluctuations (estuaries, salt marshes, intertidal pools, etc.)
show ecophysiologic adaptations that enable them to tolerate
and survive both extreme salinity levels and fluctuations
(Nordlie and Haney, 1998; Plaut, 2000). Although most teleost
fish are ammoniotelics (Wood, 1993), nitrogen metabolism and
excretion are environmentally influenced (Hollingworth, 2002),
and it is normal to find a relationship between the total
ammonia proportion of their nitrogenous waste and the
salinity of their habitat (Jobling, 2002). Very few studies have
addressed the influence of water salinity on nitrogen excretion
(Wright et al., 1995). Although laboratory studies have
described this relationship (Sayer and Davenport, 1987, among
others), little is known about the effect of salinity on excretion
products via field studies. Moreover, ammonia excretion is
strongly dependent on environmental pH (Danulat, 1995) and
several authors have shown that fish in highly alkaline aquatic
habitats reduce ammonia in their nitrogenous wastes (Wright
et al., 1993; McGeer et al., 1994; Wilkie and Wood, 1996).
Cyprindontids regularly inhabit freshwater and brackish
waters (Parenti, 1981). Aphanius iberus (Valenciennes) is an
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eurythermic and euryhaline fish mainly inhabiting brackish
water of salt marshes, coastal lagoons, and river mouths
(Moreno-Amich et al., 1999), although it also occurs in small
creeks with little salinity. This ability to tolerate such a wide
range of salinities makes it an excellent candidate for studying
the effects of salinity on physiologic or ecologic traits.
Moreover, this endemic Iberian species is catalogued as
‘endangered’ in the Red List of freshwater fish from Spain
(Doadrio, 2002), and increasing our knowledge of the life
history and ecophysiology traits of fish under threat is a
necessary tool for management action and conservation
programs (Wootton et al., 2000). A few studies describe some
aspects of the A. iberus life history (Fernandez-Delgado et al.,
1988; Garcia-Berthou and Moreno-Amich, 1992; Vargas and
De Sostoa, 1997; Oltra and Todoli, 2000) or reasons for its
decline (Rincon et al., 2002; Caiola and De Sostoa, 2005), but
no study has been published on its ecophysiology. Several
studies on Cyprinodontid species have examined the effects of
salinity on physiologic functions (Nordlie et al., 1991; Nordlie
and Haney, 1998; Plaut, 2000). However, to the authors’
knowledge, no study has been published on field nitrogenous
excretion in any species of the Aphanius genus.

The aim of the present work is to provide the first
information about the field in situ ammonia excretion of
A. iberus and to analyze its relationship with body size and
habitat variations.

Material and methods
Field collection and experimental procedure

Captured were 75 mature specimens from three sampling sites,
two established in natural habitats (small creek and salt-
marsh), and one on a semi-natural site (marine salt-mine;
Table 1). All specimens were from wild populations from the
same geographical and genetic group (Operational Conserva-
tion Unit sensu Doadrio et al., 1996). Legal limitations
restricted sample sizes to a maximum of 25 individuals per
collection. The experimental period was between 12 and 16
May 1999; details of the studied populations and sample sizes
are listed in Table 1.

Because confinement stress could cause effects on nitrogen
excretion and eliminate the influence of diet on excretion rates
(Brett and Zala, 1975), the specimens at each sampling site
were acclimated for 24 h by maintaining them individually in
600 ml vessels of filtered environmental water (Whatman GF/
C filter, approximately 1.2 um) in each of the studied habitats.
The assays were performed in situ under natural temperature
and photoperiod, but fish in the individual vessels (n = 25 in
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Table 1

Localities, sample size, total length of experimental individuals (TL), habitat data, and physicochemical parameters sampled each hour during

24-h acclimation (mean + SD; m = males; f = females)

Locality Sample size (m/f) TL (mm) Habitat Salinity (%,) pH Temperature® (°C)  Oxygen (mg L)
Chicamo 13/12 2.80 £ 0.32  Small creek 0-5 6.71 £ 1.60 19.9 £+ 2.6 11.2 £ 2.6
Marchamalo  12/13 3.09 £ 0.45 Marine salt-mine 3540 879 £ 030 198 £24 134 £+ 3.0
Carmoli 12/13 3.07 £ 0.36  Salt-marsh 65-70 8.13 £ 043 253 + 34 08.6 +£ 2.2

each population) were protected from direct sunlight. After
24 h acclimation, the vessel water was replaced by filtered
environmental water from the same locality; this procedure
was carried out with care so as not to cause stress to the
individuals.

After 2 h, in each procedure at hourly intervals (h1-hS5)
during the same 5 h (11.00-16.00 hours), 10 ml of chamber
water of each specimen was transferred to a scintillation vial
and immediately frozen on dry ice (volumes not replaced).
Control vessels (no fish) were set up and sampled in an
identical manner.

During acclimation and experimental periods a fixed struc-
ture to 25 experimentation vessels was placed in each locality
and vessels were not moved. Furthermore, a control of
physicochemical parameters (temperature, pH, and oxygen)
was made at the individual level.

Laboratory analyses

Water samples were stored in the laboratory at —80°C until
analysis. All assays were performed in duplicate. Total
ammonia (NH; + NHj concentrations) was quantified using
a micro-version (1 ml) according to the spectrophotometric
method described by Ivancic and Degobbis (1984) and used in
Walsh et al. (1990) and Danulat and Kempe (1992). In this
method, total ammonia was measured directly in environmen-
tal water diluted with 10 mm HEPES, 3 mm EDTA, pH 6.5. A
second aliquot was treated with a buffer containing urease,
which specifically liberated ammonia from urea. Ammonia
concentrations were read at 638 nm by a Fluostar-Galaxy®
spectrophotometer.

Calculations and statistics

Weight-specific ammonia excretion rates (Ray) were calcula-
ted as follows:

Ram = [(Cr — C;) — (Co — )W = (Ce — Co)vm ™,

where Cr; and C; are final and initial ammonia concentrations
(um), C. is the ammonia concentration in the controls (um), V'
is volume of the system (L), ¢ is the elapsed time (h), and W is
the wet mass of the fish (g). Wet mass was estimated using
mass—length relationships from each studied population
obtained on the same date in specimens not exposed to the
experiment (Npoputation > 50), the measure of the goodness for
estimated values was evaluated with the statistic R>-adjusted
(R%Zhicamo = 0.958; Rlz\/[archamalo = 0.970; R%.‘armoli = 0941)
The statistical analysis used to compare fish excretion
between sexes and among populations followed that proposed
in Garcia-Berthou and Moreno-Amich (1993), which is based
on the application of univariate analysis of covariance
(ANcova), using mean of excretion rate as the dependent
variable and total length (TL) as the covariate. The relation-
ships between TL and ammonia excretion rate were clearly

non-linear, although the log-transformation of the data
appeared to linearize them. To avoid the use of negative
values, we previously multiplied the variables by 10°. Ammo-
nia excretion was compared by residuals from the relationship
between TL and ammonia excretion rate (dependent variable)
of the total specimens. Previously we tested the homogeneity of
the regression coefficients (slopes) of the dependent-covariate
relationship with an ANcova design that analyzed the pooled
covariate-by-factor interaction. If the covariate-by-factor
interaction (homogeneity of slopes) is not significant
(P > 0.05), this procedure removes the body length effects in
the comparison (Sutton et al., 2000). To determine whether
residual values differed significantly between populations an
ANOVA test was carried out.

Statistical analyses were performed with SPSS® software
package and accepted at a significance level of 0.05.

Results
Data adjust

Prior to transferring the experimental individuals (zero time),
total ammonia concentrations in the flask water were always
below the detection limit of the assay. Control flasks (no fish)
showed undetectable concentrations of ammonia (no toxic
levels), which remained unchanged throughout the experiment.

Although the experiment did not show a totally homogen-
eous excretion pattern, ammonia was excreted at maximum
rates during the first hour (Fig. 1). Two of the studied
populations (Marchamalo and Carmoli in the case of males,
Table 2) showed significant homogeneity of variance and no
differences between mean Ry values only in the last three
experimental hours (h3-hS5); hourly interval in Table 2 (see
excretion data in Fig. 1). For this reason, weight-specific
ammonia excretion rates were calculated using data only from
the last three experimental hours when ammonia excretion
rates were stabilized in variance and mean values.

Ammonia excretion: relation to body size and sex

There were significant differences in fish TL between popula-
tions [ANova, F(2,72) = 3.81, P = 0.027]; thus, we first
compared the TL-Ry relationships between sexes in each

population [ANcOvA test, sex as a factor: Chicamo
F(1,21) = 0.81, P = 0.380 in the slope; Marchamalo
F(1,24) = 0.14, P = 0.715 in the slope; Carmoli

F(1,24) = 1.56, P = 0.226 in the slope] and between samp-
ling sites for each sex [ANcova test, locality as a factor: males
F(2,36) = 2.62, P =0.09 in the slope; females
F(2,35) = 0.19, P = 0.826 in the slope]. Secondly, we com-
pared TL-R 4y relationships between males and females in all
specimens from the three sampling sites [ANCOVA test, sex as a
factor: F(1,73) = 0.86, P = 0.359 in the slope]. Since no
significant differences were obtained in any of these relation-
ships, we could establish a specific relationship between TL
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Fig. 1. Ammonia excretion (umol g~' h™") at hourly intervals (h1-h5;
hl: first experimental hour, h2: second hour, etc.) in each flask
containing one Aphanius iberus individual. Mean + CL (95%) for all
studied females (a) and males (b) from each population (O Chicamo; @
Marchamalo; B Carmoli)

and Ry for the studied populations. Weight-specific ammo-
nia excretion rates decreased with increasing fish length and
showed a length-scaling exponent of —1.80 + 0.29 [log-trans-
formation data; regression analysis: R? = 0.38;
F(1,73) = 41.22; P < 0.0005; Fig. 2].

There were significant differences in ammonia excretion rates
between sexes because females showed significantly higher
standard residual values than males [females: 0.42 + 0.28;
males: —0.41 £+ 0.36; F(1,73) = 14.77, P < 0.0005]. Signifi-
cant differences were also obtained in Chicamo [females:
1.16 £ 0.23; males: —0.13 £ 0.24; F(1,21) = 15.11;
P = 0.001] and Carmoli [females: 0.42 + 0.28; males:
—0.93 £ 0.34; F(1,24) = 6.14;P = 0.021], but not in Marcha-
malo  [females: 0.04 £ 0.21; males: —0.15 + 0.21;
F(1,24) = 2.36; P = 0.138]. Due to a size effect on samples,
the differences between sexes were not confirmed by the analysis
of the total experimental Rap; values (total females:
3.06 + 0.51 umol g7' h™';  total males: 3.11 + 0.48
umol g~' h™!; separated sampling sites in Table 3).

Ammonia excretion: relation to habitat

To compare weight-specific ammonia excretion rates among
localities (Chicamo, Marchamalo, and Carmoli), we used the
standardized residuals obtained from the specific relationship

for all studied populations. This procedure removed the body
length effects due to differences in TL among populations.
Standardized residuals showed significant differences between
sampling localities [ANOvA, F(2,72) = 4.734, P = 0.012] and,
although the number of compared localities was statistically
low, they showed a significant decrease with water salinity
[regression analysis: b = —0.014 + 0.005, R> = 0.12;
F(1,73) = 9.13; P = 0.004; Table 3]. In absolute terms (mean
Ram for each population), there is a significant decrease
(Chicamo > Marchamalo > Carmoli): Chimaco 3.81 =+
0.58 umol g”' h™'  (0.42 using standardized residuals);
Marchamalo 2.52 + 0.35 umol g~' h™! (0.07 using standard-
ized residuals); and Carmoli 1.98 + 0.55 umol g~ h™' (-0.43
using standardized residuals; see excretion data in Table 3).

Discussion

The high initial excretion rates detected in our field in situ
procedure was thought likely due to ‘handling stress’ (Danulat
and Kempe, 1992) caused by the transfer of the fish into the
experimental vessels. However, our first step in the data
analysis allowed us to eliminate this effect to calculate weight-
specific ammonia excretion rates (Raps).

Moreover, a critical factor when interpreting fish physio-
logic parameters in a way that may be both useful and
applicable is to use the correct statistical methodologies when
analyzing them. To investigate inter-population variations in
relative size indices (ratio-related techniques) such as Ry in
the present work, the use of ANcova before residual analysis
(regression-related techniques) provided a valid method for
this purpose (Sutton et al., 2000) because they allowed the
adjustment of the size variation in individuals from different
populations. In fact, adjustment of size variation in the data by
residual values compared analysis has also been used in studies
of ecophysiologic traits (including nitrogenous excretion)
where they provided valid results (Clarke et al., 1994; Boyce,
1999).

First, our results pointed to a significant size dependence of
Rams in the studied A. iberus populations during the repro-
duction period. Data are expressed in logarithmic scale to
achieve linearity (sensu Steinarsson and Moksness, 1996;
Leung et al., 1999). This relationship has not been affected
by differences between habitats, thus a specific-pattern that
agrees in terms of negative slope with models shown by Jobling
(1994, 2002) could be established. However, the establishment
of the Rams—TL does not imply similarity of the mean Rap
value between populations in different habitats.

Because the studied period was included in the first phase of
the reproductive period of the three studied populations
(unpublished data) and because all experimental individuals
were over the length of maturity, a related effect of the
reproductive activity could be suggested. The biology of the
species is characterized by early maturity, high reproductive
effort, and high fecundity by multiple spawning (Vargas and
De Sostoa, 1997). A high reproductive effort could lead to a
considerable expenditure of energy and time, especially in
larger sizes at the beginning of the reproductive period
(Fernandez-Delgado et al., 1988), which could coincide with
a non-feeding period (Wootton, 1998). For example, adult
males (studied specimens) spent their energy on defending their
territory and on mating, and females of all sizes (especially the
largest) showed the highest reproductive effort in terms of
fecundity and ovule diameters in May (Vargas and De Sostoa,
1997; Oliva-Paterna et al., 2006).
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Table 2

Ammonia excretion rate (Ran) comparisons between experimental hours in each female and male population

Hourly intervals

h2-h5

h3-hS

Populations h1-h5
Chicamo
Females Fievene = 2.940, P = 0.028*
Favova = 2937, P = 0.028*
d.f. (4,56)
Males Fievene = 4.047, P = 0.006*

Marchamalo

Favova = 2.243, P = 0.075
d.f. (4,57)

Females Frevene = 16.80, P < 0.001*
Favova = 6.499, P < 0.001*
d.f. (4,64)

Males Flevene = 12.66, P < 0.001*
Favova = 6.543, P < 0.001*
d.f. (4,57)

Carmoli

Females Fievene = 1.070, P = 0.380
Fanova = 0.279, P = 0.890
d.f. (4,59)

Males Fievene = 11.15, P < 0.001*

FANOVA = 1494, P = 0.217
d.f. (4,55)

Frewne = 1371, P = 0.264
Frova = 2405, P = 0.079
d.f. (3.46)
Flevene = 2.664, P = 0.060
Frwow = 2293, P = 0.091
df. (3.45)

Frevene = 6.348, P = 0.001*
Frwova = 5.089, P = 0.004*
df. 3,51)
Flevene = 8272, P < 0.001*
Frowm = 4129, P = 0.012*
d.f. (3.47)

Flevene = 0.958, P = 0.420
Frwows = 0315, P = 0.814

d.f. (3.48)

Frevene = 13.77, P < 0.001*
Frwows = 1.855, P = 0.151

d.f. (3.46)

Frevne = 0.536, P = 0.589
Frwova = 3.156, P = 0.054
d.f. (2,36)
Flevene = 2.089, P = 0.140
Faxows = 1.050, P = 0.361
df. (2,35)

Flewne = 1.930, P = 0.160
Facova = 0.303, P = 0.740
d.f. (2,38)

FLevene = 0.176, P = 0.839
Freova = 0.077, P = 0.962

d.f. (2,35)

Flevene = 1.283, P = 0.292
Fawovs = 0207, P = 0.814
d.f. (2,36)
Flevene = 0.535, P = 0.591
Frwova = 0.746, P = 0.483
d.f. (2,35)

h1-h5: 5 h; h2-h5: last 4 h; h3-h5: last 3 h.
*Significant heterogeneity of variance using Levene’s test.
**Significant differences between mean Rpy values using ANOVA.
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Fig. 2. Relationship between weight-specific ammonia excretion
(Ram: umol g7 h™") and total length (TL; mm) of experimental
specimens from the three sampling sites (O Chicamo, n = 21; [J
Marchamalo, n = 25; A Carmoli, n = 25; log-transformation data)

Moreover, adult individuals have been shown to have a
loss of condition in May; this month was seen as a non-
growing time (Vargas and De Sostoa, 1997; Fernandez-
Delgado et al., 1988). This all agrees with the supposition of
a non-feeding time or a decrease in the feeding rate during
reproduction, which was probably much more remarkable in
larger sizes. Non-feeding or decrease in feeding rates are
correlated with lower Ray in larger individuals (Preez and
Cockroft, 1988; Steinarsson and Moksness, 1996; Gelineau
et al., 1998), as was seen in the present work.

The differences in ammonia excretion between sexes seem to
be common and, in the present work, could also be related
with the reproductive effort. However, we did not obtain
significant differences in the Marchamalo sampling site, which
is probably the habitat where the species is supporting the
lower environmental stress (Oliva-Paterna et al., 2006).

Table 3
Comparison in Ray for each population between paired sampling localities (*significant differences by aANova)

Total sampling Males Females

Mean Mean Mean

Paired comparisons F df. P n (umolg'h™ F df P n (umolg'h™") F df. P n (umol g7 h7™")
Chicamo (0-5%,) 1.81 1,45 0.185 21 3.81 = 0.58  0.01 1,23 0.960 12 3.16 + 0.37 8.48 1,21 0.009* 9 4.63 + 0.41
Marchamalo (35-40%,) 25 2.52 + 0.35 12 2.74 + 0.30 13 2.32 + 0.26
Chicamo (0-5%,) 7.60 1,45 0.008* 21 3.81 + 0.58  3.73 1,23 0.066 12 3.16 + 0.37 12.71 1,21 0.002* 9 4.63 + 0.41
Carmoli (65-70%,) 25 1.98 + 0.55 12 2.08 + 048 13 1.92 + 0.50
Marchamalo (35-40%,) 3.73 1,49 0.059 25 2.52 + 0.35 3.78 1,23 0.065 12 2.32 + 0.26 0.77 1,25 0.387 13 2.74 + 0.30
Carmoli (65-70%,) 25 1.98 £ 0.55 12 2.08 + 0.48 13 1.92 + 0.50
Chicamo (0-5%,) 5.68 1,70 0.020* 21 3.81 + 0.58 1.39 1,35 0.256 12 3.16 + 0.37 13.12 1,34 0.001* 9 4.63 + 0.41
Marchamalo and 50 2.28 + 0.21 24 243 + 0.38 26 2.14 + 0.36

Carmoli (35-70%,)

Shown are ranges of habitat salinity, statistics values using standardized residuals (F, d.f. and P) and original calculated data (mean values).
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Our results showed a significant reduction in mean Ry
values of populations from freshwater aquatic systems (Chi-
camo) to salt aquatic systems with significantly higher alka-
linity (Marchamalo and Carmoli; Table 3). Very few studies
have focused on the influence of water salinity on nitrogen
excretion in fish; however, several studies have shown a
decrease in ammonia excretion with the increase in salinity
(Gershanovich and Pototskij, 1995; Wright et al., 1995). On
the other hand, several studies have analyzed the possible
relationships between nitrogenous excretion in fish and alka-
linity (revised in Danulat, 1995), showing different processes
and products for excretion waste.

Since in the present study no attempt was made to
differentiate between nitrogenous waste excretion products
(ammonia-N vs urea-N), ammonia excretion in fish is strongly
dependent on high water salinity and alkalinity; one possible
way to maintain nitrogen excretion in these kinds of water
would be to increase the proportion of nitrogenous waste
excreted as urea (Randall et al., 1989; Wright et al., 1993). The
Ornithine-urea cycle (OUC in Mommsen and Walsh, 1989)
shown by some fishes is one possibility (Walsh et al., 1990).
Moreover, most teleosts synthesize urea at relatively low rates
through the metabolism of purines (uricolysis) or arginine
(Mommsen and Walsh, 1991; Wilkie et al., 1994). However,
ureotelism is not a prerequisite for fish living in saline or
alkaline environments, and the ability of several species to
excrete high levels of ammonia at high salinity or pH has been
demonstrated (Danulat and Kempe, 1992). There are viable
mechanisms of ammonia excretion existing in this kind of
habitat (Wilkie, 1997). Clearly, the relationship between water
salinity increases, and ureagenesis needs to be further analyzed
in A. iberus.

The mean Rpypy values of the populations in salt waters
could be commensurate with a decrease in metabolic rates
(Boyce and Clark, 1997; Boyce, 1999) due to increases in the
water salinity (Swanson, 1998). In Cyprinodontids, the effect
of salinity on metabolic rates has been shown in several studies
(Nordlie et al., 1991; Jordan et al., 1993; Plaut, 2000).

Moreover, in the Carmoli salt-marsh (the habitat with the
most significant differences, Table 3) the species can be locally
abundant in small, isolated pools (surface <5 m? depth
<50 cm), and specimens are frequently altered by sudden
changes in the environmental conditions; as a consequence,
massive mortalities have been observed (unpublished data). In
confined aquatic systems, the accumulation of excreted ammo-
nia can lead to decreased growth, increased vulnerability to
disease, and pathologic changes in gill structure, among others
effects (Wilkie, 1997). It is possible that the low mean Rapgg
values detected were an example of a flexible physiologic
response characteristic of Cyprinodontids (Jordan et al., 1993).

In short, A. iberus is exposed to a wide range of habitat
conditions (habitat-type, salinity, alkalinity, etc.) both within-
and between-locations. The physiologic response in ammonia
excretion showed a specific-pattern between Rz and fish
size, which could be affected by the reproductive period of the
species. In addition, we observed a significant decrease in mean
Ram values of populations in saline aquatic systems. As
already mentioned, both may reflect the phenotypic plasticity
that is characteristic of the family Cyprinodontidae.

Acknowledgements

This research was supported by AECI (Spain) and CSIC
(Uruguay) trip grants and, in part, by the Environmental

Service of the Autonomous Government of Murcia (Spain).
We thank members of the SACE of the University of Murcia,
members of the Zoology Department of the same university,
and Philip Thomas for the English revision. Special thanks to
Dr Jorge de Costa for his comments, which greatly improved
the quality of the manuscript. We also wish to thank three
anonymous referees who contributed very constructive
comments.

References

Boyece, S. J., 1999: Nitrogenous excretion in the Antarctic plunderfish.
J. Fish Biol. 54, 72-81.

Boyce, S. J.; Clark, A., 1997: Effect of body size and ration on specific
dynamic action in the Antarctic plunderfish, Harpagifer antarc-
ticus. Physiol. Zool. 70, 679-690.

Brett, J. R.; Zala, C. A., 1975: Daily patterns of nitrogen excretion and
oxygen consumption of sockeye salmon under controlled condi-
tions. J. Fish Res. Board Can. 32, 2479-2486.

Caiola, N.; De Sostoa, A., 2005: Possible reasons for the decline of two
native toothcarps in the Iberian Peninsula: evidence of competi-
tion with the introduced Eastern mosquitofish. J. Appl. Ichthyol.
21, 358-363.

Clarke, A.; Prothero, E.; Whitehouse, M. J., 1994: Nitrogen excre-
tion in the Antarctic limpet Nacella concinna (Strebel, 1908).
J. Molluscan Stud. 60, 141-147.

Danulat, E., 1995: Biochemical-physiological adaptations of teleosts to
highly alkaline, saline lakes. In: Biochemistry and molecular
biology of fishes. Vol. 5. Environmental and ecological biochem-
istry. P. W. Hochachka and T. P. Mommsen (Eds). Elsevier
Science, B.V. Amsterdam, pp. 229-249.

Danulat, E.; Kempe, S., 1992: Nitrogenous waste excretion and
accumulation of urea and ammonia in Chalcalburnus tarichi
(Cyprinidae), endemic to the extremely alkaline Lake Van (eastern
Turkey). Fish Physiol. Biochem. 9, 377-386.

Doadrio, 1., (Ed.) 2002: Atlas y Libro Rojo de los Peces Continentales
de Espana. CSIC y Ministerio de Medio Ambiente, Madrid (in
Spanish).

Doadrio, I.; Perdices, A.; Machordom, A., 1996: Allozymic variation
of the endangered killifish Aphanius iberus and its application to
conservation. Environ. Biol. Fishes 45, 259-271.

Fernandez-Delgado, C.; Hernando, J.; Herrera, M; Bellido, M., 1988:
Age, growth and reproduction of Aphanius iberus (Cuv. & Val.,
1846) in the lower reaches of the Guadalquivir River (south-west
Spain). Freshw. Biol. 20, 227-234.

Garcia-Berthou, E.; Moreno-Amich, R., 1992: Age and growth of an
Iberian cyprinodont, Aphanius iberus (Cuv. & Val.), in its most
northerly population. J. Fish Biol. 40, 929-937.

Garcia-Berthou, E.; Moreno-Amich, R., 1993: Multivariate analysis of
covariance in morphometric studies of the reproductive cycle.
Can. J. Fish. Aquat. Sci. 50, 1394-1399.

Gelineau, A.; Medale, F.; Boujard, T., 1998: Effect of feeding time on
postprandial nitrogen excretion and energy expenditure in rain-
bow trout. J. Fish Biol. 52, 655-664.

Gershanovich, A. D.; Pototskij, I. V., 1995: The peculiarities of non-
faecal nitrogen excretion in sturgeons (Pisces; Acipenseridae): 2.
Effects of water temperature, salinity and pH. Comp. Biochem.
Physiol. 1114, 313-317.

Hollingworth, C., 2002: Nitrogen excretion. In: Fish physiology. P. A.
Wright and P. M. Anderson (Eds). Academic Press, San Diego,
CA.

Ivancic, 1.; Degobbis, D., 1984: An optimal manual procedure for
ammonia analysis in natural waters by the indophenol blue
method. Water Res. 18, 1143-1147.

Jobling, M., 1994: Fish bioenergetics. Chapman and Hall, London.

Jobling, M., 2002: Nitrogen excretion. In: Fish physiology. P. A.
Wright and P. M. Anderson (Eds). Academic Press, San Diego,
CA.

Jordan, F.; Haney, D. C.; Nordlie, F. G., 1993: Plasma osmotic
regulation and routine metabolism in the eustis pupfish, Cyprin-
odon variegatus hubbsi (Teleostei: Cyprinodontidae). Copeia 1993,
784-789.

Leung, K. M. Y.; Chu, J. C. W.; Wu, R. S. S., 1999: Effects of body
weight, water temperature and ration size on ammonia excretion
by the areolated grouper (Ephinephelus areolatus) and mangrove



98

F. J. Oliva-Paterna et al.

snapper (Lutjanus argentimaculatus). Aquaculture 170, 2215-
2227.

McGeer, J. C.; Wright, P. A.; Wood, C. M.; Wilkie, M. P.; Mazur,
C. F.; Iwama, G. K., 1994: Nitrogen excretion in four species of
fish from an alkaline lake. Trans. Am. Fish. Soc. 123, 824-829.

Mommsen, T. P.; Walsh, P. J., 1989: Evolution of urea synthesis: the
piscine connection. Science 243, 72-75.

Mommsen, T. P.; Walsh, P. J., 1991: Urea synthesis in fishes:
evolutionary and biochemical perspectives. In: Biochemistry and
molecular biology of fishes. Vol. 1. Phylogenetic and biochemical
perspectives. P. W. Hochachka and T. P. Mommsen (Eds).
Elsevier Science, B.V. Amsterdam.

Moreno-Amich, R.; Planelles, M.; Fernandez-Delgado, C.; Garcia-
Berthou, E., 1999: Distribucion Geografica de los ciprinodonti-
formes en la Peninsula ibérica. In: Peces Ciprinodontidos Ibéricos:
Fartet y Samaruc. Monografia. M. Planelles (Ed). Generalitat
Valenciana Publisher, Valencia, Spain (in Spanish).

Nordlie, F. G.; Haney, D. C., 1998: Adaptations in salt marsh teleosts
to life in waters of varying salinity. Ital. J. Zool. 65, 400-409.

Nordlie, F. G.; Walsh, S. J.; Haney, D. C.; Nordlie, T. F., 1991:
The influence of ambient salinity on routine metabolism in
the teleost Cyprinodon variegatus Lacépede. J. Fish Biol. 38, 115
122.

Oliva-Paterna, F. J.; Torralva, M.; Fernandez-Delgado, C., 2006:
Threatened fishes of the world: Aphanius iberus (Cuvier &
Valenciennes, 1846) (Cyprinodontidae). Environ. Biol. Fishes.
75, 307-309.

Oltra, R.; Todoli, R., 2000: Reproduction of the endangered killifish
Aphanius iberus at different salinities. Environ. Biol. Fishes 57,
113-115.

Parenti, L. R., 1981: A phylogenetic and biogeographic analysis of
cyprinodontiform fishes (Teleostei, Atherinomorpha). Bull. Am.
Mus. Nat. Hist. 168, 335-557.

Plaut, I., 2000: Resting metabolic rate, critical swimming speed, and
routine activity of the euryhaline cyprinodontid, Aphanius dispar,
acclimated to a wide range of salinities. Physiol. Biochem. Zool.
73, 590-596.

Preez, H. H.; Cockroft, A. C., 1988: Nonfaecal and faecal losses of the
marine teleost, Lichia amia (L., 1758), feeding on live southern
mullet, Liza richardsonii (Smith, 1846). Comp. Biochem. Physiol.
90A, 71-77.

Randall, D. J.; Mood, W. C.; Perry, S. F.; Bergman, H.; Maloiy, G. M.
O.; Mommsen, T. P.; Wright, P. A., 1989: Urea excretion as a
strategy for survival in a fish living in a very alkaline environment.
Nature 337, 165-166.

Rincon, P. A.; Correas, A. M.; Morcillo, F.; Risueiio, P.; Lobon-
Cervia, J., 2002: Interaction between the introduced eastern
mosquitofish and two autochthonous Spanish toothcarps. J. Fish
Biol. 61, 1560—-1585.

Sayer, M. D. J.; Davenport, J., 1987: Ammonia and urea excretion in
the amphibious teleost Blennius pholis exposed to fluctuating
salinity and pH. Comp. Biochem. Physiol. 87A, 851-857.

Steinarsson, A.; Moksness, E., 1996: Oxygen consumption and
ammonia excretion of common wolffish Anarhichas lupus L.
1758 in an experimental-scale, seawater, land-based culture
system. Aquac. Res. 27, 925-929.

Sutton, S. G.; Bult, T. P.; Haedrich, R. L., 2000: Relationships among
fat weight, body weight, water weight and condition factors in
wild salmon parr. Trans. Am. Fish. Soc. 129, 527-538.

Swanson, C., 1998: Interactive effects of salinity on metabolic rate,
activity, growth and osmoregulation in the euryhaline milkfish
(Chanos chanos). J. Exp. Biol. 201, 3355-3366.

Vargas, M. J.; De Sostoa, A., 1997: Life-history pattern of the Iberian
toothcarp Aphanius iberus (Pisces, Cyprinodontidae) from a
Mediterranean estuary, the Ebro delta (Spain). Neth. J. Zool. 2,
143-160.

Walsh, P. J.; Danulat, E.; Mommsen, T. P., 1990: Variation in urea
excretion in the gulf toadfish Opsanus beta. Mar. Biol. 106, 323—
328.

Wilkie, M. P., 1997: Mechanisms of ammonia excretion across fish
gills. Comp. Biochem. Physiol. 118A, 39-50.

Wilkie, M. P.; Wood, C. M., 1996: The adaptations of fish to extremely
alkaline environments. Comp. Biochem. Physiol. 113B, 135-146.

Wilkie, M. P.; Wright, P. A.; Iwama, G. K.; Wood, C. M., 1994: The
physiological adaptations of the Lahontan cutthoat trout (Onc-
orhynchus clarki henshawi), following transfer from fresh water to
the highly alkaline waters of Pyramid Lake, Nevada (pH 9.4).
Physiol. Zool. 67, 355-380.

Wood, C. M., 1993: Ammonia and urea metabolism and excretion. In:
The physiology of fishes. D. H. Evans (Ed.). CRC Press, Boca
Raton, FL.

Wootton, R. J., 1998: Ecology of teleost fishes. Kluwer Academic
Publishers, the Netherlands.

Wootton, R. J.; Elvira, B.; Baker, J. A., 2000: Life-history evolution,
biology and conservation of stream fish: introductory note. Ecol.
Freshw. Fish. 9, 90-91.

Wright, P. A.; Part, P.; Wood, C. M., 1993: Ammonia and urea
excretion in lahontan cutthroat trout (Oncorhynchus clarki
henshawi) adapted to the highly alkaline pyramid lake (pH 9.4).
J. Exp. Biol. 175, 153-172.

Wright, P. A.; Part, P.; Wood, C. M., 1995: Ammonia and urea
excretion in the tidepool sculpin (Oligocottus maculosus): sites of
excretion, effects of reduced salinity and mechanisms of urea
transport. Fish Physiol. Biochem. 14, 111-123.

Author’s address: F. J. Oliva-Paterna, Department of Zoology,
University of Murcia, E-30100 Murcia, Spain.
E-mail: fjoliva@um.es



