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We in situ assessed the influence of natural fluoride concentrations in lotic freshwater ecosystems on diet and
morphology of Boana cordobae tadpoles. Two streams were sampled in Argentina: Los Vallecitos stream (LF-LV)
and Los Cerros Negros stream (HF-CN) with low and high fluoride levels, respectively. We captured tadpoles of
B. cordobae in each stream using nets. Body weight (BW), total length (TL) and body condition (BC) of tadpoles
was registered. Food items were identified to genus level and assigned to functional traits. Tadpoles showed
significant differences in TL between streams, with smaller individuals in HF-CN, while did not show differences
in BW and BC. The diet of tadpoles consisted mostly of microalgae. In tadpoles from HF-CN stream the proportion
of cyanobacteria was lower than tadpoles from LF-LV. In relation to functional traits, small algae, high profile and
colonial algae were more abundant in HF-CN. Algae attached by pads showed a higher proportion in HF-CN diets
and stalked algae were more abundant in LF-LV. The differences in TL and diet of tadpoles can be attributed to
differences in algal community composition, with genera that are affected by high concentrations of natural
fluoride; for example cyanobacteria. The low algal richness registered in HF-CN stream does not affect the
physiological state of the tadpoles, possibly because of a higher algal density in HF-CN diets. However, in further
studies it would be important to evaluate the population status of B. cordobae from the HF-CN, because a small
body length of tadpoles could have consequences at the population level.
1. Introduction

In recent years, concern about deleterious consequences of fluoride
on several organisms has been developed (Zuo et al., 2018) and espe-
cially its potential toxicity to aquatic organisms (Shi et al., 2013; Ballarin
et al., 2014; Camargo and Alonso, 2017; Zhang et al., 2018). Fluoride is a
non-metallic halogen abundant in the environment, distributed only in
combination with other elements as fluoride compounds (Camargo,
2003). This mineral may reach freshwater ecosystems from natural
sources that include weathering of fluoride minerals (Weinstein and
Davison, 2004) and/or anthropogenic sources (Camargo, 2003; Wein-
stein and Davison, 2004). For these reasons, there is a worldwide concern
about the increase of fluoride levels in freshwater ecosystems (Zhang
et al., 2018). Alterations occurring in aquatic organism exposed to
fluoride have been the topic of several studies, most of them based on
laboratory exposures (Camargo, 2003; Shi et al., 2013; Ballarin et al.,
Baraquet).
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2014; Camargo and Alonso, 2017; Zhang et al., 2018). However, there is
limited information on the ecotoxicity of fluoride on trophic ecology of
anuran tadpoles (Chai et al., 2016a,b). Thus, there is still the need to
conduct field test (in situ) with real concentrations using native species
(Antunes et al., 2008), to generate more realistic and toxicologically
relevant data about the effects of fluoride on freshwater ecosystems. This
type of study is important because it considers environmental conditions
(e.g., ultraviolet light, suspended solids, water velocity and temperature)
that cannot be controlled in the laboratory and could be stressors that
alter the toxicity effect (Crane et al., 2007).

Some laboratory experiments revealed that fluoride inhibits popula-
tion growth of some algae, by affecting cell division and photosynthetic
capacity (Antia and Klut, 1981; Hekman et al., 1984). Nevertheless, for
other algae, fluoride may be a requirement for optimal growth (Oliveira
et al., 1978; Joy and Balakrishnan, 1990). Given the importance of
microflora in trophic webs as primary producers, adverse effects of
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fluoride on them may have serious consequences on organisms at higher
trophic levels (Franklin et al., 2000; Chai et al., 2016a,b). Decrease (in
quantity and quality) of primary producers can alter the herbivory and
therefore the stability of the community (Cardinale et al., 2011).
Accordingly, several studies have analyzed the diet of tadpoles in envi-
ronments associated with different degrees of disturbance (Bionda et al.,
2012, 2013; Babini et al., 2016). However, few studies have linked the
trophic ecology of tadpoles with the lotic environment (Santos et al.,
2016) and how this can be affected by the presence of fluoride. Conse-
quently, the aim of this study was to evaluate in situ the influence of
natural fluoride concentrations in lotic freshwater ecosystems on diet and
morphology of Boana cordobae tadpoles. We use tadpoles of the endemic
species B. cordobae distributed only in highlands of central Argentina
(Frost, 2018), because a previous study has shown that they consume
large amounts of algae (Pollo et al., 2015). Therefore, could be a good
bioindicator of the availability of the algal resource offered by the
environment (Arana et al., 2003).

2. Materials and methods

2.1. Study area and site selection criteria

The study was carried out in two streams located in the Sierras
Pampeanas of C�ordoba, Argentina: Los Cerros Negros stream
(32�3001600S, 64�4800600W; 1246 m a.s.l.; HF-CN), which flows through
granitic rock with high natural fluoride content, and Los Vallecitos
stream (32�2905800S, 64�4703100W; 1237 m a.s.l.; LF-LV), flowing through
metamorphic rock with low fluoride concentration. Geologically, this
area is dominated by granitic and metamorphic rock. Granitic rock
contains high concentrations of fluorite (CaF2), approximately two times
as much as host metamorphic rocks and other non-mineralized granites
of the Sierras de C�ordoba (Coniglio et al., 2006).

Landscape corresponds to a highland environment strongly undulated
with natural xeric vegetation with grasses, cacti and Bromeliaceae.
Climatologically the study area is located within the semi-dry domain
with water deficit in winter (Oggero and Arana, 2012). The anthropic
intervention is low, mainly extensive livestock farming and extraction of
fluorite opencast.

2.2. Field work

In November 2015, from each site, surface water was collected in 1 L
plastic bottles (0.25 cm depth) to determine the concentration of major
ions. Water temperature, pH, electrical conductivity, total dissolved
solids, and salinity were measured in situ, using a digital multiparameter
35-Series 35425-10 tests (Oakton Instruments 625E Bunker Court Ver-
non Hills, IL 60061, USA). Dissolved oxygen was measured using a meter
HD3030 (�1.5% FS). Furthermore, from each stream samples of
periphyton from macrophytes, sediment and rocks were collected in
order to analyze qualitatively algal communities in a multihabitat
sample.

Tadpoles of Boana cordobae were collected using hand net from both
streams. Tadpoles present nektonic habits and are usually found associ-
ated to the submerged vegetation (Altig and Johnston, 1989; McDiarmid
and Altig, 1999). The care, treatment and sampling of animals used in
this study followed the Animal Care Regulations of University National of
Río Cuarto and state law “Protection and Conservation of Wild Fauna”
(Argentina National Law Nº 22.421).

2.3. Laboratory work

The chemical analyses of surface water were performed in the area of
Hydrology, National University of Río Cuarto, using standard methods
(APHA-AWWA, 1999). The tadpoles were anesthetized by immersion in a
solution at 0.05 % of MS222 and fixed in Phosphate Buffer. Development
stage of each tadpole was recorded (Gosner, 1960) and only those
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between stages 30–35 were used to analyze the diet, since these Gosner
stages are considered more stable in their morphological characters
(Altig and McDiarmid, 1999; Zaracho et al., 2003). Furthermore, the
total length (TL; length from the snout to the end of the tail), was
measured using a manual SometInox Extra Vernier caliper (0.01 mm);
and body weight, using an analytic balance OHAUS GT 200-S (0.00001
g).

Under a stereoscopic microscope, guts of five tadpoles of the HF-CN
stream and seven of the LF-LV stream selected randomly were
completely removed and the content of the first third were analyzed
(Echeverria et al., 2007; Bionda et al., 2013 Pollo et al., 2015). The in-
testine content was analyzed quantitatively at 400� magnification, with
algal organisms grouped taxonomically by genus. Specific bibliography
for each particular group was used (Patrick and Reimer, 1966, 1975;
Prescott, 1982; Kom�arek and Anagnostidis, 1998, 2005; Metzeltin et al.,
2005; Kom�arek, 2013). For each sample, we counted three subsamples
with slide and coverslip of 24 � 50 mm, following transects along the
coverslip to determine cell densities (cells cm�2, based on Villafa~ne and
Reid, 1995). The counting unit was the individual for unicellular, colo-
nial and coenobial organisms and a 30 μm length for filaments (Cibils--
Martina et al., 2017).

2.4. Data analysis

Water parameters were compared between sites using t-test. We
computed Pearson's correlation coefficient to assess the relationship be-
tween body weight, total length and Gosner stage in tadpoles. Since the
stage does not correlate with the variables total length and weight, we
performed a t-test, to compare these variables between sites. Body weight
of tadpoles was regressed on total length and the residuals were taken as
an index of body condition (BC) of individuals (Wood and Richardson,
2009; Babini et al., 2016).

Rank-abundance curves were constructed to analyze and show
graphically the dominance of certain algal groups and the presence of
rare taxa, and whether these relationships changed between sites. We
verified the collinearity of the parameters using Pearson's correlation
coefficient and those highly correlated were eliminated from further
analysis. Non-metric multidimensional scaling (NMDS), using the Bray-
Curtis similarity coefficient (Quinn and Keough, 2002), was performed
to visually describe differences in diet composition of tadpoles from both
streams and the relation to environmental variables. For these analyses,
we used square root transformed abundance to decrease the influence of
abundant species. Permutational multivariate analysis of variance
(PERMANOVA, Anderson, 2001; McArdle and Anderson, 2001) was
performed to statistically test differences between groups, with 999
permutations. To check that differences between groups in terms of their
centroids are not induced by differences in variances, we used analysis of
multivariate homogeneity of group dispersions (PERMDISP, Anderson,
2001). The environmental variables with p � 0.05 were graphed in
NMDS.

Structural attributes of diets were calculated: density, richness, and
Shannon diversity (H�) and evenness (J�) indices (calculated from food
items densities and using log10 in the formula). Additionally, we assigned
the algal genera to categories of functional traits according to Cibils et al.
(2015): size classes, morphological guild, attachment mechanism,
life-form and resources requirements (Supplementary material 1). We
compared structural variables and the proportion of algae corresponding
to different categories of functional traits using ANOVA. Validation of
assumptions of ANOVA was performed reviewing standardized residuals
vs. predicted, and the normal Q–Q plot of standardized residuals. Ana-
lyses for structural variables were performed using InfoStat (Di Rienzo
et al., 2012). Multivariate analyses (NMDS and PERMANOVA) were
performed in R version 3.3.2, using vegan library (Oksanen et al., 2013; R
Core Team, 2013).

Rarefaction method was performed using EstimateS version 9.1.0
(Colwell, 2006) to standardize the samples and compare the average diet
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diversity and richness in tadpoles of both streams with different sample
size.

3. Results

3.1. Environmental parameters and analysis of periphyton from
macrophytes, sediment and rocks

Static analysis of environmental variables and the concentration of
major ions are presented in Table 1. Water temperature (t-test: t¼ 0.35, p
¼ 0.73) and dissolved oxygen (t-test: t ¼ -2.07, p ¼ 0.08) showed little
variation between streams; whereas pH (t-test: t ¼ -6.5, p˂0.001) showed
higher values in LF-LV around alkaline range. Salinity (t-test: t ¼ - 9.11,
p˂0.01), conductivity (t-test: t ¼ - 9.04, p˂0.001), total dissolved solids (t-
test: t ¼ - 9.83, p˂0.001) and most ion concentrations were higher in LF-
LV. Fluoride was six times higher in HF-CN stream (t-test: t ¼ 5.10,
p˂0.05).

The qualitative analysis of periphyton from different substrates
(Supplementary material 2) showed that LF-LV stream present higher
richness (32 genera), while the HF-CN stream showed 22 genera. The HF-
CN stream showed less richness of cyanobacteria and diatoms. In both
streams, Zygnema sp. (Charophyta) and Cymbella sp. were the most
abundant, and Ulnaria sp. (Bacillariophyta) predominates in HF-CN,
forming rosette colonies.

3.2. Morphological measurements

The total length and body weight were not correlated with Gosner
stage (p ¼ 0.13; p ¼ 0.72, respectively). For this reason, we compare the
variables total length, body weight and body condition between sites
using t-test. There was a significant difference in total length between
sites (t-test: t¼ -2.96, p˂ 0.05), average total length was less in the HF-CN
tadpoles (54.87 � 2.48 mm) than in the LF-LV tadpoles (63.80 � 6.34
mm). But, no significant differences in body weight (t-test: t ¼ -1.94, p ¼
0.081) (Fig. 1) and body condition (t-test: t ¼ -0.51, p ¼ 0.62) were
observed between sites.
Table 1
Mean� SE of the chemical, physical and ion concentration for each sampling site
are given. Significant results of ANOVA are signaled with asterisks. Vectors of
Non-metric multidimensional scaling analysis (NMDS) are provided.

Sites Vectors

LF-LV HF-CN NMDS1 NMDS2

Water Temperature
(T�W)

18.24 �
3.14

18.91 � 3.46 0.22482 -0.9744

pH 8.38 � 0.28 7.81 � 0.30 ** -0.9918 0.1274 **
TDS (ppm) 85.03 �

17.8
35.66 �
14.35**

-0.9692 0.2462 **

Salinity (S) ppm 55.86 �
10.65

26.48 � 7.33 * -0.9923 0.1240 **

Conductivity (C) μS/
cm

117.8 �
22.66

49.87 � 20.66
**

-0.9493 0.3145 **

Dissolved Oxygen (O2)
%

90.88 �
10.25

91.02 � 11.48 -0.9755 -0.2201*

CO3 mg/l 0.90 � 1.80 0.00 � 0.00 -0.6743 -0.7385
HCO3 mg/l 77.83 �

9.48
38.75 � 29.55 -0.8925 0.4510 *

Sulphates (SO4¼) mg/l 23.25 �
4.70

17.3 � 12.24 -1.0000 -0.0028

Chloride (Cl�) mg/l 3.25 � 0.70 7.9 � 10.00 0.9457 0.3249
Sodium (Naþ) mg/l 7.93 � 0.96 9.75 � 8.34 0.5219 0.853
Potassium (Kþ) mg/l 0.75 � 0.26 0.53 � 0.45 -0.9582 -0.2861
Calcium (Caþþ) mg/l 15.8 � 2.95 8.20 � 6.35 -0.9471 0.3209 *
Magnesium (Mgþþ)
mg/l

5.0 � 1.9 2.45 � 1.53 -0.7366 0.6763 *

Fluoride (F�) mg/l 0.33 � 0.13 2.03 � 0.66 * 0.9996 -0.0296
**

LF-LV: Los Vallecitos stream; HF-CN: Los Cerros Negros stream **p� 0.001; *p�
0.05
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3.3. Diet composition

A total of 90 taxa were identified in the diet of tadpoles from both
streams, whichmainly corresponded to microalgae, 48% Bacillariophyta,
14% Chlorophyta, 14% Cyanobacteria, 13% Charophyta, and 3%
Euglenozoa. We also found some ciliates, testate amoebae and micro-
fauna (nematodes, copepods, ostracods and rotifers), reaching 4% of
total food items. In diets of tadpoles from HF-CN stream, Euglenozoa,
ciliates, and microfauna were not registered, and the proportion of cya-
nobacteria was much lower than in tadpoles from LF-LV (Supplementary
material 1). Also, in diets of tadpoles from HF-CN proportionally more
filamentous chlorophytes and charophytes were registered, such as
Oedogonium sp., Spirogyra sp., and Mougeotia sp.

NMDS showed a clear differentiation in composition and structure of
tadpoles diets from different streams (Fig. 2, stress¼ 0.03, PERMANOVA,
F1,10 ¼ 8.58, P ¼ 0.001). This separations were not due to differences in
dispersion within groups (PERMDISP, F1,10 ¼ 2.61, P ¼ 0.14). Further-
more, the biplot showed that fluoride influenced the separation of diets
along with other variables (Table 1, Fig. 2).

Fragilaria sp., Gomphonema sp. andMelosira sp. (Bacillariophyta) were
the most abundant taxa in the diet of tadpoles of the HF-CN stream
(Fig. 3). Instead, in the diet of tadpoles of the LF-LV stream, Achnanthi-
dium sp., Navicula sp. and Cymbella sp. (Bacillariophyta) represented
more than 10% of the diet. The most abundant species of these genera
were F. crotonensis Kitton, F. capucina Desmazi�eres, G. pumilum (Grunow)
Reichardt & Lange-Bertalot, G. parvulum (Kützing) Kützing, G. truncatum
Ehrenberg, M. varians C. Agardh, and long chains of Eunotia major (W.
Smith) Rabenhorst were observed. In LF-LV the most abundant species
were A. minutissimum (Kützing) Czarnecki, N. radiosa Kützing, C. tumida
(Br�ebisson) VanHeurck, C. excisa var. angusta Krammer.

3.4. Structural attributes: density, richness, diversity and evenness

Structural attributes of the algal community consumed by the tad-
poles revealed that algal density was different between streams (ANOVA,
F1, 10 ¼ 6.91; P ¼ 0.03, Fig. 4). Diet of tadpoles inhabiting HF-CN stream
showed 2-fold higher density of algae. Richness, diversity and evenness
of the diet showed differences in what was consumed according to each
environment. Tadpoles from HF-CN stream showed diets with lower
richness, diversity and evenness than individuals from LF-LV stream
(ANOVA, richness: F1, 10 ¼ 5.77, P ¼ 0.04; diversity: F1, 10 ¼ 32.70, P <

0.001; evenness: F1, 10 ¼ 10.84, P ¼ 0.008). Rarefaction method also
showed that the diversity and richness of algae in the gut have significant
differences between streams (diversity, F1,10 ¼ 689.22, P < 0.0001;
richness F1,10 ¼ 23.63, P < 0.05).

3.5. Functional traits: size classes, morphological guilds, attachment
mechanisms, life form and nutrient requirement

In relation to functional traits, a higher proportion of algae corre-
sponding to c2 class size was observed in HF-CN diets (Table 2, Fig. 5),
represented mainly by Fragilaria sp. and Gomphonema sp. Classes c1 and
c3 showed lower values in HF-CN diets compared to LF-LV. Algae from c4
size class showed a low proportion (<1%) in both diets. Large algae (c5)
were abundant in both streams diets, representing a 30% of the diet.
Large algae were represented mainly by Oscillatoria sp. (42%), Cymbella
sp. (19%), and Ulnaria sp. (13%), in diets from LF-LV stream, and by
Melosira sp. (75%) and Eunotia sp. (16%) in diets from HF-CN stream.
Regarding morphological guilds, high profile algae were predominant in
HF-CN, while low profile algae and motile were more abundant in LF-LV.
Regarding attachment mechanisms, algae with pads showed a higher
proportion in HF-CN diets and stalked algae were more abundant in LF-
LV. With respect to life forms, colonial algae were more abundant in HF-
CN. Regarding nutrients requirements the proportion of sensitive and
tolerant taxa were similar between treatments, around 50% of each
category.



Fig. 1. Total length and body weight of tadpoles of Boana cordobae per site. Values are mean � SE.

Fig. 2. NMDS of the diet of tadpoles of Boana cordobae from high and low fluoride streams and environmental variables with significant association to each vector.
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4. Discussion

4.1. Landscape composition: effects on the diet of tadpole

The concentration of ions in water is usually expressed as conduc-
tivity, an important factor in the distribution of biota (Ca~nedo Arguelles,
2013). In this sense, streams water can be classified as freshwater, with
salt concentrations lower than 0.5 g/L, according to the Venice System
(1959). Mining activity is one of the most common sources of salt addi-
tion to mountain rivers (Ca~nedo Arguelles, 2013). However, the low
concentration of salts registered in this study indicates low anthropic
activity in the basin. Thus, in absence of major anthropic influences, the
main source of major ions in the stream is the weathering of the basin
(Weinstein and Davison, 2004). Therefore, given that the level of fluoride
in Los Cerros Negros (HF-CN) stream is above the limits (0.01–0.3 mg
F/L) of unpolluted waters, the integrity of aquatic community could be
affected (Camargo, 2003).

There is information available on fluoride toxicity in higher plants
4

and algae, but laboratory data are contradictory and the environmental
effects of this compound are not known (Camargo, 2003; Davison and
Weinstein, 2006). To our knowledge, no published research have
addressed in situ the response of algal community to high natural fluoride
content in freshwater. Therefore, our research represents the first study
to evaluate the influence of natural fluoride in lotic freshwater ecosys-
tems on diet and morphology of tadpoles.

Algae are used to assess the quality of the environment (Sabater et al.,
2007), especially diatoms due to their sensitivity to many environmental
factors (G�omez and Licursi, 2001; Zampella et al., 2006; Seeligmann
et al., 2008; Dunck et al., 2015). Fluoride has unfavorable effects for
algae because it interacts negatively on photosynthesis, respiration,
pigment synthesis, among other biological systems (Bhatnagar, 1997),
causing chlorosis, necrosis, and morphological abnormalities in algae
and aquatic plants (McPherson et al., 2014). Some experimental studies
have shown that fluoride may suppress or intensify population growth of
algae depending on its concentration, time of exposure, and algal species.
For example, concentrations between 123 and 190 mg F/L showed 82%



Fig. 3. Rank-abundance curves of abundant taxa (Pi > 1%) in the diet of tadpoles of Boana cordobae from high and low fluoride streams. References: Ach: Ach-
nanthidium sp., Navi: Navicula sp., Cymb: Cymbella sp., Osc: Oscillatoria sp., Encs: Encyonopsis sp., Ulna: Ulnaria sp., Frag: Fragilaria sp., Nitz: Nitzschia sp., Ency:
Encyonema sp., Gomp: Gomphonema sp., Dent: Denticula sp., Phor: Phormidium sp., Cocco: Cocconeis sp., Melo: Melosira sp., Euno: Eunotia sp.

Fig. 4. Structural attributes of the algal community in the diet of tadpoles of Boana cordobae from high (HF-CN: Los Cerros Negros stream, black) and low (LF-LV: Los
Vallecitos stream, white) fluoride streams. Means and standard errors are shown.
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Table 2
One-way ANOVA results for proportions of functional traits of algae found in
tadpole's diet from streams flowing through granitic rock with higher fluoride
concentration (HF-CN) and metamorphic rock with lower fluoride concentration
(LF-LV). For each variable, F value, degrees of freedom (df) of factor and error, P
value are shown. Significant results are indicated in bold.

Trait Variable df F P

Size classes c1 1, 10 21.93 0.0009
c2 1, 10 46.69 <0.0001
c3 1, 10 37.99 0.0001
c4 1, 10 3.27 0.10
c5 1, 10 0.03 0.86

Morphological Guilds High profile 1, 10 57.56 <0.0001
Low profile 1, 10 28.04 0.0003
Motile 1, 10 12.09 0.006

Attachment mechanisms Adnate 1, 10 0.59 0.46
Pad 1, 10 51.88 <0.0001
Stalked 1, 10 24.90 0.0005
Holdfast 1, 10 22.05 0.0008
Unattached 1, 10 0.06 0.81

Life forms Unicellular 1, 10 27.81 0.0004
Colonial 1, 10 32.19 0.0002
Coenobial 1, 10 2.82 0.12
Filamentous 1, 10 2.85 0.12

Nutrient requirement Sensitive 1, 10 0.003 0.95
Tolerant 1, 10 0.003 0.95
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inhibition of growth of Chlorella sp. and Selenastrum sp. (Chlorophyta).
However, other freshwater genera such as Oscillatoria sp. (Cyanobac-
teria), Scenedesmus sp. (Chlorophyta), Cyclotella sp. (Bacillariophyta)
exposed to concentrations ˂50 mg F�/L is not affected (Camargo, 2003).
Joy and Balakrishnan (1990) determined in laboratory that at concen-
trations of 10–100 mg F/L Nitzschia palea (Bacillariophyta) improved its
growth, which could be due to a fluoride requirement for optimal
growth. Nevertheless, Ali (2004) determined that with 4 mg F/L, it
Fig. 5. Relative abundance (Pi) of taxa corresponding to selected functional traits in
and standard error are shown. For size classes, four of the five categories are show
mechanisms, three of the five and for life-forms, three of the four categories.
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caused an inhibition in the growth of N. palea at low pH, given that F-
become more toxic when crosses the membrane.

Our study of gut analysis showed that the two streams are different,
according to the NMDS plot. The analysis of composition and structure of
tadpole diets also allowed to differentiated the sites. Diversity, richness
and evenness were lower in the diets of tadpoles collected from stream
HF-CN. This suggested that a natural concentration of fluoride higher
than 2 mg F/L could be deleterious for some algal species. A possible
explanation could be that fluoride crosses the cell membrane, lodges in
the cytoplasm and interacts with most of the cellular components,
altering the general functioning of cell (Barbier et al., 2010).
4.2. Fluoride and morphological measures in tadpoles

Feeding of anuran tadpoles is generalist; therefore, their diets are
indicative of the quality and abundance of the nutritional resource in
their environment (Heyer, 1974; Lajmanovich, 2000; Rossa Feres et al.,
2004; Bionda et al., 2011). However, in our study some more abundant
algae were not consumed by the tadpoles. This could be due to the ar-
chitecture of periphyton, making some algae easily consumed than others
(Pollo et al., 2015). Food quality and ecological conditions may influence
the age and size at metamorphosis of tadpoles (Carey and Bryant, 1995;
Altig et al., 2007), thus affecting biological interactions such as compe-
tition and predation (Kupferberg, 1997).

In amphibians the body size can be strongly influenced by age and/or
ambient conditions such as food supply, temperature, pollutants (Ste-
panyan et al., 2011; Cabrera-Guzm�an et al., 2013; Babini et al., 2015).
Our results showed that the total length of tadpoles of B. cordobaewas not
influenced by the larval stage. Therefore, the shortest total length
recorded in larvae of the HF-CN stream could be due to high concen-
trations of fluoride, due to is a sensitive parameter a the effects of fluoride
(Goh and Neff, 2003; Zhao et al., 2013; Chai et al., 2017; Pollo et al.,
the diet of tadpoles of Boana cordobae from high and low fluoride streams. Mean
n (c1 comprises the smaller organisms and c5 the larger ones), for attachment
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2016; Zhang et al., 2018). For example, Chai et al. (2017) found that total
length of embryo of Rana chensinensis (Chordata, Ranidae) decreases with
increasing levels of fluoride (�0.7 mg F/L). The specific mechanism of
inhibition may be the accumulation of fluoride in the body, which causes
an imbalance in bone deposition and the remodeling activities that lead
to skeletal fluorosis (Zhang et al., 2018). In addition, the metamorphosis
of the tadpoles is delayed in the presence of high concentrations of
fluoride (Chai et al., 2017). This effect is due to the fact that this element
changes the histomorphology of the thyroid gland (Zhao et al., 2013) or
alters thyroid hormone (Chen et al., 2016). In nature, the effect on total
length of the tadpoles may result in an increased risk of predation and
higher mortality. In addition, it can compromise persistence of the pop-
ulation because final size of the individuals also influences their repro-
duction and recruitment (Wilbur, 1980; Semlitsch et al., 1988; Gray and
Smith, 2005).

However, when we analyzed biometric measurements together (total
length and body weight) as an index of body condition, our results
showed no differences in tadpoles between sites. Body condition is an
indicator of the physiological state of the organism (Bagenal and Tesch,
1978; Jakob et al., 1996) directly related to diet, which is affected by the
quality and quantity of food. At the same time, body weight could in-
crease and decrease rapidly (Reading and Clarke, 1995). This could be
explained by the nutritional quality of the algal community towardsmore
or less inedible species. The diet of tadpoles of both streams showed
higher abundance of chain-forming diatoms and large species, which can
contribute to their body weight. In tadpoles from LF-LV stream this algae
were represented by filamentous cyanobacteria and large diatoms, while
in tadpoles from HF-CN large algae were long chains of diatomsMelosira
sp. and Eunotia sp. In addition, there is a higher proportion of colonial
and high profile algae in HF-CN site, which could have been more easily
consumed (Cibils Martina et al., 2014). Another possible explanation
could be that fluoride concentrations between 0.5 and 5 mg F/L increase
gastrointestinal microbes, which contributes greatly to the health and
digestive efficiency of tadpoles (Wang et al., 2019).

5. Conclusions

This study expands the limited number of research on the effect of
natural fluoride on algae and amphibians. The ecotoxicological assess-
ment of the effects of fluoride on the diet and morphology of tadpoles of
Boana cordobae, added to effects on life history traits and body size in
adult of this species reported for Otero et al. (2018), may be useful to
predict the effects at the population level. Our study showed that the
concentrations of major ions detected in streams are consistent with rock
content (lithology of granitic and metamorphic rocks). We detect that
landscape composition affects the structural attributes (density, richness,
diversity and evenness) of tadpole diets, with some algal genera affected
by higher concentrations of natural fluoride. However, the low algal
richness registered in diet of tadpoles that inhabit the stream with high
fluoride content did not affect the physiological state of them, since it was
similar in both streams. The lower richness may have been compensated
by the higher abundance of chain-forming diatoms in the diets of HF-CN
tadpoles. In addition, it is important to consider the effect of fluoride on
reduced body length of tadpoles, because it could have consequences at
the population level. Nevertheless, more researches are needed that
considers a greater number of samples and other amphibian species
before broader generalizations are attempted.
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