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Abstract: Tadpoles inhabit generally well oxygenated rivers and streams, nevertheless they were found in areas 
with limited oxygen availability inside the rivers. To assess this feature, I examined factors that influence centro-
lenid tadpole behaviour using Cochranella granulosa. The tadpoles were reared in well-oxygenated and hypoxic 
environments and their development, survivorship and growth were compared. The tadpoles in oxygenated water 
acquired a pale color, while tadpoles in hypoxic water grew faster and were bright red and more active. In the 
oxygenated water, the ammonium, which had its origin in the tadpoles’ urine and feces, was oxidized to nitrate. 
In contrast, in the hypoxic treatment, the nitrogen compounds remained mainly as ammonium. Presumably, the 
nitrate in oxygenated water was secondarily reduced to nitrite inside the long intestine coils, because all symp-
toms in the tadpoles point to methemoglobinemia, which can occur when the nitrite passes through the intestine 
wall into the bloodstream, transforming the hemoglobin into methemoglobin. This could be checked by a blood 
test where the percentage of methemoglobin was 2.3% in the blood of tadpoles reared in hypoxic condition, 
while there was a 19.3% level of methemoglobin in the blood of tadpoles reared in oxygenated water. Together 
with the elevated content of methemoglobin, the growth of the tadpoles was delayed in oxygenated water, which 
had high nitrate content. The study about quantitative food-uptake showed that the tadpoles benefit more from 
the food in hypoxic water, although they spent there more energy moving around than the tadpoles living in 
oxygenated but nitrate-charged water. Rev. Biol. Trop. 58 (4): 1467-1478. Epub 2010 December 01.

Key words: tadpoles, Cochranella, Centrolenidae, hypoxia, ammonium, nitrite, nitrate, methemoglobin, meth-
emoglobinemia, cyanosis.

I have reared the tadpoles of all species of 
Centrolenidae found in Costa Rica, but some 
failed to reach metamorphosis in part because 
of little knowledge of their larval ecology. 
While the tadpoles of some species (e.g., those 
in the genus Cochranella) are relatively easy to 
rear, others are extremely difficult to keep alive 
(Hoffmann 2010). In the present study, I exam-
ine factors that influence centrolenid tadpole 
survivorship using Cochranella granulosa.

Centrolenid tadpoles live in well-oxygen-
ated rivers and streams, but they are described 
as lotic fossorial burrowers that live especially 

between the wet leaves and mud at the edges of 
streams (Villa & Valerio 1982, McDiarmid & 
Altig 1999, Savage 2002, Kubicki 2007). My 
observations with different bottom material in 
water containers suggest that tadpoles of some 
species prefer to sequester themselves in boul-
ders and gravel of the sort found at the bottom 
of streams (unpublished data). This is an excep-
tionally low O2-habitat for a tadpole; therefore, 
one might expect that tadpoles inhabiting such 
an environment present specializations of their 
circulatory system to deal with low O2-con-
centration. Morphological studies suggest that 
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the circulatory system of some centrolenid 
tadpoles is indeed adapted for life in hypoxic 
environment (Hoffmann 2010). 

In the present paper, I explore the influ-
ence of low and high dissolved oxygen levels 
(DO) on the growth of tadpoles and the forma-
tion of their circulatory system. The inves-
tigation reveals a surprising response of C. 
granulosa tadpoles to being raised in normoxic 
and hypoxic water.

MATERIALS AND METHODS

General methods: Three experiments 
were run, all at an experimental site in the 
Highlands of Costa Rica at 1630m above sea 
level (10.08°-84.1311°). For the first experi-
ment I used sibling tadpoles of C. granulosa 
from a clutch of eggs found on the border of a 
small watercourse in Quebrada Huacas, Guay-
acán, Province Puerto Limón (10.04°-83.53° 
at about 500m above sea level). The other 
tadpoles for experiments two and three came 
from the Ombú Experimental Farm and nearby 
locations in the Caribbean lowlands of North-
Eastern Costa Rica (10.2637°-83.6965° at 80m 
above sea level). The bottom of the rearing 
tanks was covered with sand, gravel and cacao 
leaves. Cacao leaves are resistant to decom-
position and with the stony material served as 
a rather inert material for the tadpoles to hide 
under. The tadpoles were fed ad libitum with 
dried leaves of Piper auritum. 

The tadpoles were maintained in standing 
unchlorinated tap water. In the hypoxic water 
treatments (‘N2’- groups), the water was not 
changed. During the course of the experiments, 
the water was further deoxygenated by nitrogen 
injection. The containers of this treatment were 
then covered with two plastic sheets to main-
tain the low O2-concentration. The DO-concen-
tration was checked with an YSI- 55 DO-meter 
three times daily in the first experiment and two 
times daily in next two experiments. When the 
oxygen concentration drifted out of the range 
for the targeted values of 1.00 to 1.75ppm, in 
the N2-treatment the targeted O2-concentration 
was reestablished by either slightly opening the 

covering plastic sheets or by further nitrogenat-
ing. In normoxic-treatments (‘O2’-groups), the 
water was not changed, but oxygenated with 
an aquarium pump. The water of these two 
tadpole-groups deteriorated gradually because 
the water was not changed. Therefore, they 
are called ‘wastewater’-treatments. The ‘fresh 
water’-treatment in the Experiment two was 
also oxygenated, but additionally 80% of the 
water was changed twice a week.

Photographs were taken of each tadpole 
in ventral view with a digital camera type 
Coolpix 995 (NIKON). The body length and 
width of the tadpoles in all groups were taken 
with a screen caliper and an included scale in 
the photos.

Special methods and conditions of 
Experiment 1: The eggs of C. granulosa used 
in the first experiment hatched on September 
11, 2005 and the tadpoles were reared together 
in a small (14x9cm) container with about 5cm 
water level. The experiment started on Decem-
ber 7, 2005, when the tadpoles were 87 days 
old, with two equal groups of ten tadpoles each. 
The containers for the two groups measured 
30x20x15cm and were filled with 5L water 
each. The water in one container was oxygen-
ated to an O2-concentration of 7.17±0.40ppm 
(=79.6±4.1%). It will be called ‘O2’-treat-
ment. The water of the second container was 
deoxygenated by nitrogen injection, which 
reduced the DO-concentration to 1.50±0.56ppm 
(=16.7±6.1%) and is called ‘N2’-treatment. The 
temperature in both containers was nearly 
identical (20.5±1.5°C in the ‘O2’-treatment and 
20.6±1.5°C in the ‘N2’-treatment). The final 
nitrate control was assessed with nitrate kits 
(CHEMetrics), the pH-measurement with the 
HANNA-pH-meter ‘pHep’ and the DO with 
the device specified above. 

Special methods and conditions of 
Experiment 2: The second experiment started 
with C. granulosa tadpoles on January 3, 2008, 
which had been reared from September to 
December 2007 on the Ombú-Farm and then 
brought to the laboratory of the Experimental 
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Station. Three groups of tadpoles were then 
kept there in containers of 29x10x11cm admea-
surements with two liters water each. Before 
the experiment started, on December 28, 2007, 
the tadpoles were photographed, measured and 
sorted in three equal groups of 10 tadpoles 
each. Additionally to the treatments described 
above, a further treatment was added in this 
experiment with water that was changed twice 
a week. Fig. 1 shows the temperature and DO-
levels for the three tadpole groups in the 73 
days of the experimental period. The tempera-
tures of the three treatments in the sequence 
of the figure were 22.6±1.2°C, 22.8±1.1°C 
and 23.1±1.4°C respectively (see also section 
about general methods). The nitrate, nitrite and 
ammonium content of the water were checked 
with the colorimeter HACH ‘DR/850’; the DO 
and the pH was assessed with the DO- and pH-
meter specified above.

Special methods and conditions of 
Experiment 3 with methemoglobin assess-
ment: A third experiment with C. granulosa 
was performed from October 9 to December 

9, 2008 with 12 tadpoles per treatment. The 
tadpoles were kept in the same conditions as 
in the second experiment. The food ingested 
by the tadpoles in the hypoxic and oxygenated 
water treatments was quantified in square cen-
timeters of leaf mass. The DO-concentration 
in the hypoxic treatment was checked two 
times daily. Fig. 2 shows the temperature and 
DO-levels for the 61 experimental days for 
the hypoxic reared tadpoles. The control data 
for the two other treatments were taken eight 
times. For these treatments, with fresh water 
and oxygenated wastewater, the temperatures 
were 22.0±0.7°C and 22.2±0.6°C, respective-
ly, vs. 23.7±1.3°C in the hypoxic treatment. 
The averages of the corresponding DO-val-
ues were 6.49±0.10ppm and 6.44±0.12 vs. 
1.38±0.63ppm. In the hypoxic water treatment, 
the temperature was 22.9±0.7°C in the morn-
ing at 7:09±27’ and 24.5±1.2°C in the evening 
at 17:14±18’; inversely, the DO-concentration 
in the hypoxic water treatment increased in the 
morning to 1.58±0.75ppm and declined in the 
evening to 1.18±0.39. The nitrate, nitrite and 
ammonium contents of water were checked 

Fig. 1. Water temperature in °C (above) and DO in ppm (below) in hypoxic and oxygenated water treatments in Experiment 
2. (Circles=water regularly changed; squares=oxygenated wastewater; triangles=hypoxic wastewater).
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with the colorimeter HACH ‘DR/850’. In this 
experiment, the content of nitrogen compounds 
in the water was concurrently assessed in the 
laboratory of PROCAME of the Universidad 
Nacional, ammonium and nitrite with a Jenway 
6320D Spectrophotometer and nitrate with a 
DX-100 Ion Chromatograph and a DIONEX 
4400 Integrator. 

To determine the methemoglobin content, 
0.2ml blood was needed from the tadpoles of 
each treatment. Due to the small quantity of 
blood that is extractable from a single tadpole, 
all 10 tadpoles of each treatment were sacri-
ficed for a mixed blood sample of 0.2ml each. 
The tadpoles were first anaesthetized with 
3-Aminobenzoic Acid Ethyl Ester (SIGMA 
Corp.). Then the blood was extracted using a 
1ml-insulin syringe from the sinus hyobran-
chialis. The methemoglobin concentration was 
assessed by the Centro de Investigación en 
Hematología y Trastornos Afines (CIHATA), 
department of the Universidad de Costa Rica 
following the method of Evelyn & Malloy 
(1938).

RESULTS

Experiment 1: Tadpole development in 
hypoxic and oxygenated water: The tad-
poles reacted differently during the one-month 
exposure in hypoxic vs. oxygenated water. The 
tadpoles of the O2-treatment in oxygenated 
water progressively reduced their activity over 
the whole period and stayed more often hid-
den below the cacao leaves and stones than the 
tadpoles of the N2-treatment in hypoxic water. 
The tadpoles of the O2-treatment acquired an 
increasingly pale color, whereas those of the 
N2-treatment were bright red and more active. 
Those tadpoles rasped the glass walls and came 
up to bite air when the DO-level occasionally 
sank markedly below 1ppm. On January 6, 
2006, 30 days after initiating the two different 
treatments, all tadpoles were alive and all of the 
N2-treatment had a reddish skin well supplied 
with blood. In crass contrast to that appear-
ance, all tadpoles of the O2-treatment had a 
uniformly violet colored central blood system 
and their skin was pale (Fig. 3). 

Fig. 2. Water temperature in °C (above) and DO in ppm (below) in hypoxic water treatment. See the averages for the 
oxygenated treatments in Experiment 3.
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Although the developmental stages 
expressed in Gosner-stages (Gosner 1960) were 
the same in both groups, the tadpoles differed 
in size (Table 1). In contrast to the substantial 
growth of the tadpoles in the N2-treatment, the 
tadpoles of the O2-treatment lost body mass 
due to a slight shrinking in length and a signifi-
cant loss in body width. 

The cyanosis symptoms observed in the 
tadpoles of the O2-treatment have noticeable 
resemblance to the well-known “Blue Baby 
Syndrome” in humans. This suggested the 
assessment of nitrate contents in both water 
sources, because a high nitrate content in water 
and baby food is one of the possible causes 
of that syndrome. Whereas the water of the 
healthy N2-group combined low DO-level with 
a low nitrate-level, the water of the O2-group 
was rich in oxygen and nitrate. These data 
drew attention to the potential effects of differ-
ent concentrations of nitrogen compounds on 
tadpoles. This was explored in the next experi-
ments with improved methods for detection 

and quantification of nitrogen compounds in 
the water.

Experiment 2: Tadpole development in 
hypoxic and oxygenated fresh- and waste-
water: The development data of the tadpoles 
in the second experiment are shown in Table 2. 
At trial start, at December 28, 2007, there were 
no statistic differences between the groups of 
tadpoles. The unchanged water in the treat-
ments ‘Oxygenated water’ and ‘Hypoxic water’ 
gradually deteriorated to ‘wastewater’. About 
one month after trial start (February 2, 2008) 
and at March 17, 2008, the cyanosis symptoms 
were evident in the tadpoles of the two oxygen-
ated water treatments, while the tadpoles reared 
in hypoxic water had healthy and bright red 
blood circulatory system. The body length and 
width were statistically greater for the tadpoles 
in hypoxic water and consequently for ‘body 
length x width’ too (Table 2).

The water analyses that followed immedi-
ately after the two tadpole assessments showed 

Fig. 3. Sibling tadpoles of Cochranella granulosa from hypoxic (left) and oxygenated water source (right).
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no differences in pH and temperature. The dif-
ferent concentrations of DO in the water set out 
for the treatments at the start were maintained 
during the experiment. Depending on the DO-
content in the water, the ammonium excreted 

by the tadpoles was transformed to a greater 
or lesser extent into nitrate. In contrast to the 
oxygenated wastewater, the hypoxic wastewa-
ter showed markedly lower concentration of 
nitrate (NO3-N) in both analyses. The nitrate 

TABLE 1
Development of tadpoles of Cochranella granulosa reared during one month in hypoxic and oxygenated water

Water treatment Tadpole stage Body length (mm) Body width (mm) Body length x body width
At experimental start        
Hypoxic water 28.70±1.77 9.36±0.85 4.16±0.59 40.60±8.43
Oxygenated water 28.50±1.84 9.20±0.46 4.22± 0.30 39.63±4.17
t-test 0.807 0.620 0.755 0.916
p-value 0.428 0.542 0.458 0.370
After 1 month        
Hypoxic water 34.00±4.74 9.79±1.04 4.24±0.40  41.78±8.12
Oxygenated water 33.50±5.38 8.94±0.63 3.93±0.51 35.40±6.53
t-test 0.828 0.043 0.156 0.069
p-value 0.417 0.966 0.877 0.946

The index ‘Body length x body width’ was included as an indicator for the body mass.

TABLE 2
Appearance and measurements of tadpoles of Cochranella granulosa reared in different water qualities showing 

development parameters at three evaluation times

Evaluation at trial start 28.12.2007
Treatment Stage Gill color Body length Body width Length x width
Fresh water 25.8±1.1 a red 9.45±0.82 a 4.45±0.37 a 42.29±6.43 a
Oxygenated water 26.0±2.8 a red 9.54±1.15 a 4.53±0.58 a 43.79±10.48 a
Hypoxic water 25.5±0.9 a red 9.51±0.68 a 4.52±0.39 a 43.14±6.62 a
F 0.19 0.02 0.09 0.09
Evaluation at 2.2.2008
Treatment Stage Gill color Body length Body width Length x width
Fresh water 30.1±3.0 a pale red 10.77±1.00 b 5.10±0.48 b 55.37±9.13 b
Oxygenated water 29.2±2.4 a pale red 10.65±0.88 b 4.93±0.52 b 52.87±9.38 b
Hypoxic water 29.0±1.3 a red 11.75±0.39 a 6.01±0.22 a 70.72±4.21 a
F 0.61 5.68 18.32 14.70
Evaluation at 17.3.08
Treatment Stage Gill color Body length Body width Length x width
Fresh water 39.6±4.7 a pale red 11.31±0.55 b 5.06±1.02 b 57.33±12.09 b
Oxygenated water 40.1±2.2 a pale red 11.67±0.86 b 5.38±0.49 ab 62.76±7.94 b
Hypoxic water 39.5±1.4 a bright red 12.53±0.33 a 5.89±0.20 a 73.83±3.90 a
F 0.11 9.57 3.95 9.23

Values with the same letter in the same column are not statistically different; Duncan-test, α=0.05.
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content in the oxygenated wastewater increased 
strongly, especially in the second analysis. 
The ammonium contents (NH3-N) underwent 
changes during the last 1.5 months of the 
experiment and decreased in the hypoxic water 
presumably by the escape of gaseous nitrogen 
into the air. The formation of the nitrogen 
compounds in the ‘fresh water’ treatment was 
always altered due to the regular water changes 
(Table 3).

Experiment 3: Tadpole development in 
hypoxic and oxygenated wastewater with 
methemoglobin assessment: This experiment 

was started with the same three treatments 
described in Experiment 2. However, because 
of the loss of some tadpoles in the ‘fresh water’ 
treatment, this treatment was abandoned and 
the evaluations were restricted to the tadpoles 
reared in oxygenated and hypoxic wastewater.

The results were similar to those of Experi-
ments 1 and 2: while the tadpoles in hypoxic 
water were healthy and grew well, the develop-
ment of the tadpoles in the oxygenated water 
was stagnated (Table 4). Fig. 4 summarizes the 
data of the three experiments for changes in 
Gosner-stages, body lengths, body widths and 
product of body length x body width (BLxBW) 

TABLE 3
Analysis from water samples in which tadpoles of Cochranella granulosa were reared in different DO-concentration

Evaluation at Feb. 4, 08 Fresh water Oxygenated water Hypoxic water
DO ppm 6.1±0.5 5.8±0.6 0.9±0.2
°C 23.0±1.5 23.1±1.7 23.3±1.5
pH 7.36 7.43 7.25
NH3-N 0.10 0.10 0.81
NO3-N 1.25 0.50 0.08
NO2-N 0.045 0.029 0.052

Mar. 17, 08 Fresh water Oxygenated water Hypoxic water
DO ppm 6.7±0.4 6.3±0.2 1.0±0.5
°C 22.2±0.9 22.7±0.6 23.1±1.0
pH 6.82 7.36 7.04
NH3-N 0.06 0.16 0.06
NO3-N 1.11 6.21 0.08
NO2-N 0.003 0.021 0.005

TABLE 4
Measurements on tadpoles of Cochranella granulosa reared in oxygenated and hypoxic water

Water treatment Tadpole stage Body length (mm) Body width (mm) Body length x body width
At experimental start (9.10.2008)        
Hypoxic water 28.0±3,4 8.92±1,02 3.94±0.36 35.48±6.95
Oxygenated water 27.8±3.0 8.81±0.85 3.86±0,37 36.16±7.32
t-test 0.4838 0.3408 0.5474 0.2351
p-value 0.6380 0.7397 0.5896 0.8163
After 1 month (10.11.2008)        
Hypoxic water 31.7±6.2 10.00±1.22 4.21±0.46 42.55±9.27
Oxygenated water 30.8±6.6 9.25±1.00 3.86±0.33 35.94±6.43
t-test 0.3194 1.6444 2.1195 2.0272
p-value 0.7524 0.1143 0.0456 0.0549
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during the experimental period of one month. 
While the development expressed in Gos-
ner-stages continued similarly in both water 
qualities, the growth of the tadpoles in the oxy-
genated water was inhibited relatively in rela-
tion to the tadpoles in the hypoxic water (and 
absolutely in the first experiment). The tadpoles 
reared in oxygenated water fed 544cm² of leaf 
mass while the tadpoles in hypoxic water fed 
512cm² during the experimental period.

Water analyses were performed two times: 
On November 15, 2008, at 37 days after trial 
start, and on December 11, 2008, after 63 days 
(Table 5). The second analysis was replicated 
with other methods in the PROMER-Labora-
tory of the Universidad Nacional. Despite the 
numeric differences between the two analyses, 
they show the same tendency: while the amount 
of ammonium is markedly higher in hypoxic 
than in oxygenated water, nitrate prevailed in 

oxygenated water and the nitrite concentration 
is low in both samples. 

While the blood extracted from the tad-
poles reared in hypoxic water had a bright red 
color, the blood of the tadpoles from the oxy-
genated water had acquired a reddish chocolate 
tint. The latter tadpoles showed the general 
symptoms of severe cyanosis. Furthermore, 
the percentage of methemoglobin in the blood 
of the hypoxic-reared tadpoles was 2.3%, con-
trasting with 19.3% in the blood of the tadpoles 
reared in oxygenated water. In humans and 
other vertebrate organisms, methemoglobin 
levels higher than 15% is a serious health haz-
ard (Seger & Hantsch 2001). 

DISCUSSION

There is much variation in nitrate tolerance 
for tadpoles of different species. Some authors 

Fig. 4. Relative changes in Gosner-stages of the tadpoles of Cochranella granulosa, their body lengths, body widths and the 
product of body length x body width (BLxBW) during one month exposition to oxygenated (light gray bars) and hypoxic 
water (dark gray bars).
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report no damage to tadpoles reared in water 
high in nitrate content (Langan 2003, Allran & 
Karasov 2000). Hecnar (1995), however, found 
considerable differences between the tadpoles 
of Pseudacris triseriata and Rana pipiens with 
lower survival rates in both compared to the 
more resistant Rana clamitans tadpoles. 

Such interspecific variation reported in 
numerous publications may reflect genetic dif-
ferences among species. It may also reflect 
differences in experimental design such as 
the type of nitrogen pollution assessed or/and 
differences in other water quality parameters, 
like pH. Marco (2002) and Griffis-Kyle (2005) 
pointed out the important fact that sensitivity 
of tadpoles to nitrates decreases notably with 
the age of the tadpoles. Many researchers work 
with older tadpoles where the nitrogen pollu-
tion has a relatively limited impact on tadpole 
survival. In contrast, in nature, embryonic or 
hatchling stages sometimes die when exposed 
to the same nitrogen concentrations that are 
used for experiments with larger tadpoles. All 
these factors may account for why some spe-
cies have been reported to be more resistant 
than others to high nitrogen concentrations. In 
the experiments reported herein, I tried to point 
to other ecological factor: the content of dis-
solved oxygen (DO) in the water and the corre-
sponding production of nitrogenous substances 
as well as the probable indirect influence of 
nitrate on tadpole health.

The oxygen uptake occurs mainly in gills 
and skin. In contact with the blood, oxygen is 
charged by the ++Fe ions in the hemoglobin 
molecules and is transported throughout the 
body of the tadpoles. However in the presence 
of nitrite, the ferrous hemoglobin (=++Fe Hgl) 
will be oxidized into ferric methemoglobin 
(=+++Fe). Through that process, the nitrite 
ion occupies the place of the oxygen and this 
renders the hemoglobin molecule incapable 
of transporting and releasing oxygen to the 
tissues. This phenomenon is widely known 
in human medicine and described as meth-
emoglobin cyanosis or methemoglobinemia. 
Normally, about 1% of the total hemoglobin in 
the blood is present in methemoglobin form. 

TA
B

LE
 5

An
al

ys
is

 fr
om

 w
at

er
 s

am
pl

es
 in

 w
hi

ch
 ta

dp
ol

es
 o

f C
oc

hr
an

el
la

 g
ra

nu
lo

sa
 w

er
e 

re
ar

ed
 in

 d
iff

er
en

t D
O

-c
on

ce
nt

ra
tio

n

Ev
al

ua
tio

n 
at

 
N

ov
. 1

5,
  2

00
8

O
xy

ge
na

te
d 

w
at

er
 

IN
A

SA
G

H
yp

ox
ic

 w
at

er
 

IN
A

SA
G

 
Ev

al
ua

tio
n 

at
 

D
ec

. 1
1,

  2
00

8
O

xy
ge

na
te

d 
w

at
er

IN
A

SA
G

O
xy

ge
na

te
d 

w
at

er
 

PR
O

M
ER

H
yp

ox
ic

 w
at

er
 

IN
A

SA
G

H
yp

ox
ic

 w
at

er
 

PR
O

M
ER

pH
7.

11
7.

34
pH

8.
52

8.
54

D
O

 p
pm

6.
54

±0
.0

8
1.

42
±0

.6
7

D
O

 p
pm

6.
32

±0
.1

0
1.

22
±0

.2
3

N
H

3-
N

0.
06

0.
20

N
H

3-
N

0.
08

0.
06

1
0.

41
0.

21
4

N
O

3-
N

4.
70

0.
12

N
O

3-
N

23
.5

0
83

.0
0

0.
03

1.
00

N
O

2-
N

0.
02

0
0.

02
3

N
O

2-
N

0.
03

5
0.

10
7

0.
00

6
0.

07
1



1476 Rev. Biol. Trop. (Int. J. Trop. Biol. ISSN-0034-7744) Vol. 58 (4): 1467-1478, December 2010

Markedly higher concentrations are dangerous 
to vertebrates (Knobeloch et al. 2000, Lee & 
Ferguson 2009). 

The question was where the nitrite in the 
tadpoles comes from, if it is found only in trace 
amounts in the water. In the unchanged water, 
the urine and excrements of the tadpoles as 
well as the mellow plant substances contain 
high amounts of ammonium. Continuous nitri-
fication of the ammonium source takes place 
by bacterial activity that produces nitrite in the 
first step and finally nitrate due to the high DO-
concentration in the oxygenated water. Nev-
ertheless, in this process, the water maintains 
only low levels of the transitory highly toxic 
nitrite as it is checked by the water analyses for 
the experiments presented here. In these exper-
iments, the toxic impact in tadpoles occurred 
solely when they lived in water with high 
nitrate concentration. However, that does not 
prove that the exogenous nitrate in the water 
is itself the dangerous agent. Jensen (1995) 
pointed out that nitrate poisoning in domestic 
animals, such as cattle and sheep, was caused 
by conversion of nitrate to nitrite by gut micro-
organisms. Horses are extremely susceptible 
because of their large caecum (the bacterial 
conversion of nitrate to nitrite in horses takes 
place primarily in this intestinal pocket). 

A similar process presumably occurs in the 
large intestine coils of tadpoles, where nitrate 
is the primary if not only oxygen source for 
anaerobic gut bacteria, which reduce nitrate to 
nitrite for their oxygen needs. After that, the 
nitrite enters through the intestine wall into the 
blood system, transforming the hemoglobin in 
methemoglobin thereby blocking the uptake 
and transportation of oxygen in the blood, as 
above described. Although the water was abun-
dantly oxygenated in the high DO-treatments 
of the experiments, the tadpoles suffocated by 
deficient oxygen assimilation in the blood. In 
addition, Fig. 3 suggests that the blood system 
of the intestine is especially damaged because 
it is the first receptor of the nitrite. Therefore, 
I hypothesize that the toxic nitrite in the guts 
of the tadpoles is product of endogenous trans-
formation of nitrate, meanwhile the nitrite 

concentration in the water stay at low levels. 
The risk to tadpoles of nitrite poisoning from 
this source may vary with intestinal passage 
rates which are themselves likely influenced 
by the specific intestine length, among other 
causes. This may explain why tadpoles that live 
in well oxygenated but nitrate-charged water 
show symptoms of extreme anoxia and why 
methemoglobinemia is not necessarily due to 
a direct uptake of water-borne nitrite through 
the gills. 

Various observations, like the cyanosis 
symptoms for the whole body, the reddish 
chocolate color of the blood and the high level 
of methemoglobin, all point to methemoglo-
binemia in the tadpoles reared in oxygenated 
water, but ultimately caused by the high nitrate 
concentration in the water. This process may 
account for the general weakening of water 
organisms, such as certain tadpoles, when the 
nitrate level in the surrounding water rises.

In contrast, the tadpoles of C. granulosa 
develop well in hypoxic condition due to the 
inhibition of the transformation of ammonium 
to nitrate. It would be a challenge to inves-
tigate if hypoxic conditions stimulate per se 
red blood cells production and consequently 
more hemoglobin. While the tadpoles reared 
during the experimental period in oxygen-
ated water ate up leaf masses of 544cm² of P. 
auritum, in hypoxic water, the same number 
of tadpoles grew better and was healthier than 
the first ones, but ate only 512cm². Therefore, 
although the tadpoles in hypoxic water spent 
more energy moving about, they profited quite 
more from the food than the tadpoles living in 
oxygenated but nitrate-charged water 
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RESUMEN

 Los renacuajos por lo general viven en ríos y arroyos 
bien oxigenados, sin embargo, como han sido encontrados 
en áreas con disponibilidad de oxígeno limitada en los ríos, 
se estudió como influye este factor en su comportamiento. 
Renacuajos de Cochranella granulosa fueron criados en 
ambientes bien oxigenados y de hipoxia para comparar su 
desarrollo, supervivencia y crecimiento. En el agua que 
no fue cambiada durante al menos un mes, los renacuajos 
mostraron diferencias en su desarrollo cuando vivían en 
agua hipóxica u oxigenada. Los renacuajos en el agua 
aireada tenían un color pálido, mientras que en la hipóxica 
fueron más activos y de un color rojo brillante. En el agua 
hipóxica, el nitrógeno que se originó de la orina y las heces 
de los renacuajos se mantuvo principalmente en forma de 
amonio; en cambio, el amonio fue oxidado a nitrato en 
el agua aireada. Presumiblemente, el nitrato en el agua 
oxigenada se redujo secundariamente a nitrito dentro del 
intestino, ya que todos los síntomas en los renacuajos que 
vivían en esta agua apuntaron a una metahemoglobinemia, 
que se produce cuando el nitrito pasa a través de la pared 
del intestino a la corriente sanguínea transformando la 
hemoglobina en metahemoglobina. Esto pudo comprobarse 
mediante un análisis sanguíneo en donde el porcentaje de 
metahemoglobina fue del 2.3% en la sangre de los rena-
cuajos criados en condición hipóxica y de un 19.3% de 
metahemoglobina en aquellos criados en agua aireada. En 
la misma forma en que la metahemoglobina aumenta en 
la sangre de los renacuajos que viven en agua oxigenada, 
su crecimiento disminuye en agua con alto contenido de 
nitrato. El estudio cuantitativo de la ingestión de nutrientes 
mostró que el crecimiento de los renacuajos se beneficia 
más de los alimentos en agua hipóxica, a pesar de que los 
renacuajos son más activos en sus movimientos que los que 
viven en agua oxigenada pero cargada de nitratos. 

Palabras clave: renacuajos, Cochranella, Centrolenidae, 
hipoxia, amonio, nitrito, nitrato, metahemoglobina, meta-
hemoglobinemia, cianosis. 
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