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ABSTRACT
The microhabitat preferences of water beetlesin four riversin Ourense province, Northwest Spain

We analysed the microhabitat preferences of water beetle speciesin four riversin Northwest Spain. In each river, we sampled
5 sites with different types of substrate. These sites were characterised in situ according to the predominant material type
(macrophytes, moss, pebbles and sand). The occurrence of a substrate preference was verified from a comparative study
of species richness and abundance among different microhabitats. The differences in abundance and richness between
substrates and in the abundance of each species were tested with an ANOVA. The similarity between microhabitats was
tested with non-metric multidimensional scaling (NMDS), and the correlation between fauna and substrates was verified
with a correspondence analysis (CA). We observed different species distribution patterns, and these patterns reflected
the microhabitat preference of each species. Both the ecological parameters and the correspondence analysis indicated that the
preferred substrate for most of the species was moss, followed by pebbles.

Key words. Water beetles, substrates, preferences, rivers, Galicia.

RESUMEN
Preferencias de microhabitats en coledpteros acuaticos de cuatro rios en la provincia de Ourense, Noroeste de Espafia

Seanaliza |la preferencia de microhabitat de especies de coledpteros acuaticos en cuatro rios del noroeste de Espafia. En cada
rio se muestrearon 5 puntos en diferentes tipos de sustrato caracterizadosin situ en funcién del tipo de material predominante
(macrdfitas, musgo, cantos-gravas y arena). La preferencia de sustrato fue verificada mediante un estudio comparado de
riqueza y abundancia de especies entre los diferentes microhabitats. Las diferencias entre los diferentes sustratos para la
abundanciay riqueza, asi como para la abundancia de cada especie fueron testadas mediante un analisis ANOVA. La similitud
entre microhabitats fue testada mediante un NMDS, mientras que la correlacion entre la fauna y los sustratos, se verifico a
partir de un analisis de correspondencias (CA). Se observaron diferentes patrones de distribucion de las especies segin su
preferencia por determinados microhabitats. Tanto los parametros ecol 6gicos de riqueza y abundancia como el andlisis de
correspondenciasindican que €l sustrato preferido por la mayoria de las especies fue el musgo, seguido de los cantos-gravas.

Palabrasclave: Coledpteros acuaticos, sustratos, preferencias, rios, Galicia.

INTRODUCTION and the environment. In addition, the structure of

communities and the ecological interactions that
The study of river microhabitats is the key to un- occur depend on the environmental variables (Illies
derstanding the structure of the assemblages in- & Botosaneanu, 1963) and the longitudinal gradi-
habiting them and the correl ation betweenspecies ent (Vannote et al., 1980; Minshal et al., 1985).
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In studies of microhabitat association, itisim-
portant to consider the biotic and abiotic factors
that determine the structure of aquatic commu-
nities. In this sense, inorganic and organic sub-
strates are very important because they define mi-
crodistributions (Lloyd & Sites, 2000).

Aquatic beetles are considered to be good
water quality indicators within these faunis-
tic communities (Garcia-Criado et a., 1999).
These insects are widely distributed in running
water (Smith et al., 2007), where they play an
important role in trophic chains (Merritt & Cum-
mins, 1996). Trophic diversity is a factor that
makes beetles abundant and dominant in most
freshwater environments, occupying different
microhabitats formed by different substrates
of the riverbed. In this sense, it is important
to understand the interactions between these
organisms and the environment where they live.

Severa authors have used different groups of
invertebrates as a model for analysing substrate
preferences in rivers (Sheldon & Haick, 1981;

Baptista et al., 2001; Crosa & Buffagni, 2002;
Urbanic et al., 2005), but few previous studies
have used water beetles asamodel. Among these
studies, the work of Lloyd & Sites (2000), who
studied the association of three species of micro-
habitat Dryopoideain the Missouri River (USA),
can be highlighted.

The lack of such research in rivers in the
Iberian Peninsula has motivated us to conduct
thecurrent study, whose purposeisto verify apossi-
ble correlation between the presence of water beetle
species and the subgtrate by evauating the degree
of microhabitat preference shown by these species.

MATERIALSAND METHODS

Study area

This study was conducted in four rivers (Deva,
Cados, Tufio and Fragoso) located in southern
Galicia, NW Spain (Fig. 1). The Deva and Tufio
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Figurel. Location of the study areaand sampling sitesin the four rivers. Localizacién del &rea de estudio y l0s puntos de muestreo

enlos cuatrorios.
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Table 1. List of sampling sites with geographic data and coordinates. Listado de |los puntos de muestreo con los datos geogr aficos

y coordenadas.
River Sampling site Code Altitude UTM X UTM Y
Corbelle C1 931 5813723869 46567385538
Seoane Cc2 768 5828905421 46550904208
Cados Pontenova C3 697 5848731952 46529329982
Xordos C4 637 5848873810 46517486312
Aguas abajo Central Cados C5 555 5857333375 46504693937
Parada do Monte F1 747 5788134605 46520147192
Ponte do Groicio F2 563 5791387083 46492544893
Fragoso Ponte Abeleda F3 545 5787222948 46482072459
Requeixo F4 419 5788295007 46453921633
Grou F5 410 5783543400 46438692400
Santa Eufemia T1 630 5808542671 46652495525
Trasmiras T2 486 5804987064 46670315590
Tufio Pena Avegosa T3 484 5805068379 46673247037
O Outeiro T4 384 5811502776 46690564631
Ponte Madeiros T5 298 5796436444 46718032278
Retortoirio D1 552 5757845968 46628952012
Lavandeira D2 329 5741678949 46652779154
Deva Pena do Bugallo D3 192 5729910636 46665118534
Pontedeva D4 93 5716285314 46686694927
Ponte do Cantifio D5 97 5712389185 46702078806

belong to the Mifio and Arnoia river basins,
respectively, whereas the Cadbs and Fragoso
belong to the Limia river basin. Table 1 shows
the list of sampling sites with their names, codes
(used below to identify the sampling sites), the
river, atitude and UTM coordinates. The Tufio
and Deva Rivers flow on schist materials, in
which the predominant minerals belong to the
group of silicates with high levels of silica,
whereas the Fragoso and Cadds Rivers flow on
materials that consist fundamentally of granite
(Rio Barjaet al., 1996). The dominant vegetation
in the study area includes Corylus avellana,
Ulmus minor Mill, Fraxinus angustifolia Vahl,
Alnus glutinosa Gaertn and Cornus sanguinea
L. These species form a riparian forest that is
usually well structured.

Sampling methods

To perform this study, we selected 20 sampling
sites, five in each river, distributed along the river
course. We sampled all substrates present in the
selected section of the river that were charac-

terised by the predominant material. We identi-
fied atotal of four substrate types. moss, macro-
phytes, sand and pebbles. Data were collected in
eight sampling fields during one year, between
July 2001 and June 2002, with two collectionsin
each season, for atotal of 160 samples.

The fauna was collected with a Surber net,
25cm sguared and 60 cm deep with 0.5 mm
mesh, one sample for each substrate. The sam-
ples were fixed in the field with 4 % formalde-
hyde and taken to the laboratory. The specimens
were identified according to standard procedures
in entomology, using a stereomicroscope, a
binocular microscope and different reference
works, including Franciscolo (1979), Valladares
(1988), Angus (1992), Prost et al. (1992), Ga-
yoso et al. (1997) and Tachet et al. (2002).
After the specimens were identified, they were
preserved in 70° alcohol and deposited in the
scientific collection of the Laboratory of Aquatic
Entomology at Vigo University.

In addition, we measured several physical and
chemical parameters in situ; water temperature,
dissolved oxygen, pH, conductivity and total dis-
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Table 2a. Abundance of species in the four substrate types and species codes in figure 3 (selected species in CA). Abundancia de
las especies en |os cuatro tipos de sustrato y codigo de las especies en la figura 3 (especies seleccionadas en el CA).

FAMILY SPECIES CODE MA MO PE SA
Haliplidae Haliplus lineatocollis 0 0 1 0
Gyrinidae Orectochilus villosus 24 12 5 35 7
Dytiscidae Oreodytes sanmarkii alienus 21 0 1 5 2
Hydroporus nigrita 0 0 0 1
Stictotarsus bertrandi 22 1 0 6 1
Deronectes ferruginens 23 2 4 6 5
Graptodytes fractus 0 0 1 0
Hydroglyphys geminus 0 1 2 0
Scarodytes halensis 0 0 1 0
Yola bicarinata bicarinata 0 1 1 1
Nebrioporus carinatus 0 0 0 1
Hydrophilidae Anacaena |utescens 26 2 8 1 0
Hydrochidae Hydrochus angustatus 27 8 13 1 1
Helophoridae Helophorus flavipes 30 1 2 0 1
Hydraenidae Hydraena iberica 14 29 324 163 15
Hydraena corinna 15 80 872 201 18
Hydraena brachymera 16 65 542 122 4
Hydraena testacea 17 28 338 42 4
Hydraena hispanica 18 0 137 48 2
Hydraena sharpi 19 12 393 21 1
Hydraena barrosi 0 8 0 0
Hydraena stussineri 0 2 0 0
Hydraena unca 0 0 3 0
Hydraena minutissima 0 1 0 0
Ochthebius legionensis 0 1 0 0
Ochthebius heydeni 20 1 14 0 0
Limnebius lusitanus 0 1 1 0
Limnebius evanescens 0 1 0 0
Elmidae Elmis aenea 1 823 7059 375 116
Elmis maugetii 2 148 1076 95 29
Elmisrioloides 3 167 4067 210 46
Elmis perezi 4 82 1326 50 21
Limnius volckmari 5 31 11 180 131
Limnius perrisi carinatus 6 62 52 485 231
Limnius opacus 7 40 28 48 9
Oulimnius bertrandi 8 75 475 211 70
Oulimniusrivularis 9 35 133 41 162
Oulimnius troglodites 10 6 91 198 90
Oulimnius perezi 0 3 0 0
Esolus angustatus 11 2 10 31 34
Esolus parallel epipedus 12 10 16 170 37
Dupophilus brevis 13 289 135 1508 334
Senelmis canaliculatus 0 0 1 0
Dryopidae Dryops luridus 25 17 62 0 0
Scirtidae Cyphon sp. 28 5 12 7 0
Elodes sp. 29 5 23 6 1
Curculionidae Bagous sp. 2 0 0 1
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Table 2b. Physical, chemical and habitat variables of the rivers studied. Variables fisicas, quimicas y del habitat de los rios

estudiados.

Variable Mean + standard deviation Minimum Maximum
Width m 594 + 1.92 212 10.95
Depthm 0.87 +3.21 0.19 25.50
Altitude m 491.36 + 215.94 93 931
Distance of Source m 11012.56 + 3748.09 4636 18400
Stream Velocity m? 3.18 + 2.06 0.10 9.17
Temperature°C 10.44 + 3.08 4.22 15.62
pH 6.69 + 0.32 4,59 7.26
Conductivity uScm? 042+ 0.61 0.14 5.66
Dissolved oxygen % 103.98 + 17.51 6.49 139.90
Dissolved oxygen mg/l 11.99 +8.11 5.43 82.07
TSSmy/l 2211+ 12.99 5.54 66.50

solved solids. We also measured severa habitat
parameters. width, depth, stream velocity, alti-
tude and distancefrom the source (Table 2aand b).

Data analysis

We performed a series of statistical analyses to
assess the microhabitat preferences of the water
beetles found in the samples. For this purpose,
we analysed the assemblage as a whole as well
as each species.

The structure of the assemblage was eval-
uated for species richness (S) and abundance
(N) for each substrate. These indices were se-
lected because they potentially portray important
characteristics of assemblages. An analysis of
variance (one-way ANOVA) was used to test
for significant differences between the four
substrates in both richness measures and each
species. The homogeneity of variance was tested
with Levene's test. The ANOVA was conduct-
ed with SPSS version 19.

To determine the degree of correlation be-
tween the different water beetle species and the
microhabitats colonised, we performed a corre-
spondence analysis (CA). Prior to the CA, were-
fined the data, eliminating species present in 5 %
or less of the samples. The selected speciesappear
with a code in Table 2. The CA was conduct-
edwith CANOCO 4.5 (Ter Braek & Smilauer, 2002).

Finaly, the similarity between sites was eval-
uated with non-metric multidimensional scaling
(NMDS). This analysis generated a similarity

Table 3. Mean, SD and ranges of richness and abundance
for the four different substrates. Media, desviacion estandar
y rango de la riqueza y abundancia en los cuatro diferentes
sustratos.

Measures Mean + SD Minimum Maximum
Richness S

Macrophytes 79+6.3 0 19
Moss 16+ 3.8 9 22
Pebbles 143+ 38 8 22
Sand 6.7+ 4.8 0 13
Abundance N

Macrophytes 102 + 160.3 0 505
Moss 862.4 + 717.7 28 2986
Pebbles 213.9+ 207.4 20 824
Sand 68.8 + 92.0 0 319

matrix between substrates for different sampling
sites. For this purpose, we used the Bray-Curtis
similarity index for the standardised data (log n).

RESULTS

Richness and abundance

We studied atotal of 25 406 specimens belonging
to 47 species of water beetles assigned to three
families of Adephaga (Gyrinidae, Haliplidae,
Dytiscidae) and eight Polyphaga (Hel ophoridae,
Hydrochidae, Hydrophilidae, Hydraenidae, El-
midae, Dryopidae, Scirtidae and Curculionidag).
The Hydraenidae and Elmidae were the families
that were best represented in the study area,
with 14 and 15 species, respectively (Table 2a).

Table 3 shows the mean, standard deviation
(SD), maximum and minimum values of richness
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Table4. Significant ANOVA values(p < 0.001) for richness
and abundance measures and species abundance with substrate
types as factors. Valores significativos (p < 0.001) de ANOVA
para las medidas de riqueza y abundancia y la abundancia de
especies con tipo de sustrato como factor.

M easures F p

Richness S 18.68 0.000
Abundance N 18.72 0.000
Elmis aenea 26.42 0.000
Elmisrioloides 9.24 0.000
Limnius perrisi carinatus 9.56 0.000
Hydraena corinna 15.55 0.000
Hydraena brachymera 6.77 0.000
Hydraena testacea 9.30 0.000
Dryops luridus 10.05 0.000

(S) and abundance (N) in each substrate measured
in the 20 sampling sites during the annua cycle.

Both the species richness and abundance of
aguatic beetles in each type of substrate and
in the 20 sampling sites indicated that moss
is the preferred substrate. This preference is
especialy evident from the abundance values,
which are substantially higher in moss than in
the other substrates: 3441 in the Cados, 3401 inthe
Fragoso, 2429 in the Tufio and 7977 in the Deva.
Moss was also the substrate with the highest
species richness. Although we did not observe
clear evidence of dominance, we observed higher
species richness on mossin al rivers: 26 species
in the Cados, 27 in the Fragoso, 21 in the Tufio
and 29 in the Deva.
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Figure 2. Non-metric multidimensional scaling (NMDS)
based on species composition in the different substrates: MA
(macrophytes) MO (moss), PE (pebbles) and SA (sand) in
the 20 sampling sites. Escalamiento multidimensional amétrico
(NMDS) basado en la composicién de especies en los diferentes
sustratos MA (macr éfitas) MO (musgo), PE (cantos-gravas) y
SA (arena) en los 20 puntos de muestreo.

Richness and abundance showed considerable
variability among substrates as demonstrated by
ANOVA. We aso found significant variability
(p < 0.001) among substrates in the abundance
of seven species (Table 4).

The variation in species composition was high
(Fig. 2), and the ordering of the sites remained
constant during the year. A NMDS among
substrates showed that moss (MO) represented
a grouping that was relatively separate from the
others, especialy from sand (SA) and gravel
(PE), which appeared to be correlated.

Figure 3 shows the results of the CA. The
eigenvalues for axes I-1V were 0.566, 0.295,
0.249 and 0.195, respectively. The correlations
for axes |1l and IV werelow (r < 0.5), and only
axes | and Il were used for data interpretation.
The cumulative percentage of variance explained
for the species-habitats relation was 58.6 % for
the first two axes. The first two canonical axes
were significant, as shown by a Monte Carlo
permutation test (p = 0.002). An overal Monte
Carlo test also gave a significance of p = 0.002.

A large number of species appeared to be
correlated with moss, including most species in
the genera Hydraena and EImis, Ochthebius hey-
deni and Dryops luridus, whereas L. volckmari,
L. perrisi carinatus and Oreodytes sanmarkii
alienus appeared to show an affinity for pebbles.

DISCUSSION

According to the results obtained, based on
both the ecological parameters of richness and
abundance and the correlation analysis, moss is
the preferred substrate for most of the studied
species of beetles. Note that several authors have
documented the preference of species of aquatic
beetles for microhabitats formed primarily by
moss (Fernandez-Diaz, 2003). According to
Passos et al. (2003), substrates formed primarily
by moss harbour an abundance of water beetles
because they offer an abundant food source
to herbivorous species.

Moss is associated with different species of
Elmidae and Hydraenidae. The ANOVA demon-
strated that most of these species also showed
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Figure 3. Correspondence analysis (CA) of the speciesin different microhabitats in the four rivers. Andlisis de Correspondencias

(CA) delas especies en los distintos biotopos en los cuatro rios.

significant variability between substrates. This
result confirms that the differing abundance of
these species on different substrates may be in-
dicative of microhabitat preferences.

The second most important substrate was
found to be pebbles, which appear to be asso-
ciated with a number of species. These species
include Limnius volckmari, Limnius perrisi car-
inatus and Oreodytes sanmarkii alienus. These
results are consistent with the findings of Garrido
(1990), Sainz-Cantero & Alba-Tercedor (1991),
Gayoso et al. (1997) and Fernandez-Diaz (2003).

The NMDS also found significant differences
between the distributions of species on different
substrates, especially moss, pebbles and sand.
Pebbles and sand appear to be correlated on
the side of the scaling diagram opposite that of

the moss samples. The moss samples are close
to each other in the diagram and form a separate
group. This result may imply that the species
that prefer this substrate are different from
those that prefer the other substrates.

An analysis of the results by families shows
that the family Hydraenidae exhibits a clear
association of H. brachymera, H. corinna, H.
sharpi and H. testacea with moss substrate.
These results are consistent with the results
of other studies conducted in different re-
gions of the lberian Peninsula. Specificaly,
Sainz-Cantero et al. (1987) have shown that
H. testacea is primarily associated with moss,
and Aguilera & Gerendas (1995) have found
that moss is preferred by other species of the
genus Hydraena, e.g., H. sharpi. In a study of
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the Orbigo River (Leon) by Garcia-Criado et al.
(1999), H. hispanica was captured primarily in
moss. However, according to Fernandez-Diaz
(2003), this species was primarily associated
with particular substrates (gravel, stones and
sand) and to a lesser extent with macrophytes.
In this study, H. hispanica appeared to show
a preference for moss, as was observed in the
Cados and Fragoso Rivers. However, H. iberica
appears to be associated with pebbles and moss,
as previoudy shown by Valladares (1989), Fernan-
dez-Diaz (2003) and Aguilera & Gerend (1995).

In the Elmidae, the four species in the genus
Elmis appeared to prefer a moss substrate.
According to Sainz-Cantero & Tercedor Alba
(1991), severad Elmis species are very com-
mon on mosses and filamentous algae. These
data are aso consistent with the results of
Ferndndez-Diaz (2003), who has shown that 3
species of Elmis (E. aenea, E. rioloides and E.
maugetii maugetii) prefer moss. In this context,
Berthelemy (1966) and Gayoso et al. (1997)
consider that E. aenea is the Elmis species that
shows the greatest affinity for a moss substrate.

The species of Oulimnius investigated in this
study appeared to show no particular preference
for any of the substrates tested. The exception
was O. bertrandi, which was related to moss.
Fernandez-Diaz (2003) has linked O. bertrandi
to moss, macrophytes, stone and sand but with
a greater abundance on moss, as aso shown
by Gayoso et al. (1997).

Two species of Limnius, L. volckmari and
L. perrisi carinatus appeared to be associated
with pebbles, as previously observed by Sainz-
Cantero & Alba-Tercedor (1991), Gayoso et al.
(1997) and Fernadndez-Diaz (2003).

D. brevis showed a preference for pebbles and
macrophytes, as previously indicated by Gayoso
et al. (1997) and Fernandez-Diaz (2003). E. par-
allepepidus and E. angustatus were associated with
pebbles and sand. According to Olmi (1969) and
Fernandez-Diaz (2003), these species are related
to pebble substrates and submerged vegetation.

This study has enabled usto determine certain
patterns of distribution of water beetle speciesin
the rivers studied as a function of microhabitat.
Note that moss was the preferred substrate for

most species, particularly for the families Elmi-
dae and Hydraenidae. A possible explanation
for this preference is that the substrate provides
stability, protection and food for these species,
which appear to have adapted to fast-current
areas covered primarily by this type of substrate
(Nilsson, 1996). In this sense, this study high-
lights the importance of knowing the structure
of rivers, which are composed of different mi-
crohabitats, each with its own characteristics
and ecological functions. In this way, we can
adequately conserve aguatic habitats and thus
facilitate the maintenance of their biodiversity.
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ABSTRACT

Evaluation of the ACR SmartButton thermometer and a low-cost protective case for continuous stream temperature
measurement

Water temperature is a common variable of interest in stream ecology studies. In this paper, the performance of the ACR
SmartButton thermometer and a low-cost protective case were evaluated for stream temperature measurement. The accuracy
of the SmartButtons at 0, 10 and 15 °C was well within the + 1 °C range specified by the manufacturer. For 50-60 % of
the readings performed, the error was greater than the + 0.2 °C correction factor accepted for meteorological temperature
measurements. However, the observed level of accuracy is most likely sufficient for most biological applications if the loggers
are calibrated against a reference standard. The metallic case that we used had a negligible effect on temperature measurements
and offers a reliable way to protect the SmartButton during use in small streams.

Key words: Water temperature, river, stream, digital thermometer, methodology, calibration.

RESUMEN

Evaluacion de los termdmetros ACR SmartButton y de una carcasa protectora de bajo coste para la medicion en contintio
de la temperatura del agua en rios

La temperatura del agua es una variable de interés en los estudios de ecologia fluvial. En este trabajo, se eval(ia el rendimiento
de los termémetros ACR SmartButton y de una carcasa protectora de bajo coste para la medida de la temperatura en rios. La
precision de los SmartButton a 0, 10 y 15 °C se encuentra dentro del rango de + 1 °C que especifica el fabricante. El error
observado en las lecturas sobrepasa el factor maximo de correccion de + 0.2 °C que se acepta para la medida meteoroldgica
de la temperatura en el 50-60 % de los datos recogidos. Sin embargo, la precision observada es probablemente suficiente para
otras aplicaciones bioldgicas, si los termometros se calibran frente a una referencia estandar. Las carcasas protectoras que
hemos utilizado tienen un efecto despreciable en las medidas de temperatura y representan un método seguro para instalar
los SmartButtons en arroyos.

Palabras clave: Temperatura del agua, rio, arroyo, termdmetro digital, metodologia, calibracion.

INTRODUCTION and behaviour of stream biota (Wehrly et al.,

1998; Lewis et al., 2000; Dunham & Chandler,
Temperature is a common variable of interest in 2001). Various methods are currently used
stream studies because it influences in-stream for measuring temperature in aquatic systems,
processes (e. g., organic matter decomposition, including Raman backscatter distributed tem-
Stout, 1989) and the distribution, physiology perature sensing (Selker et al., 2006; Tyler et
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al., 2009), infrared remote sensing (Wawrzyniak
et al.,, 2012) and ground-based thermography
(Cardenas et al., 2008; Tonolla et al., 2010).
However, the use of digital thermometers with
datalogging capability is still the most affordable
and common method for monitoring water tem-
perature (e. g., Malard et al., 2001; Johnson et al.,
2005; Herb & Stefan, 2011). Attempts to assess
stream temperature across large regions have
been limited by the high equipment and travel
costs associated with maintaining a large number
of thermometers spread out over many sites
(Wehrly et al., 1998), but the recent development
of small, more affordable sensors has resulted
in an increased number of individual datasets
collected by private and public organisations
(e. g., Lewis et al., 2000). The utility of such
collective efforts may be limited, however, if
variation in measurement quality prevents the
comparison of multiple datasets from different
sources. A situation may develop in which large
datasets exist but the information that can be
extracted from them is not reliable (the data-rich-
but-information-poor syndrome; Ward et al.,
1986; Timmerman et al., 2010). The information
in multi-source water temperature datasets will
be useful if, among other things, it is credible
and the users perceive it to be accurate, valid and
of high quality (Cash et al., 2003). In addition
to data acquisition, efforts should be directed
towards documenting and assuring the quality of
stream temperature measurements.

Standards for the quality of environmental
temperature measurements have been estab-
lished by the World Meteorological Organization
(WMO, 2008). However, it is not economical to
use thermometers that meet these requirements
directly. Typically, less expensive thermometers
are used by calibrating the thermometer in the
laboratory and applying correction factors to
the collected data as needed. Calibration in-
volves comparison of the thermometer readings
with a standard to determine how closely the
instrument matches the standard. Calibration
standards for many environmental variables
(e. g., concentrations of chemicals in water)
can be easily produced in the laboratory for
measurement (e. g., a calibration curve for a

spectrophotometer). In contrast, the standard
scale for temperature measurement is based on
the thermodynamic state of various substances
at triple point or freezing point equilibrium
as measured with a platinum resistance ther-
mometer (Preston-Thomas, 1990). Because the
reproduction of this scale for routine calibration
is not feasible, a need arises to calibrate against
another thermometer that is traceable back to the
international temperature standard. Performing
periodic calibrations of the thermometers against
a reference standard is also useful for detecting
those that become defective due to malfunction
or age (Dunham et al., 2005).

In addition to the issue of calibration, the use
of temperature dataloggers in streams requires
making decisions about the installation of the
sensor in the field. Installation of a thermometer
in a stream commonly requires the use of a pro-
tective case to avoid physical damage to the in-
strument. The case can be either a part of the
instrument itself or a commercially manufactured
or individually constructed enclosure. Water-
resistant sensors and cases that allow the flow of
water through the case are preferred for making
measurements in aquatic systems because the
temperature of air trapped inside a watertight
case equilibrates with the surrounding water too
slowly and causes a time lag in measurements
(Dunham et al., 2005). The material and colour
of the case are also important (Dunham et al.,
2005). Some materials, such as wood and plastic,
are poor conductors of heat, which can lead to
differences between the temperature measure-
ments and actual temperatures. In the case of
colour, metallic and white surfaces are preferred
because dark surfaces result in increased heating
of the thermometer when exposed to sunlight. In
any case, testing of the protective case is required to
ensure that the case does not interference with the
temperature measurements (Hubbart et al., 2005).

In this study, we evaluated the use of the ACR
SmartButton thermometer (ACR Systems Inc.,
2010) for continuous water temperature measure-
ment and tested the effects of a new protective case
on temperature measurements. We also proposed
a protocol for the calibration of the thermometer
and the correction of sensor temperature data.
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MATERIALS AND METHODS

Reference standard measurement for
temperature

The current accepted international standard for
temperature measurements is the International
Temperature Scale of 1990 (Preston-Thomas,
1990; ITS-90, 1999), which establishes the tem-
perature values for various substances at triple
point or freezing equilibrium. As an example,
standards within the range —40 to 30°C, which
are significant for measuring environmental
temperatures, include the triple point of mercury
(—38.8344°C), the triple point of water (+0.01°C)
and the freezing point of gallium (+29.7646 °C).

A calibration must be performed against a
thermometer that is traceable back to this stan-
dard scale. As a reference thermometer, we used
an ASTM 63C mercury thermometer (measuring
range —8.0-32.0 °C, resolution 0.1 °C). For this
thermometer, the supplier provides a certificate
from a calibration laboratory that gives correc-
tion factors at 0, 10.0, 20.0 and 30.0 °C.

ACR button thermometer

The ACR SmartButton datalogger (17.35 mm di-
ameter x 5.89 mm height) has a stainless steel
case and a weight of 4 g (ACR Systems Inc.,
2010). The measuring element is a silicon ther-
mistor that has an operational range of —40 °C to
85 °C with a stated accuracy of + 1.0 °C from
—30 °C to 45 °C and a resolution of 0.5 °C. The
SmartButton stores up to 2048 temperature mea-
surements and the sampling interval can be pro-
grammed from 1 to 255 minutes. If measure-
ments are recorded at 1-hour intervals, which
would detect stream maximum daily tempera-
ture within £ 1 °C with a probability of 98 %
(Dunham et al., 2005), the SmartButton has the
storage capacity to continuously record measure-
ments of stream water temperature for 85 days.

Accuracy tests

All accuracy tests were performed using water
in a plastic tray that was placed over a 2-cm

Figure 1. Completed protective case with stainless steel wire
attached. Carcasa protectora terminada con el cable de acero
inoxidable.

polystyrene plate for isolation. In the first accu-
racy test, the ice bucket method (Dunham et al.,
2005; Hubbart et al., 2005) was used by adding
ice to the plastic tray. The second and third ac-
curacy tests were performed in an INFOR Multi-
tron incubator with target temperatures of 15 and
10 °C, respectively. In the accuracy tests, the tem-
perature of the water in the tray was measured at
15-minute intervals with the reference mercury
thermometer. Based on the observations from the
accuracy tests, we developed a method for routine
calibration of the SmartButton and calculated dis-
crete values (1.0, —0.5, 0.0, +0.5 and +1.0 °C)
to correct sensor readings (see Appendix).

Construction and testing of the protective case

The protective case was constructed from a stain-
less steel tea filter (Fig. 1). The two halves of the
tea filter were separated, and a hole was drilled
into the top of each piece with a 6-mm metal
drill bit. The two halves were held together with
a stainless steel screw (6-mm diameter, 40-mm
length) and two bolts. The screw was fixed to one
half of the filter case with one of the bolts such
that the other half could slide on and off the screw
for opening and closing the case. The sliding
half was secured in position with the second bolt.

The anchorage cable was made with stainless
steel wire. We used bicycle brake wires because
they are conveniently riveted in one ending. The
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wire was passed through two of the small holes
in the filter and an electrical connector was use
to secure the case in the center of the wire. Two
other electrical connectors make the ending wire
loops that fix the case in the field. Each set of
case and attachment wire was supplied with a
galvanized iron karabiner (5 or 6 mm thickness)
that allows fixing easily the thermometer to the
roots and branches that are found in the stream.

To test for a possible effect of the protec-
tive case on temperature measurements, two
incubations were performed in a 5-L bucket
filled with water. The first incubation test was
performed in the field, and the second one
was performed in an incubation chamber held
at a constant temperature (11 °C). Four ACR
SmartButtons were labelled (T1, T2, T3 and T4)
and programmed for data acquisition at 5-minute
intervals. Each incubation lasted for two weeks.
During the first week, all four thermometers were
incubated without a protective case. During the
second week, T1 and T2 were incubated without
a protective case and T3 and T4 were each
wrapped in small plastic Ziploc bag (13 x 7 cm)
and incubated inside a protective case. The data
from thermometers T1 and T2 from the second
week were used to estimate the response of
thermometers T3 and T4 without the case. The
estimates were calculated with linear regressions
that used the temperature measurements from
thermometers T3 and T4 as the dependent
variables and the mean values of the temperature
measurements from thermometers T1 and T2
as the predictor variable. The data collected on
the first and last day of the incubations were
discarded so that only the data from the days in
which the whole daily temperature cycle was
measured were used in the analysis.

In addition, to test for the effect of the cor-
rection factors on measurements obtained under
field conditions, six thermometers were placed
in a small stream for 36 hours, and the mean,
minimum and maximum temperatures of each
thermometer were calculated before and after ap-
plying the correction factors obtained from the
calibration test. The thermometers used in this
test were selected to represent the range of er-
ror observed in the accuracy tests. Thus, two

thermometers had error values < -0.5 °C, two
thermometers had error values between —0.5 and
0.5 °C and the remaining two thermometers had
error values > 0.5 °C.

Statistical analysis

The SmartButton mean temperatures and the
reference temperatures from the accuracy tests
were compared using one sample t-tests, and the
raw and corrected temperature measurements
were compared using paired t-tests. The variance
of the raw measurements and the variance of the
corrected measurements were compared with
an F test. The comparison analyses followed
Zar (2010). Least square linear regressions were
performed following Montgomery et al. (2001)
to determine the effects of the protective case
on temperature measurements. All statistical
analyses were performed with R (R Develop-
ment Core Team, 2011).
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Figure 2. Temperatures measured with SmartButtons (n = 35)
during the first and second calibration tests (mean, minimum
and maximum temperatures are shown). Gray bands indicate
the data that were used for the analysis of the accuracy of the
SmartButtons and the reference thermometer measurements.
Temperaturas medidas con los Smartbuttons (n = 35) durante
la primera y la segunda prueba de calibracién (se muestran la
temperatura media, minima y maxima). Las bandas grises indi-
can los periodos que se utilizaron para analizar la precision de
los SmartButtons y la temperatura medida con el termémetro
de referencia.
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Table 1. Error values for temperature measurements taken with SmartButton thermometers in the three accuracy tests before and
after corrections were applied (target temperature: temperature at which the thermometer is to be calibrated; incubator setting:
temperature that is set manually using the incubator thermostat; reference temperature: temperature measured with the reference
mercury thermometer placed inside the incubator). Error de las medidas de temperatura recogidas con SmartButtons en las tres
pruebas de precisién antes y después de aplicar correcciones (temperatura objetivo: temperatura a la que queremos calibrar los
termometros; ajuste de la incubadora: temperatura que introducimos manualmente en el termostato de la incubadora; temperatura
de referencia: temperatura medida con el termémetro de mercurio de referencia dentro de la incubadora).

Test 1 Test 2 Test 3
n=3185 n=3185 n=1325

Target temperature (°C) 0.00 15.00 10.00
Incubator/bath setting (°C) 0.002 15.00 11.20
Reference temperature (°C)

Mean + SD 0.06 + 0.05 13.70 + 0.00 9.60 + 0.00
Uncorrected sensor readings

x<-1.0°C 0 0.0 % 0 0.0 % 0 0.0 %

-10<x<-05°C 592 18.6 % 224 7.0 % 58 4.4 %

-05<x<05°C 2456 771 % 2961 93.0 % 1267 95.6 %

05<x<1.0°C 86 27 % 0 0.0 % 0 0.0 %

x>10°C 51 1.6 % 0 0.0 % 0 0.0 %
Corrected sensor readings

x<=-1.0°C 0 0.0 % 0 0.0 % 0 0.0 %

-1.0<x<-05°C 76 24 % 1 0.0 % 15 1.1%

05<x<10°C 3060 96.0 % 3184 100.0 % 1310 98.9 %

-05<x<05°C 49 15 % 0 0.0 % 0 0.0 %

x>10°C 0 0.0 % 0 0.0 % 0 0.0 %

@ A bath filled with ice and water was used (0.00 °C is the melting point of water).

RESULTS

Accuracy tests

The reference temperature varied between 0.0
and 0.3 °C during the ice bucket incubation, but
only the measurements from the period in which
the temperature oscillated between 0.0 and 0.1 °C
were used for the accuracy test (Fig. 2, Table 1).
In the second and third accuracy tests, the refer-
ence temperature held constant at 13.7 °C (Fig. 2,
Table 1) and 9.7 °C (not shown, Table 1). In both
cases, the reference temperature was lower than
the target temperature and also differed from the
thermostat setting of the incubator (Table 1).
The error values for the sensor readings in
the accuracy tests are presented in Table 1. Dur-
ing the ice bucket incubation, 3185 temperature
measurements were taken, of which 51 (1.6 %)
differed from the reference temperature by more
than 1 °C, 678 (21.3 %) differed from the refer-
ence temperature by between 0.5 and 1.0 °C and

2456 (77.1 %) differed from the reference tem-
perature by less than 0.5 °C. During the accuracy
test at 13.7 °C, 3185 measurements were taken.
Of these measurements, none differed from the
reference temperature by more than 1.0 °C, but
224 (7.0 %) differed from the reference tempera-
ture by between 0.5 and 1.0 °C and 2961 (93.0 %)
differed from the reference temperature by less
than 0.5 °C. During the accuracy test at 9.7 °C,
1325 measurements were taken, of which none
differed from the reference temperature by more
than 1 °C, but 58 (4.3 %) differed from the refer-
ence temperature by between 0.5 and 1.0 °C and
1267 (95.6 %) differed from the reference tem-
perature by less than 0.5 °C.

The mean values of the temperature mea-
surements taken with the SmartButtons in the
accuracy tests differed slightly from the reference
temperatures (Table 2); however, a significant
difference between the reference and mean mea-
sured temperature (Student’s t, p < 0.05) was
only observed in the second accuracy test. The
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error values for the SmartButton measurements
ranged from —0.13 to 0.07 °C and the repeatabil-
ity of the measurements (calculated as the standard
deviation of the error) ranged from 0.25 to 0.37 °C,
which indicated that 95 % of the SmartButton
mean temperatures were within + 0.73, + 0.49
and + 0.53 of the reference temperature for the
first, second and third accuracy test, respectively.

Based on the accuracy tests, we calcu-
lated correction factors for each sensor that
ranged from -1 to 1°C (Appendix). After the
corrections were applied, the percentage of
measurements that were within 0.5°C of the
reference temperature increased from 77.1 to
96.0 % for the first accuracy test, from 93.0
to 100.0 % for the second accuracy test and
from 95.6 to 98.9 % for the third accuracy test,
indicating that the error in the sensor readings
decreased (Table 1). The corrected mean tem-
peratures from the SmartButtons (Table 2) were
significantly different (paired Student’s t-test,
p < 0.001) from the reference temperatures for
the three accuracy tests. The standard deviations
of the measurements decreased significantly (F
test, p < 0.01) after the corrections were applied.
The standard deviations ranged from + 0.04
to = 0.07 °C, indicating that 95 % of the mean
temperatures values from the SmartButtons were
within + 0.15°C of the mean temperature for
the first and second accuracy tests and within
+ 0.09 °C for the third accuracy test. The cal-
ibration process increased the repeatability of
the measurements and the error values were

maintained within + 0.25°C of the reference
temperatures. The significant differences be-
tween the SmartButton measurements and the
reference temperatures after the correction were
a result of the higher repeatability and lower
variance of the SmartButton measurements.

Incubation tests

During the first week of the field incubation, tem-
perature varied between 4 and 14 °C (Fig. 3A,
Table 3), and the mean temperature according
to the measurements of SmartButtons T1 and
T2 was 9.78 °C. Differences between the Smart-
Buttons that displayed the lowest and highest
temperature were equal to or less than 0.5°C
for 96.7 % of the measurements (n = 7752) and
equal to or less than 1.0 °C for 99.8 % of the mea-
surements (n = 7752). The data collected dur-
ing the field incubation were used to build lin-
ear models showing the relationships between the
data from T3 and T4 (y) and the mean values of
the data from T1 and T2 (x):

T3,y =0.99x + 0.01, r2 =0.99, p < 0.001 (1)
T4,y = 1.01x + 0.20, r* = 0.99, p < 0.001 (2)

In the second week of the field incubation
(Fig. 3B, Table 3), the temperature measure-
ments varied between 3 and 14 °C, and the
mean temperature was 8.34 °C, approximately
1.5 °C lower than in the first week. Differences

Table 2. Temperature (mean + standard deviation, °C) measured with the SmartButtons in the three accuracy tests before and
after corrections were applied. Temperatura (media + desviacion estandar, °C) medida con los SmartButtons en las tres pruebas de

precision antes y después de aplicar correcciones.

Test1 Test 2 Test 3
n=235 n=235 n=25
Reference temperature (°C)
Mean + SD 0.06 + 0.05 13.70 + 0.00 9.60 + 0.00
Measured temperature (°C)
Mean + SD 0.07 £0.37 13.57 £ 0.25 9.67 + 0.27
Error + SD 0.01 +0.37 -0.13+£0.25 0.07 + 0.27
Corrected temperature (°C)
Mean + SD 0.03 +0.07 13.52 + 0.07 9.51 + 0.04
Error + SD —-0.03 £ 0.07 —-0.18 + 0.07 —0.09 + 0.04
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between the thermometers that displayed the
lowest and highest temperature were equal to or
less than 0.5 °C for 96.3 % of the measurements
(n = 7752) and equal to or less than 1.0 °C for
100 % of the measurements (n = 7752). We
estimated that the use of the protective case
increased the temperature measurements of the
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SmartButtons by 0.05-0.10 °C (Table 3). The
chamber incubations (Fig. 3C and 3D) confirmed
the field observations, showing that the effect of
the case on the temperature measurements was
negligible (Table 3). In summary, the differences
in measurements among the thermometers in
the incubation tests were within 0.5 °C, which
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Figure 3. Temperatures measured with SmartButtons (n = 4) during the incubation tests (A, first week of field incubation; B, second
week of field incubation; C, first week of chamber incubation; D, second week of chamber incubation). Temperaturas medidas con
los SmartButtons (n = 4) durante los experimentos de incubacidn (A, primera semana de incubacion en el campo; B, segunda semana
de incubacidn en el campo; C, primera semana de incubacion en cdmara fria; D, segunda semana de incubacion en cAmara fria).
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Table 3. Temperature (mean + standard deviation, °C) measured during the incubation experiments and estimation of the effect
of the protective cases (T1 and T2 are control thermometers incubated without protective cases, T3 and T4 are test thermometers
incubated without a protective case during the first week and inside a protective case during the second week). Temperatura (media +
desviacion estandar, °C) medida durante los experimentos de incubacién y estimacion del efecto de las carcasas protectoras (T1y T2
son los termémetros de control incubados sin carcasas protectoras, T3 y T4 son los termémetros de prueba incubados sin carcasas

protectoras durante la primera semana y dentro de las carcasas protectoras durante la segunda semana).

Field incubation T1(°C) T2 (°C) T3 (°C) T4 (°C)
First week 10.05 + 2.29 9.51 +2.29 9.62 +2.28 9.91 +2.30
Second week 8.50 + 1.55 8.28 +1.26 8.47 + 151 8.70 + 1.53
Estimated values® — — 8.37 + 1.54 8.65 + 1.56
Case effect — — +0.10 +0.05
Chamber incubation T1(°C) T2 (°C) T3 (°C) T4 (°C)
First week 8.28 + 0.45 7.89 +0.53 8.00 + 0.59 8.33 + 0.57
Second week 8.13 + 0.47 7.84 +0.52 7.96 +0.48 8.19 + 0.49
Estimated values® — — 7.87 + 0.56 8.23 + 0.46
Case effect — — +0.11 +0.04
Estimated with linear models (1) and (2).
Table 4. Temperature (mean + standard deviation, °C) mea- 17
sured with calibrated and uncalibrated SmartButtons in a small
stream over a 36-hour period (n = 6). Temperatura (media +
desviacion estandar, °C) medida con SmartButtons calibrados
y sin calibrar en un arroyo durante 36 horas (n = 6). 6.. 16 |
Mean Minimum Maximum o
temperature  temperature temperature ;’
(C) (C) (°C) 2 45 .
Uncorrected  15.16 +£0.22  14.67 £+0.26  15.58 + 0.20 g
Corrected 15.00+£0.12 1450+ 0.00 15.42+0.22 g-
- . 2 14
was similar to the resolution of the SmartButtons. — Mean
Furthermore, the protective cases did not inter- o mg‘;‘;‘u"r‘n
fere with the temperature measurements. 13

During the stream test, temperature in the
stream was fairly constant and varied between
145 and 15.5 °C (Fig. 4). The difference be-
tween the thermometers that displayed the lowest
and the highest temperature was 0.5 °C for 90 %
of the measurements (n = 355) and 1.0 °C for
10 % of the measurements (n = 355). After the
correction factors were applied, these differences
decreased to 0.0 °C for 38 % of the measure-
ments and 0.5 °C for 62 % of the measurements.
However, there were no significant differences
(paired Student’s t-test, p > 0.05) in the mean,
minimum and maximum temperatures from
the SmartButtons before and after applying the
correction factors (Table 4). After the correc-
tions were applied, the standard deviations of the

07:00 15:00 23:00 07:00 15:00
Time (hh:mm)

Figure 4. Temperatures measured with Smart Buttons (n = 6)
during incubation in a stream (mean, minimum and maximum
temperatures are shown). Correction factors have been applied
to the sensor readings. Temperaturas medidas con los Smart-
Buttons (n = 6) durante su incubacién en un arroyo (se mues-
tran la temperatura, media, minima y maxima). Se han aplicado
los factores de correccion a las lecturas de los sensores.

mean and minimum temperatures decreased,
an indication of improved repeatability; how-
ever, the difference was only significant (F
test, p < 0.001) for the minimum temperature
values. In contrast, the standard deviation of the
maximum temperature values increased after the
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calibration factors were applied, although the
difference was not significant (F test, p > 0.05).

DISCUSSION

The results of our analyses indicate that the ac-
curacy of the SmartButtons is well within the
+ 1.0 °C accuracy quoted by the manufacturer
(ACR Systems Inc., 2010). Given a similar
range of temperatures to that which we found
in small streams in our geographical area, the
sensor readings are within + 0.5 °C of the actual
water temperature 90 % of the time. Based on
this study, the mean error of the SmartButtons
falls within the + 0.1 °C of variation from the
correction factor for each 10°C range that is
considered acceptable by the World Meteorolog-
ical Organization (WMO, 2008). However, the
standard deviation of the error values indicated
that 50 to 60 % of the thermometers require
a correction factor that is outside the +0.2°C
range accepted by the World Meteorological
Organization (WMO, 2008) for meteorological
measurements. Therefore, the SmartButtons
are not suitable for regular meteorological use.
However, their low cost and small size, combined
with the ease of programming data collection
and retrieving data, makes them highly attractive
for other environmental uses. The repeatability
of the measurements taken with the SmartBut-
tons and the accuracy of the sensor readings
are significantly improved by calibrating the
sensors against a traceable reference standard.
Our observations suggest that the degree of
accuracy obtained through calibration will likely
suffice for most biological applications. In the
case that greater accuracy is required, Hubbart
et al. (2005) proposed a screening method for
discarding thermometers with relatively low ac-
curacy. For SmartButtons, this would most likely
mean discarding approximately 40 % of a batch
of new SmartButtons to use only thermometers
that do not require corrections. This information
should be taken into account when calculating
the costs of acquiring the equipment.

Although the ice bucket method is an ac-
cepted method for the calibration and screening

of thermometers (Dunham et al., 2005; Hubbart
et al., 2005), our experience suggests that it is
difficult to maintain a constant ice bath tem-
perature, and therefore, we have discarded this
method as an option for the routine calibration
of SmartButtons. In our case, shifts in the tem-
perature of the ice bath seem to have occurred
as a function of the overall temperature of the
laboratory. Using an incubator that has been
demonstrated to maintain a constant temperature
is preferred over the ice bucket method. Based
on the results of our accuracy tests, we propose
a calibration method for the SmartButtons. We
used an INFOR Multitron incubator, which has a
transparent lid that is very convenient for check-
ing the temperature of the reference thermometer
during calibration without opening the equip-
ment. Additionally, calibration against a certified
thermometer must be performed independently
of the calibration method (WMO, 2008). Per-
forming a calibration of the incubator helped to
reduce uncertainty during the calibration of the
SmartButtons (e. g., by making it easier to find
the thermostat setting for a given target tem-
perature). However, the thermostat setting, the
incubator thermometer readings and the tempera-
ture inside the incubator differed slightly even
after calibration of the incubator. A record of the re-
ference temperature during calibration and the
correction factors for each thermometer should
be kept for documenting the conversion from
field measurements to the final corrected dataset.

Our short field incubation in a stream showed
that the calibration of the SmartButtons im-
proved the repeatability of the measurements
but did not improve detection of maximum
temperatures. These results suggest that the
SmartButton might function differently when
cooling down or heating up. Similarly, Hubbart
et al. (2005) observed differences in the perfor-
mance of small button thermometers at low and
high temperatures. Temperature measurements
by semiconductor thermometers (or thermistors)
are based on the change of electrical resistance of
a measuring element (a silicon sensor in the case
of the SmartButton). The passage of electricity
through the measuring element produces heat
and self-heating of the thermometer causes the
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temperature of the instrument to become higher
than the temperature of its surroundings. This
self-heating effect is greater in small thermistors
than in large ones (WMO, 2008). The impact
of self-heating on the quality of temperature
measurements is probably negligible for most
environmental applications, but special care
should be taken if obtaining maximum stream
temperature data is important for fulfilling the
objectives of a project (e. g., determining habitat
suitability for salmonids).

Water leakage was not a problem in our lab-
oratory tests, although leakage appears to have
caused malfunctioning of loggers and data loss
with other thermistor models (Wolaver & Sharp,
2007). Coating the thermometer with plastic is
an alternative if waterproofing the thermometer
is necessary, although the coating interferes with
temperature measurements if the thermometers
are directly exposed to the sun (Roznik & Al-
ford, 2012). Before introducing the SmartButtons
into the metallic protective cases, we wrapped
each of them in a small Ziploc bag for additional
protection from dirt and for convenient handling
(e. g., the bag is easily labelled with a permanent
marker). This method can also be used with ther-
mistors that are not waterproof because the size
of the resulting package is not much bigger than
the instrument itself.

The protective case that we used provides a re-
liable way to protect the SmartButtons during in-
stream use at a cost of approximately 6 Euros per
case, which is lower than commercial metallic
cases. The effect of the case on temperature mea-
surement was negligible and was similar in mag-
nitude to the effects that have been observed for
other cases (e. g., Malard et al., 2001). However,
we observed that silt tends to accumulate inside
the case, so these cases are not suitable for tem-
perature measurements in streams that transport
large loads of fine sediment. The design of the
case and the anchoring system has been improved
through several field trials. In a recent study we
used 50 cases, of which 3 were lost due to hu-
man vandalism and one was lost due to breakage
at the anchoring point. To date, we have not lost
any sensors due to failure of the anchoring cable
or damage to the case itself.
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APPENDIX: Calibration method for the ACR SmartButtons

MATERIALS

Plastic tray filled with water

2 cm polystyrene plate

ASTM 63C thermomether with calibration bulletin (certified reference thermometer)
Incubator INFOR Multitron

PROCEDURE

1.
2.

Program the SmartButtons for data collection at 2 minute intervals.
Set-up the incubator for a reference temperature of interest.

Place the SmartButtons and the reference thermometer in the plastic tray and introduce the plastic
tray in the incubator over a 2 cm polystyrene plate. Make sure that the scale of the reference
thermometer can be read through the glass door of the incubator. Wait 2 hours for temperature
equilibration.

Check the temperature of the reference thermometer at 15 minute intervals (Tr). Collect data for 2
hours. The reference temperature should not change during this period.

Download data and calculate the mean temperature for each SmartButton for the two hours period
(Ts).

Calculate the difference between each SmartButton and the reference thermomether, D = Ts — Tr.

CORRECTION FACTORS

Correction factors are calculated as a function of D:

D>1.0 Probable malfunction (discard thermometer)
0.75<D<10 -1
025<D<0.75 -0.5

-0.25 <D <0.25 0 (no correction required)
-0.75<D<-0.25 0.5

-10<D<-075 1

D<-10 Probable malfunction (discard thermometer)
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ABSTRACT
The first record of the European catfish Silurus glanis Linnaeus, 1758 in the Guadalquivir River basin

This paper describes the first record of the European catfish Silurus glanis Linnaeus, 1758, introduced into the Guadalquivir
River basin. One individual of the species was captured in the Iznajar Reservoir (Cérdoba, Spain) in July 2011. Most likely,
the illegal introduction of the species is due to anglers that brought the fish from other Iberian river basins, where the species
has been present since 1974.

Key words: Siluridae, Guadalquivir River basin, first record, exotic fish.

RESUMEN
Primera cita del siluro europeo Silurus glanis Linnaeus, 1758 en la cuenca del rio Guadalquivir

Esta es la primera cita de siluro europeo Silurus glanis Linnaeus, 1758, introducido en la cuenca del rio Guadalquivir. Un
individuo de esta especie fue capturado en el embalse de Iznajar (Cordoba, Espafia) en julio de 2011. La introduccion ilegal
de esta especie probablemente esta causada por pescadores y procede de otras cuencas de la peninsula Ibérica donde la

especie esta presente desde 1974.

Palabras clave: Siluridae, cuenca del rio Guadalquivir, primera cita, especie exotica.

INTRODUCTION

In Spain, the presence of exotic freshwater fish
species is one of the most important negative factors
affecting the survival of the native fish species
(Clavero & Garcia-Berthou, 2005). Currently,
approximately 25 exotic fish species are naturalised
on the Iberian Peninsula (Elvira & Almodovar,
2001), and the list is still growing. Silurus glanis
(Siluridae) is native to the North, Baltic, Black,
Caspian and Aral Sea drainages but has been

introduced and translocated throughout Europe
and the Balkhash basin (Kazakhstan) (Kottelat &
Freyhoff, 2007). The species was introduced on the
Iberian Peninsula in 1974 at Mequinenza-Ribarroja
Reservoir in the Ebro River basin (Doadrio, 2002).
Later, it was introduced in a reservoir in the
Tajo River basin (Doadrio, 2002) and in the
Susqueda and Sau Reservoirs (Ter River basin)
(Carol et al., 2003). Finally, Benejam et al.
(2007) described the presence of S. glanis in La
Baells Reservoir in the Llobregat River basin.
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METHODS

The specimen was captured on July 2011 in Izna-
jar Reservoir (Cordoba), located on the Genil
River (37°16’35” N, 4°23'10” W). This is the
largest reservoir in the Guadalquivir River basin,
with 981.12 hm® of capacity and 2125.72 ha of
surface area. The individual was captured on a
fishing rod during a field survey program devel-
oped by the Regional Environmental Agency and
was identified following Kobayakawa (1989) and
Kottelat & Freyhof (2007).

RESULTS AND DISCUSSION

The specimen that was caught was scaleless, with
one pair of long maxillary barbels (145 mm) and
two pairs of shorter mental barbels (35 mm). The
fish presented one dorsal fin (I, 4), one pair of
pectoral fins (I, 14), one pair of pelvic fins (I,
11), one anal fin (I, 89) and a caudal fin (16). It
was dark in colour, with pale spots around the
ventral zone. The caudal fin was very long and
emarginated. The specimen was registered in the
Ichthyological Collection of the Zoology Depart-
ment of the University of Cordoba (Spain).

This report is the first official record of the
species in the Guadalquivir River watershed.
Nevertheless, several unofficial comments and
videos posted on the Internet suggest that S. gla-
nis has been present in the lzndjar Reservoir
since at least 2008. The Guadalquivir is the fifth
river basin on the Iberian Peninsula affected by
the presence of this species. However, S. glanis
continues its expansion due to its popularity
likely among anglers.

The captured specimen had a total length of
490 mm and a total weight of 0.877 kg. The
maximum length recorded for the species is 5 m
and the maximum weight 300 kg, but individu-
als are usually approximately 2 m in length and
weigh approximately 80 kg (Kottelat & Freyhoff,
2007). The lzndjar Reservoir fish community
consists of two native species (Luciobarbus
sclateri, Pseudochondrostoma willkommii) and
five exotic species (Alburnus alburnus, Cyprinus
carpio, Gambusia holbrooki, Lepomis gibbosus

and Micropterus salmoides). According to Copp
et al. (2009), the risk that S. glanis poses to
the native fauna includes disease transmission,
predation and the possible modification of the
food web structure. Moreover, this exotic species
could affect the water quality in the reservoirs
through its effects on the food chain (Carol,
2007). Due to its predatory feeding habits,
S. glanis is a threat to the abundance and sur-
vival of native fish and other vertebrates (i.e.,
amphibians, birds and small mammals) (Kottelat
& Freyhoff, 2007).

Because the Iberian ichthyofauna has evolved
in the absence of native piscivorous fishes, the
many endemic fish species have developed no
mechanisms to escape from the introduced pis-
civorous species. Therefore, piscivorous exotic
fishes could affect Iberian fishes more than the
fishes of other geographic areas. However, Copp
et al. (2009) suggest that S. glanis exerts trophic
pressure on native fish if human impacts are
present. The ecological impact of this introduced
species on the native fauna is still unknown, but
it is highly likely that the introduced species has
an effect on the native cyprinids of the Iberian
Peninsula (Carol et al., 2009). It has been shown
that the abundance of aquatic birds is lower in
reservoirs in which S. glanis occurs. This finding
suggests the occurrence of an ecological impact
on the community (Carol et al., 2009). More
research is required to assess the specific ecolog-
ical impacts that S. glanis could be producing in
Iberian riverine ecosystems.
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ABSTRACT
Feeding ecology of the Ruivaco Achondrostoma oligolepis, a Portuguese endemic cyprinid fish

This study assessed the feeding ecology of the ruivaco Achondrostoma oligolepis, a Portuguese endemic resident cyprinid
fish whose dietary habits are virtually unknown. Samples were taken seasonally in three medium-sized rivers representing
a gradient of temporality. The stomach contents of 97 individuals (42-126 mm total length, TL) were analysed. Although
there was no significant overall variation in diet composition between rivers, differences were found among seasons. A broad
range of food categories was identified, although a smaller subset of primarily detritus (77.6 %) and plant material (18.4 %)
constituted the base diet. Of the animal prey, Coleoptera and Diptera were the most prevalent, occurring in 13.2 % and 9.8 %
of the fish, respectively, and were consumed mainly in the spring. Based on the observed diet composition and feeding strategy,
the ruivaco could be considered a generalist, foraging on the most abundant and available prey.

Key words: Feeding strategies, native species, diet composition, seasonal variability, Portugal.

RESUMEN
Ecologia alimentaria del Ruivaco Achondrostoma oligolepis, un pez ciprinideo endémico de Portugal

Este estudio evalud la ecologia alimentaria del ruivaco (Achondrostoma oligolepis), un ciprinido endémico de Portugal
cuyos habitos alimenticios son practicamente desconocidos. Las muestras fueron recogidas estacionalmente, en tres rios
medianos representando un gradiente de temporalidad. Los contenidos estomacales de 97 individuos (42-126 mm de longitud
total, LT) fueron analizados. Aunque en general no hubo variacion significativa en la composicién de la dieta entre rios,
si se encontraron diferencias entre las estaciones. Se identifico una amplia gama de categorias de alimentos, aunque un
subconjunto méas pequefio conformé la base de la dieta, encontrandose principalmente dominada por detritus (77.6 %) y
material vegetal (18.4 %). Los coledpteros y dipteros fueron los grupos més frecuentes entre las presas animales, siendo
encontrados en el 13.2 % y el 9.8 % de los peces respectivamente, y consumidos principalmente en primavera. Con base en
la composicion de la dieta y en la representacion de la estrategia tréfica, el ruivaco puede ser considerado como generalista,
alimentandose de las presas mas abundantes y disponibles.

Palabras clave: Ecologia tréfica, Achondrostoma oligolepis, composicion de la dieta, variabilidad estacional, Portugal.
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INTRODUCTION

Examining the feeding ecology of fishes is
important for evaluating the ecological role
that these species play in a broader context and
understanding their position in the food web
structure (Allan & Castillo, 2007). Addition-
ally, assessing the diet of fishes is important
for aquatic management. The European Water
Framework Directive (European Union, 2000),
a framework to assess ecological integrity of
rivers and streams across Europe, has developed
numerous indices of biological integrity for fish.
These indices frequently include metrics for
measuring the position of individual fish in the
food chain, which consequently show significant
responses to disturbance (e. g., Pont et al., 2007).
However, while the trophic ecology of some
Iberian fish species is based on expert judgment,
there is little support from ecological data, par-
ticularly for small-sized cyprinids. There is still
a large gap in information about seasonal and
size-related feeding habits. Thus, quantifying the
diet composition of such species is extremely
important, not only to improve knowledge of
species ecology but also to obtain more accurate
estimates of indices of biological integrity.

The ruivaco Achondrostoma oligolepis
(Robalo, Doadrio, Almada & Kottelat, 2005) is
a small-sized (<150 mm TL) cyprinid endemic
to Portuguese rivers. Its distribution covers the
central and northern river basins of Portugal,
occupying a great variety of lotic systems from
cold-water and permanent streams to warm-
water and intermittent watercourses (Ferreira
et al.,, 2007a). This species normally inhabits
moderate to slow-flowing waterways with sandy
or gravel substratum and aquatic vegetation
and is generally considered tolerant to stream
degradation (Santos et al., 2004; Ferreira et
al., 2007b). It reaches sexual maturity in the
second year of life and reproduces from April to
June. There are studies that focus on the genetic
variability (Robalo et al., 2007) and spatial
distribution of this species at different spatial
scales (Ferreira et al., 2007a), but none have
addressed feeding ecology. This information
could prove extremely useful for other small

/Mondego}Basin

Figure 1. Map of the study area, showing the location of the
Arunca (1), Corvo (2) and Estordos (3) rivers. Mapa del area
de estudio, mostrando la localizacién de los rios Arunca (1),
Corvo (2) y Estoréos (3).

cyprinid species (Achondrostoma spp.), such as
the endangered Western ruivaco Achondrostoma
occidentale (Robalo, Almada, Sousa-Santos,
Moreira & Doadrio, 2005) (Robalo et al., 2008)
whose feeding habitats are poorly understood.

This study aimed to address the seasonal
feeding ecology of the ruivaco at sites with
distinct environmental characteristics in central
and northern Portugal. Specifically, the following
questions were asked: (a) What are the main
food items consumed by the ruivaco?; (b) Are
there differences in the diet composition of the
ruivaco among sites, seasons, and size-classes,
and if so, what are the most important dietary
items?; and (c) To what trophic guild could the
ruivaco be assigned?

METHODS

Study area

The ruivaco individuals were captured at three
sites in the Arunca, Corvo and Estoraos rivers
(Fig. 1). These rivers were chosen to reflect
a gradient of intermittency from seasonal to
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perennial. The Arunca is a seasonally inter-
mittent, medium-sized (length = 60 km) river
in the Mondego River basin, W Portugal. The
climate is Mediterranean pluviseasonal oceanic
with most of the rainfall (mean annual value c.
800 mm) between October and March. There is
virtually no flow in the warmest months of July
and August when large sections of river turn into
a series of unconnected temporary pools (inter-
mittent reaches sensu Gasith & Resh, 1999). The
Arunca is a shallow (mean depth = 24.7 cm),
low-gradient river with an abundance of riffle
and pool habitats and sparse aquatic vegetation.
Stream-bed materials are heterogeneous, mainly
dominated by sand, gravel and pebbles, with
silting in pool habitats. Continuous riparian veg-
etation, mainly willow Salix spp. and common
alder Alnus glutinosa gallery forest, border the
river channel. The Corvo is a medium-sized
(length = 40 km) tributary of the Mondego River
and is intermediate in its degree of desiccation
and mean annual precipitation (1100 mm). It is
relatively deep (mean depth = 62.7 cm) with a
predominantly silt-sandy substratum that lacks
well-defined pool-riffle sequences. The river
channel is bordered by semi-fragmented ripar-
ian vegetation with irrigated agriculture in the
uplands. The availability of cover for fish along
both rivers is generally high, mainly in the form
of logs, twigs, undercut banks and root masses.
Apart from the ruivaco, other species, such as the
Iberian barbel Barbus bocagei (Steidachner),
the Iberian straight-mouth nase Pseudochondros-
toma polylepis (Steindachner) and the Northern
Iberian chub Squalius carolitertii (Doadrio),
also occur in these rivers. The Estordos is a
small-sized (length = 18 km) perennial river in
the Lima River basin, NW Portugal. Climate is
temperate oceanic with relatively high run-off
due to a mean annual rainfall of 1800 mm.
It is a lowland river with well-defined riffle
sections that are interconnected with pool habi-
tats. While the riffles are abundant, the pool
habitats predominate. The substratum is mainly
composed of silt and sand with abundant riparian
and aquatic vegetation. Riparian vegetation is
continuous on both banks and consists mainly
of English oak (Quercus robur), common alder

(Alnus glutinosa), willow (Salix spp.) and poplar
(Populus spp.). There are no major pollution
sources in the river. Other fish species recorded
at the study site included the Northern Iberian
chub and the brown trout Salmo trutta (L.).

Fish sampling

Fish sampling was conducted two (Estordos
River) to three (Arunca and Corvo rivers) times
at each site during daylight hours in the spring,
the beginning of the fish spawning season and
seasonal plant growth (April 2007); the summer,
the period of minimum flow (July 2007); and the
autumn, the beginning of the wet season periods
(October 2007). No sampling was conducting
during floods in the winter because high water
levels prevented efficient sampling. At each site,
a 150 m-long reach was electrofished (DC, 200-
400 V, Hans Grassl model 1G-200) in accordance
with CEN (2003) standards, encompassing
repeating habitat types (riffles, pools). After
sampling, all the collected individuals were iden-
tified, counted and measured (TL to the nearest
mm). Most individuals were returned alive to
the river. However, whenever possible, a sample
of 15 individuals of the ruivaco that represented
the size range in each collection was retained for
diet analysis. They were euthanised immediately
with an overdose of benzocaine and transported
on ice to the laboratory. The specimens were
fixed in 4 % formaldehyde solution for 48 h and
then preserved in 70 % ethanol solution.

Diet analysis

In the laboratory, individuals were dissected
and contents of the gastrointestinal tract were
removed. Only fish whose gastrointestinal tract
was > 75 % full were selected. When available,
fish with empty guts were replaced randomly
with other individuals. Diet items were initially
identified to the lowest readily recognisable
taxon, usually family, under a dissecting micro-
scope (up to 50x magnification) or a high-power
microscope (100-400x magnification), weighted
and assigned to 14 food categories: detritus,
plant material, Diptera, Trichoptera, Coleoptera,
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Hymenoptera, Odonata, Ephemeroptera, Lep-
idoptera, Mollusca, Nematoda, zooplankton,
fish eggs and clutches, and other prey (i.e.,
unidentified macroinvertebrate remains).

Benthos Availability

To support data on the diet composition of the
ruivaco, food availability was assessed in the sa-
me fish sampling sites by sampling benthic
macroinvertebrate communities. Samples were
taken along a 50 m-long stretch in accordance
with the official Portuguese protocol for macroin-
vertebrate sampling (INAG, 2008). The sampling
area was selected to cover the greatest possible
diversity of habitats, including riffles and areas
of deposition. Type and extent of habitats were
visually estimated. Six 1 m-long sampling units
of the most representative habitats (stones, sand
and silt, boulders (> 256 mm), submerged plants
and algae) were taken using a 0.25 m x 0.25 m
handnet. The composite sample was placed in
a labelled plastic flask and fixed in situ using
4 % formaldehyde. In the laboratory, samples
were washed, sieved, sorted and identified to the
lowest recognisable taxon, usually family, by a
low-power stereo-microscope and later assigned to
order level in accordance with resource-use data
(i.e., diet analysis). Data are expressed as relative
abundance or number of each food category.

Data analysis

Three metrics for the description of stomach
contents were used to evaluate the importance of
each food category (i): frequency of occurrence
(Fi, %), prey abundance (A;, %), and prey-
specific abundance (P;, %) (Amundsen, 1995;
Amundsen et al., 1996), which were defined
according to the following equations:

F; = 100 (N; N™?) 1)
A =100(ZS; XS )
P, = 100 (ZS; = S;7%) 3)

where N; is the number of individuals with
item i in gastrointestinal contents, N is the total

number of individuals, S; is the stomach content
(weight) composed of item i, S; is the total
stomach content (weight) of all stomachs in the
entire sample, and S is the total stomach content
in only those fish with prey i in their stomach. To
test for significant differences in the abundance
(Aj) of food categories among sites, a non-
parametric Kruskal-Wallis test was employed.
When an overall significant effect was detected,
Tukey post hoc tests were then used for pairwise
comparisons. In addition, the trophic diversity
of the sampled populations was calculated ac-
cording to the Shannon-Wienner diversity index
(H" = —-Zp; - log, pi, pi-proportion of prey item i
among the total weight of preys), which provides
a relatively objective indication of niche breath
(Marshall & Elliott, 1997). Low values indicate
diets dominated by few items, which we then
define as specialists, and high values indicate
diets dominated by many items, which we define
as generalists. In the present study, diets with
values greater than 2 were considered high,
whilst values lower than 1 were considered low
(Encina et al., 2004). In order to evaluate diet
specialisation, the evenness index (E = H’
(H; 1)) was computed. Values close to 0 indicate
a stenophagous diet, whereas an index closer to
one points to a euryphagous diet. The relative
importance of each food category among sites
and seasons was also assessed by calculating
the Index of Relative Importance (IRI) (Windell,
1971), which is described by the equation:

IRI = (F; A)>® 4)

Significant differences in diet composi-
tion among seasons were investigated using a
randomisation method the ANOSIM analysis
(Clarke & Warwick, 1994). ANOSIM operates
on a resemblance matrix and is similar to a
standard univariate ANOVA but does not require
normality or homoscedasticity of data. This
method employs the R statistic to assess the exis-
tence of significant differences between the pre-
determined groups for a given factor (e.g.,
season). R ranges between —1 and +1, where
0 indicates completely random grouping. For
each season, a Similarity Percentages analysis
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(SIMPER) was performed to determine which
food categories contributed most to the differ-
ences among the seasons.

Feeding strategy was determined using
Costello’s (1990) graphical method, as modified
by Amundsen et al. (1996). These diagrams are
based on two-dimensional representation where
each point represents the frequency of occur-
rence (F;) and the prey-specific abundance (P;).
Prey importance (rare prey will be located near
the lower left corner of the graph and dominant
prey near the upper right corner) and feeding
strategy (most points at the bottom of the graph
reflect generalisation and most points at the
top reflect specialisation) can thus be evaluated
by examining the distribution of points along the
diagonals and axes of the diagram. In addition,
the relationship between feeding strategy and
between- or within-phenotype contributions to

Table 1.

the niche width is also represented. Points lo-
cated at the lower right corner represent a high
within-phenotype component, whereas points
located at the upper left corner represent a high
between-phenotype component (Amundsen et
al., 1996). Statistical analyses were carried out
with the STATISTICA (StatSoft Inc., 2000) and
PRIMER packages (Clarke & Warwick 1994).

RESULTS

Stomach contents of 97 ruivaco specimens (42-
126 mm TL) were analysed. Although the species
consumed a large spectrum of food categories,
the diet base was primarily detritus (F; = 77.6 %)
and plant material (F; = 18.4 %) (Table 1). Of
all the animal prey items recorded, Coleoptera
and Diptera were the most frequent, occurring in

Frequency of occurrence (F;, %) and abundance (A;, %) (weight) of food categories found in the stomachs of the ruivaco

in the Arunca, Corvo and Estordos rivers. Significant differences among rivers were searched by Kruskal-Wallis tests (H). The results
of a posteriori Tukey test are indicated. Rivers (A-Arunca; C-Corvo; E-Estordos) with the same lowercase letter are not significantly
different; *** P < 0.001, ns-not significant. Frecuencia de ocurrencia (F;, %) y abundancia (A;, %) (peso) de los tipos de presa
encontrados en los estdmagos de los ruivacos en los rios Arunca, Corvo y Estordos. Las diferencias estadisticas entre los rios fueron
registrados por las pruebas de Kruskal-Wallis (H). Resultados de una prueba a posteriori de Tukey se indican. Rios (A-Arunca,
C-Corvo, E-Estordos) con la misma letra minGscula no son significativamente diferentes; *** P < 0.001, ns-no significativo.

Arunca Corvo Estoréos
(N =34) (N =38) (N =25)
Food categoty Acronym Fi (%) A (%) Fi (%) Ai (%) Fi (%) Ai (%) H P Tukey test
Detritus DET 647 276 921 779 760 443 186 *** A CP E®
Plant material VEG Vegetal debris,seed, filamentous 206 272 179 91 168 111 0.7 ns
and vascular algae, macrophytes
Diptera DIP Chironomidae, Ceratopogonidae, 11.8 26.9 10.1 89 73 240 14 ns
Limoniidae, Simuliidae
Trichoptera TRI Philopotamidae, Glossosomatidae, 4.4 2.6 39 04 20 04 13 ns
Rhyacophilidae, Hydropsychidae
Coleoptera CcoL Elmidae 118 5.6 118 038 16.0 170 0.3 ns
Hemynoptera HYM Formicidae 59 04 26 00 00 00 17 ns
Odonata ODO Gomphidae, Aeshnidae 44 16 1.3 0.2 20 00 15 ns
Ephemeroptera EFE Baetidae, Heptageniidae, 49 45 79 08 13 00 36 ns
Ephemeridae
Lepidoptera LEP 00 00 26 01 00 00 16 ns
Mollusca MOL Hydrobiidae, Planorbidae 88 32 53 07 00 00 37 ns
Nematoda NEM 00 00 00 00 80 00 58 ns
Zooplankton Z00 Cladocera, Cyclopoida 00 00 39 10 00 00 31 ns
Fish eggs and clutches EGG 15 0.0 1.3 0.2 140 02 81 ns
Other prey OTH Unidentified macroinvertebrate 382 04 184 01 280 3.0 30 ns
remains
Trophic diversity (H”) 2.42 1.21 2.01
Eveness diversity (E) 0.70 0.33 0.60
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13.2 % and 9.8 % of the fish and accounting for
7.8 % and 19.9 % of the abundance (A;), respec-
tively. Trichoptera, Odonata and Ephemeroptera
were also found in the stomachs of the ruiv-
aco but were less important (A; < 3 %). Uniden-
tified macroinvertebrate remains (categorised as
“Other prey”) occurred in a fair percentage of
stomachs (F; = 28.2 %) but were consumed in
very low proportions (c. Aj = 1 %).

Overall, there was no difference in diet com-
position among rivers as shown by non-signifi-
cant spatial variation in abundance (Kruskal-Wa-
llistest, p > 0.05) in 13 out of 14 food categories
(Table 1). Only detritus was more frequently con-
sumed in the Corvo than the Arunca (Tukey test,
p < 0.001). The trophic diversity of the ruivaco
was relatively high, particularly in the Arunca
and the Estordos (H’” = 2.42 and 2.01, respec-
tively), as was its evenness index (E =0.70
and 0.60, respectively), which indicates a eu-
ryphagous diet. In the Corvo, diversity was lower
(H" = 1.21, E = 0.33) as a result of a high pro-
portion of consumed detritus (A; = 77.9 %).

Relative abundance of benthic macroinverte-
brates in the Arunca and the Corvo varied across
seasons, particularly in the case of Diptera and
Ephemeroptera, which were the most abundant
potential forms of prey available to the ruivaco in
the spring (both categories >75 %), decreasing
in following seasons (Table 2). The same groups

Table 2.

were also found to be the most abundant (55-
65 %)in the Estordos, although their availability did
not change markedly between spring and summer.
The importance of different food categories
was found to differ across seasons (Fig. 2). In the
Arunca, diet was dominated by detritus and plant
material in summer (IRl = 56.9 % and 83.1 %,
respectively) and autumn (78.3 % and 26.6 %, re-
spectively), with Mollusca consumption (35.9 %)
increasing in the latter. Conversely, animal prey
items, such as Diptera (86.3 %), Coleoptera
(26.3 %) and Ephemeroptera (21.2 %), were
mainly consumed in the spring, whereas detritus
(4.0 %) was eaten only marginally. In the Corvo,
detritus consumption was important throughout
all seasons (94.8 % in summer and 82.3 % in
autumn), although with a lower proportion was
consumed in the spring (52.7 %) when Diptera
(68.9 %) took the lead in this species’ diet.
Ephemeroptera (18.7 %) and Coleoptera (9.4 %)
were also consumed during this period. In the
Estordos, the spring diet was highly dominated
by detritus (96.3 %), with Diptera (16.2 %) and
fish eggs (5.6 %) of less importance. In the sum-
mer, detritus consumption (31.9 %) was replaced
by a more diverse diet of vegetation (42.5 %),
Coleoptera (34.6 %) and Diptera (33.1 %).
These results were confirmed by the pairwise
analysis of similarity (ANOSIM) and SIMPER
tests. These showed that differences in diet com-

Relative abundance (number) of benthic macroinvertebrates found in the Arunca, Corvo and Estordos rivers across the

different sampling seasons. Abundancia relativa (nimero) de macroinvertebrados bentdnicos que se encontraron en los rios Arunca,

Corvo y Estor&os en diferentes estaciones de muestreo.

Arunca Corvo Estoréos
Food category spring summer autumn spring summer autumn spring summer
Diptera 50.9 135 235 321 24.5 14.9 36.2 254
Trichoptera 1.8 10.6 17.3 4.9 46.4 294 6.7 7.7
Coleoptera 0.2 13.2 14.7 0.5 3.7 0.0 12.0 13.3
Hemiptera 0.2 0.0 0.3 0.0 1.8 0.6 0.0 3.2
Hemynoptera 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Odonata 0.2 0.8 5.9 0.9 1.8 46 115 39
Ephemeroptera 45.7 384 3.6 58.8 14.9 18.1 28.7 329
Lepidoptera 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.6
Megaloptera 0.0 0.9 13 0.0 1.2 5.4 16 0.0
Mollusca 1.0 22.6 32.7 0.3 2.8 16.6 0.0 0.0
Nematoda 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Plecoptera 0.0 0.0 0.7 25 2.9 10.4 33 12.0
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Figure 2. Index of relative importance (IRI) (%) presented
in a stack of the different food categories in the diet of the Summer
ruivaco Achondrostoma oligolepis. (a) Arunca River; (b) Corvo Arunca  56.3 VEG (71.2), DET (27.9)
River; (c) Estordos River. Indice de Importancia Relativa (IRI) Corvo 60.7 DET (88.7), VEG (9.8)
(%), pre§entado en fichas, de las diferentes ca}egorigs de'presas Estorios 26.7 VEG (48.4), COL (23.3), DET (18.4)
en la dieta del ruivaco Achondrostoma oligolepis. Rios (a)
Arunca; (b) Corvo; (c) Estoraos. Autumn
Arunca  43.6  DET (79.4), VEG (16.0)
position among seasons were greatest in the Corvo 533 DET (77.6), VEG (20.2)
Estordios — @ —

Arunca, particularly between spring and the re-
maining seasons (ANOSIM, R > 0.75,P < 0.01)
(Table 3). In the Estordos and the Corvo, the
degree of separation was also significant, but to a
lesser extent (R < 0.40, P < 0.01) in the latter.
In this case, only differences in diet composition
between summer and autumn were found to
be non-significant (R = 0.007, P > 0.05). The
results of the SIMPER analysis comparing food
categories consumed between seasons agree with
patterns observed in previous analyses (Table 4).

In the Arunca, average similarity in diet among
seasons ranged between 41.5% and 56.3 %,
with detritus and plant material contributing over
90 % of the similarity in summer and autumn.
On the contrary, in the spring, Diptera consump-
tion alone contributed over 60 % of the average
similarity. The results were similar for the Corvo,
with detritus and plant material both accounting
for more than 95 % of the average similarity
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Figure 3. Costello’s graphic method modified by Amundsen
(1996) for all food categories in the diet of the ruivaco in Arunca
(a), Corvo (b) and Estoréos (c) rivers. (x) Spring; (o) Summer;
(@) Autumn. Note that acronyms for rare food categories (i.e.,
located in the lower left corner) were omitted for clarity. Método
gréfico de Costello modificado por Amundsen (1996) para to-
das las categorias de presas en la dieta del ruivaco en los rios
Arunca (a), Corvo (b) y Estordos (c). (x) Primavera; (a) Ve-
rano; (o) Otofio.

(range: 44.1 %-60.7 %) in summer and autumn.
As in the Arunca, Diptera was also an impor-
tant component of diet composition during spring
with a moderate contribution of 22.1 %. In the
Estordos, the maximum contribution of a single
item was 94.5 % (detritus in the spring). This was
the only item contributing to the average simi-
larity of 71.9 %. During summer, a decrease in
the proportion of detritus (18.4 %) in the diet was

observed along with an increase in the propor-
tions of plant material (48.4 %) and Coleoptera
(23.3 %) to the average similarity (26.7 %).
Analysis of feeding strategy plots, according
to Costello’s graphical method as modified by
Amundsen, seems to indicate an overall gener-
alist feeding strategy in the three studied rivers.
Most points representing food categories are lo-
cated at the bottom of the graph (P; (%) < 40 and
5 < F; (%) < 90), thereby reflecting generaliza-
tion (Fig. 3). Nonetheless, a frequent (F; (%) > 80)
and high (P; (%) > 80) seasonal consumption
of particular food items in some rivers could de-
note temporary differentiation in diet. As shown
by previous results, detritus was the dominant
food item in the Arunca and the Corvo in sum-
mer and autumn, whereas Diptera was dominant
in spring. In the Estordos, detritus was the most
frequent and abundant food category consumed
in the spring, but both prey, including Coleoptera
and Diptera, and plant material were consumed
in greater abundance in summer. The overall ab-
sence of points located at the upper left corner
of the diagrams indicates that a high between-
phenotypic contribution was unlikely to occur.

DISCUSSION

This analysis of ruivaco feeding habits revealed a
diet composed largely of detritus and plant mate-
rial, although it also showed ingestion of a broad
range of less frequently consumed items, such as
benthic macroinvertebrates. The importance of
detritus and plant material has been highlighted
for other native Iberian species, particularly
cyprinids (Encina et al., 1999), as these materials
often represent the only available food resources
in fluctuating environments and periods of food
shortage (Magalhées, 1992; Encina et al., 2004).
This is the case with the Arunca and the Corvo,
which seasonally experience seasonal periods of
extended water scarcity and where the highest
contribution of detritus has been observed in this
species’ diet. The consumption of detritus and
plant material permits a considerable drop in the
cost of searching for food (Collares-Pereira et
al., 1996) despite the fact that their assimilation
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by fish and nutritional value are low compared
to animal items. However, with the exception
of detritus, there was no significant variation in
diet composition between rivers, although pro-
nounced seasonal variations were detected and
may denote an opportunistic behaviour involving
the use of locally abundant food resources.

The significant variation in diet composition
observed across seasons may reflect the avail-
ability of different items in the environment and
their accessibility (Greenberg et al., 1997). In the
Arunca and the Corvo, the contribution of detri-
tus and plant material to the diet of ruivaco was
highest in summer and autumn with virtually no
consumption of animal prey items. Animal prey
items, particularly Diptera and Ephemeroptera,
however, were consumed in quantity and com-
posed the main forage base in spring in both
rivers. These seasonal shifts in food consumption
are likely related to seasonal fluctuations in abun-
dance of aquatic macroinvertebrates (Ribeiro et
al., 2007). Accordingly, the relative abundance
of Diptera —an order that is of great importance
to fish because of its high caloric content and
low mobility that facilitates its capture (Easton &
Orth, 1992) — is greater in spring and decreases
by early autumn (Magalhaes, 1993). The results
in this study conform to this pattern of abundance
of benthic macroinvertebrates in the Arunca and
the Corvo in spring (> 50 %), with subsequent de-
creases by autumn (<25 %), lowering the like-
lihood of consumption by fish. During periods
of flooding, biological resources are destroyed.
The high torrential flow, lower temperature and
scarce food availability are unfavourable to fish.
At the end of winter, after living in harsh envi-
ronmental conditions, trophic resources are used
for somatic energy storage (Encina & Granado-
Lorencio, 1997a). This energy can be used later
in spring during gonad maturation and reproduc-
tion (Encina & Granado-Lorencio, 1997b). Sim-
ilar results were found for a “sister” species, A.
arcasii, in other Iberian rivers, where the im-
portance of detritus in the diet decreased when
availability of macroinvertebrate prey increased
(Lobdn-Cerviad & Rincén, 1994). This could be
a feeding strategy for fish species that inhabit
fluctuating environments. Conversely, in the Es-

tordos, the availability of the animal prey Diptera
and Coleoptera was equally abundant through-
out spring and summer, although their consump-
tion was more important in summer. It is pos-
sible that the colder and wetter climate of the
Estordos may have induced a delay in the emer-
gence of several groups of prey that have aerial
adult stages, such as Ephemeroptera and Diptera,
which preferentially occurs in the summer when
environmental conditions are more favourable.
Bonada et al. (2007) presented similar findings
when they examined biological trait differences
in benthic macroinvertebrates between Mediter-
ranean and temperate rivers. Analysis of feeding
strategy plots with food item points mainly lo-
cated at the bottom of the diagrams suggests that
the ruivaco adopts a generalist feeding strategy
in all of the studied rivers (Noble et al., 2007).
This result is consistent with other studies in
Iberia (Magalhdes, 1993; Valladolid & Przybyl-
ski, 1996) and highlights the versatility of feed-
ing habits of species that have evolved in sea-
sonally fluctuating environments. However, some
food categories, such as detritus, plant material
and Diptera, seem to contribute more to diet,
as they are positioned in the upper right corner
of the diagram. At the same time, the overall
absence of points in the upper left corner of the
diagrams suggests the absence of a high between-
phenotypic component, i.e., there was no evi-
dence that some of prey have been consumed by a
few specialised individuals. It is clear that further
studies addressing the influence of sex and si-
ze-related microhabitat use on a seasonal and
diet basis are needed to clarify and advance the
knowledge about the mechanisms that regulate
food-resource use by this species.

Taken together, results from the present study
suggest that the ruivaco is a generalist fish that
feeds opportunistically according to food avail-
ability. This plasticity allows the species to inhabit
different environments with apparently no costs
for its life history, particularly in harsh, seasonally
fluctuating rivers. The assignment of the trophic
guild to the target species, as presented in this study,
is essential not only for an improved understanding
of their feeding habits but also as a basis to assess
food habits of other small-size cyprinids (Achon-
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drostoma spp.), particularly the critically endan-
gered Western ruivaco, for which knowledge of
their trophic ecology remains poor and scarce.
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ABSTRACT
Endozoochory of seeds and invertebrates by migratory waterbirds in Oklahoma, USA

Given their abundance and migratory behavior, waterbirds have major potential for dispersing plants and invertebrates within
North America, yet their role as vectors remains poorly understood. We investigated the numbers and types of invertebrates
and seeds within freshly collected faecal samples (n = 22) of migratory dabbling ducks and shorebirds in November 2008
in two parts of Lake Texoma in southern Oklahoma. Killdeer Charadrius vociferus were transporting a higher number and
diversity of both plants and invertebrates than the green-winged teal Anas carolinensis. Ten plant taxa and six invertebrate
taxa were identified to at least genus level, although viability was not confirmed for most of these taxa. Bryozoan statoblasts
(from four species not previously recorded from Oklahoma) were especially abundant in killdeer faeces, while the ostracod
Candona simpsoni was detected as a live adult in torpor in the teal faeces. Cyperaceae and Juncaceae were the most abundant
plant families represented and Cyperus strigosus seeds germinated after extraction from killdeer faeces. This snapshot study
underlines the importance of waterbirds as vectors of passive dispersal of many organisms and the need for more research in
this discipline.

Key words: Dispersal ability, Endozoochory, Bryozoa, Plumatella, Charadrius vociferus, Anas carolinensis, Ostracoda,
Cyperaceae.

RESUMEN
Endozoocoria de semillas e invertebrados por aves acuaticas migratorias en Oklahoma, USA

Debido a su abundancia y a sus migraciones, las aves acuaticas tienen un gran potencial como dispersores de plantas
e invertebrados en el Norte de América, pero su papel como vectores apenas se ha estudiado. Se investigd la cantidad y
diversidad de invertebrados y semillas presentes en heces frescas (n = 22) de patos nadadores y limicolas recogidas en
noviembre 2008 en dos zonas del Lago Texoma en el sur de Oklahoma. El chorlitejo colirrojo Charadrius vociferus transport6
un namero y diversidad de plantas y de invertebrados mas alto que la cerceta americana Anas carolinensis. Se identificaron
diez taxones de plantas y seis de invertebrados, al menos a nivel de género, aunque para la mayoria de los taxones no se
comprobo su viabilidad. Los estatoblastos de briozoos fueron especialmente abundantes en las heces de chorlitejos, mientras
que en las heces de una cerceta se recuperé vivo un ejemplar adulto del ostrdcodo Candona simpsoni. Las familias Cyperaceae
y Juncaceae fueron las méas representadas entre las semillas recuperadas, y las semillas de Cyperus strigosus germinaron tras
extraerse de las heces. Este breve estudio subraya la importancia de las aves acuaticas como vectores de dispersion para
muchos organismos, y la necesidad de mas investigaciones en esta linea.

Palabras clave: Capacidad de dispersion, endozoocoria, Bryozoa, Plumatella, Charadrius vociferus, Anas carolinensis,
Ostracoda, Cyperaceae.
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INTRODUCTION

There is a growing appreciation of the role of wa-
terbirds as vectors for dispersal of aquatic plants
and invertebrates (Green et al., 2002; Frisch et al.,
2007; Brochet et al.,, 2009; van Leeuwen et
al., 2012) and the importance of this process for
maintaining connectivity between populations
in isolated waterbodies (Amezaga et al., 2002;
Figuerola et al., 2005). Passive dispersal via
birds is likely to play a vital role in colonization
of wetlands in response to habitat creation (e.g.
reservoirs, Havel et al., 2005), habitat restoration
(McKinstry & Anderson, 2002; Badosa et al.,
2010) or to global change (Brochet et al., 2009).
Nevertheless, there remain surprisingly few
empirical studies that quantify such dispersal
in the field. In North America, there have been
recent efforts to study the role of dabbling ducks
as vectors of seeds (Holt-Mueller & van der
Valk, 2002; Wongsriphuek et al., 2008, see also
Powers et al., 1978). Furthermore, Proctor and
coworkers (Proctor, 1964, 1968; Proctor et al.,
1967; de Vlaming & Proctor, 1968) conducted
the first detailed investigation of the capacity of
waterbirds to disperse seeds and invertebrates
that are able to survive passage through the avian
gut (endozoochory). Several crustaceans were
hatched from faeces recovered from dabbling
ducks shot in Texas (Proctor 1964). In Texas,
71 killdeer (Charadrius vociferous) were shot
at different times of the year and 27 of them
contained intact seeds in the gizzard, mainly
of Amaranthus and Polygonum. Experiments
with captive birds demonstrated that these
seeds can survive gut passage in a viable state
(deVIaming & Proctor 1968).

In this paper we present a snapshot study of
endozoochory of plants and invertebrates by dab-
bling ducks and shorebirds in Oklahoma. Our ob-
jectives were to identify as far as possible those
taxa present in an apparently viable condition in
avian faeces and to compare the potential rates
of dispersal recorded in killdeer and the green-
winged teal Anas carolinensis. These bird species
were selected on an opportunistic basis.

STUDY AREA AND METHODS

Lake Texoma is the 12" largest reservoir in the
USA by volume and was created by the con-
struction of Denison Dam in the 1940s (Sublette
1955). Fresh samples of faeces were collected
from two areas in the Lake Texoma system. On
7 November 2008, six samples were collected
from Killdeer along the lakeshore at the Cum-
berland Pool at Tishomingo National Wildlife
Refuge (TNWR, 34°11'19”N, 96°38'53”W). On
11 November, three samples from Killdeer and 11
from green-winged teal were collected from
a pond in TNWR (34°11'27”N, 96°38'57”"W)
that was adjacent to the lake and only separated
from it by a road. In addition, two samples were
collected from a mixed flock of A. carolinensis
and Mallard A. platyrhynchos on 8-9 November,
37 km to the south along the shore of Lake
Texoma (33°52’39”N, 96°48'27”0) and adja-
cent to the University of Oklahoma Biological
Station (UOBS). The size of droppings corre-
sponded to those of Mallard.

Duck faeces were collected from spots where
flocks (monospecific with the above exception)
were observed roosting out of the water. After
pinpointing flocks with a telescope, one person
remained with the telescope to guide a second
person into the correct spot to look for faeces.
Killdeer were observed feeding individually and
allowed a close approach before flushing, facili-
tating collection of fresh faeces. Any part of the
dropping in contact with soil was removed with
a penknife and discarded to avoid contamina-
tion. Droppings collected were separated by at
least 1 m. Given the numbers of birds present,
it is unlikely that any individual bird was sam-
pled more than once. Each dropping was sealed
in a plastic tube, then transported immediately to
the UOBS for processing.

Extraction of dispersed organisms

Faecal samples were stored in the dark in a
refrigerator at 2°C until sieving. Between 9 and
17 November, we washed faeces through stacked
841 um, 420 wm and 62 um sieves using distilled
water. Fresh weight for the amount of sieved
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sample was 0.43 + 0.043 g (mean + s.e., n = 11)
for teal, 0.64 + 0.13 g (n = 9) for killdeer, 3.47
+ 1.30 g (h=2) for mallard. Items retained
on the sieves were placed in sample trays and
inspected using a binocular microscope, re-
moving intact invertebrate propagules or plant
seeds that were then sorted and placed in tubes
with a mineral water. Some invertebrates or
eggs were placed in water from Lake Texoma
(previously filtered through a 25 um sieve) in
Petri dishes at room temperature and any daily
development observed.

A representative sample of the seeds extracted
were sent for identification to the National Wet-
lands Research Center (NWRC), where they
were stored moist in the refrigerator and com-
pared to images, written descriptions and a seed
collection. Seeds of all types that had a total
n > 1 were photographed using a Sony DKC-ST5
camera mounted on a Nikon SM2-2T stereo mi-
croscope and sent to Dr. Charles R. Gunn, retired
Director of the U.S. National Seed Herbarium,
who provided further identifications. Identifica-
tions were confirmed at the Seed Herbarium and
Arboretum library by Dr. Joseph H. Kirkbride,
Jr. of the U. S. National Arboretum. Seed taxa
were determined to the most detailed taxonomic
classification possible. Photographs of seeds are
available on request. In May 2010, seeds were
planted in flats of Jiffy Seed Germination Mix
and placed in a greenhouse with a maximum

Table 1.

daytime temperature of 27°C and a minimum
night time temp of 23 °C for three months.

The number of seeds or invertebrates detected
per sample and the number of taxa were com-
pared between Killdeer and green-winged teal us-
ing Mann-Whitney U tests conducted in Statis-
tica 6.0 (StatSoft, Inc. 2000).

RESULTS

Invertebrates

Killdeer faeces contained significantly more
invertebrates than teal (Mann-Whitney U test,
n =119, U = 19.5, p = 0.02) and significantly
more invertebrate taxa (U = 21.0, p = 0.03). The
most abundant organisms were the statoblasts
of colonial plumatellid bryozoans, which were
only found in killdeer (Table 1). Fourteen of the
Plumatella statoblasts were identified as follows;
four P. fungosa, eight P. reticulata and two P.
vaihiriae. In two samples, P. reticulata was
found to co-occur with either P. fungosa or P.
vaihiriae. Some Plumatella statoblasts were still
inside fragments of bryozoan colonies, showing
that they had been ingested when birds were
feeding on the colonies themselves.

The one ostracod recovered from teal was
found to be alive, even though it had been kept
in the fridge within the faeces for 6 days before

Invertebrate propagules and adults recorded in waterbird faecal samples. Listed are the number of samples with

invertebrates (WI), the total number of invertebrates (T1) and the maximum number of in any given sample (Max). Only propagules
or adults that were apparently intact are included. Propagulos y adultos de invertebrados registrados en las muestras de heces. Se
presenta el nimero de muestras con invertebrados (WI), el nimero total de invertebrados (TI) y el nimero m&ximo en una sola
muestra (Max). Se incluyen solamente los propagulos o adultos aparentemente intactos.

Invertebrate type GW Teal (n = 11) Killdeer (n = 9) Total (n = 20)
Wi TI Max WI TI Max WI TI Max
Plumatella statoblast 6 42 25 6 42 25
Cristatella statoblast 1 1 1 1 1 1
Daphnia ephippia 1 1 1 1
Ostracoda! 1 1 1 1 2 2 3 2
Other unidentified eggs
unigentinied egg 4 6 2 3 27 20 7 33 20
(3 Types)

Total 4 7 2 8 73 32 12 80 32

1 adults or subadults.
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extraction. It was first seen moving 5 h after ex-
traction and was still alive two days later, before
fixation in alcohol. This individual was later iden-
tified as Candona simpsoni (adult or subadult,
probably female, no eggs present).

General faecal contents showed that other
food items for teal included aquatic insects such
as Coleoptera larvae and gastropods. Killdeer
faeces contained aquatic Coleoptera adults and
terrestrial insects.

Plant seeds

Killdeer faeces contained significantly more
seeds than teal (U = 4.5, p = 0.0001) and sig-
nificantly more plant taxa (U = 7, p = 0.0005).
A total of 166 seeds were recovered from 13
taxa. Overall, 38 % of seeds recovered were
Cyperaceae and 43 % Juncaceae (Table 2).

Only three seeds of one type germinated when
germination runs were commenced six months
after seed extraction. Seedlings were transplanted
into 4” pots and grown until fruiting and identi-
fied as Cyperus strigosus. A voucher specimen of
this species was placed in the National Wetlands
Research Center herbarium.

Strands of filamentous algae in an apparently
healthy state (i. e. green with intact cellular struc-

Table 2.
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ture) were recorded in seven samples from teal and
four from killdeer, but were not further identified.

DISCUSSION

Despite the relatively small sample size, potential
endozoochory was demonstrated for six inverte-
brate taxa and 10 plant taxa that were identified
to at least genus level. Given the shortage of sim-
ilar studies, our results represent a significant ad-
vance in the understanding of passive dispersal of
plants and invertebrates by migratory waterbirds
in North America. However, there is some over-
lap in the seeds we recorded from killdeer fae-
ces and those recorded by de Vlaming & Proc-
tor (1968) in killdeer gizzards, which included
Eleocharis and Amaranthus. Together with many
other seed types, C. strigosus and E. palustris have
previously been reported in the gizzards of green-
winged teal in Virginia (Perry, 1981). The dis-
persal of considerable numbers of Cyperaceae and
Juncaceae seeds has been recorded in other field
studies of waterfowl faeces (Holt-Mueller & Van
der Valk, 2002; Green et al., 2008; Brochet et al.,
2010a) and appears to be a very frequent process.

Although we observed killdeer to transport
more seeds and invertebrates than teal, the oppo-

Intact seeds recorded in waterbird faecal samples. Shown are the number of samples with intact seeds (WS), total number

of seeds (TS) and maximum number in any given sample (Max). Semillas intactas registradas en las muestras de heces. Se presenta
el nimero de muestras con semillas intactas (WS), el nimero total de semillas (TS) y el nimero maximo en una sola muestra (Max).

Plant family Taxon Mallard (n = 2) GW Teal (n = 11) Killdeer (n = 9) Total (n = 22)
WS TS Max WS TS Max WS TS Max WS TS Max
Cyperaceae Eleocharis palustris 1 44 44 1 1 1 2 45 44
Cyperus strigosus 4 13 5 4 13 5
Schoenoplectus sp. 2 5 4 2 5 4
Juncaceae Juncus sp. 3 3 1 6 68 28 9 71 28
Polygonaceae Persicaria cf. persicaria 1 4 4 1 4 4
Ranunculaceae Ranunculus sp. 1 1 1 1 1 1
Amaranthaceae Amaranthus sp. 1 1 1 1 1 1
Urticaceae Parietaria cf. pensylvanica 2 7 7 2 7 6
Xyridaceae Xyris sp. 2 2 2 2 2 1
Poaceae Panicum cf. capillare 1 1 1 1 1 1
Unidentified (3 Taxa) 1 3 3 4 13 11 5 16 9
Total 2 48 44 4 7 3 9 111 34 15 166 44
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site might be found in different locations or dates,
owing to the great spatial-temporal variability to
be expected in the frequency of dispersal of differ-
ent taxa by waterbirds (e.g. Figuerola et al., 2003).
The closely related Eurasian teal A. crecca is a
major seed vector in Europe (Figuerola et al., 2002;
Brochet et al., 2009, 2010a) and diet studies in the
literature suggest that green-winged teal are often
likely to disperse large numbers of seeds and in-
vertebrate propagules such as cladoceran ephippia
(Perry, 1981; Johnson, 1995; Frisch et al., 2007).

Teal, mallards and killdeer have an exten-
sive range and make long-distance migratory
movements capable of dispersing plants and
invertebrates over hundreds of kilometres or
more (Johnson, 1995; Jackson et al., 2000;
Viana et al., 2012). Teal are only present in
the study area during the winter and migration
periods, whereas killdeer are resident and likely
to be important as vectors of dispersal between
waterbodies throughout the annual cycle.

Studies in captivity show the retention times
of seeds in the gut of killdeer (Proctor et al.,
1967; Proctor, 1968) and the Eurasian teal (Pol-
lux et al., 2005; Brochet et al., 2010b) are suf-
ficient for long-distance dispersal over hundreds
of km, when ingestion occurs prior to migratory
movements. The same applies to bryozoan sta-
toblasts and other invertebrate propagules (Cha-
ralambidou et al., 2003; Sanchez et al., 2012).

The plant taxa dispersed by birds in this
study all have broad geographical ranges across
North America spanning from Texas to Canada
(http://plants.usda.gov/). Darwin (1859) argued
that such broad ranges are likely to be largely
a consequence of the capacity to disperse via
migratory birds. All the Plumatella species
recorded are widespread in North America (T.
Wood pers. comm.).

We failed to germinate many seeds, perhaps
because of the long delay between faeces collec-
tion and the commencement of germination runs.
Previous studies show that seeds of plants closely
related to those recorded here retain high ger-
minability after passage through the gut of dabbling
ducks or shorebirds (de Vlaming & Proctor, 1968;
Sanchez et al., 2006; Wongsriphuek et al., 2008;
Brochetetal., 2010b; Figuerola et al., 2010).

The relationships between the movement
patterns of waterfowl and genetic patterns of
Daphnia and Cristatella populations across
North America suggest that gene flow mediated
by waterfowl is important for these organisms
(Figuerola et al., 2005). Owing to the presence of
external hooks, it has previously been assumed
that C. mucedo statoblasts disperse on feathers
on the outside of birds (epizoochory). However,
the recent observation of large numbers of
C. mucedo statoblasts in waterfowl gizzards
(Mouronval et al., 2007) and our observation
of a statoblast in killdeer faeces suggests that
endozoochory may be more important. Recent
studies suggest that endozoochory is much
more important for seed dispersal by dabbling
ducks than epizoochory (Brochet et al., 2010a).
However, epizoochory via waterbirds is likely to
be important for some seeds and invertebrates
(Vivian-Smith & Stiles, 1994; Figuerola &
Green, 2002; Green & Figuerola, 2005).

Killdeer appear to be particularly good vec-
tors of propagules found close to the shoreline,
both above and below the waterline. These shore-
birds do not generally feed at depths of more
than a few cm (Jackson et al., 2000) and are
likely to have ingested most of the bryozoan sta-
toblasts while feeding on colonies growing on
stones or shoreline vegetation. Bryozoans are lit-
tle known organisms likely to have been over-
looked in many studies of waterbird diet, but are
also consumed by dabbling ducks (Taylor, 1978).
Although this is the first study to confirm the en-
dozoochory of statoblasts in North America, the
presence and viability of Plumatella statoblasts
in waterfowl faeces has previously been docu-
mented in Europe and Australia (Figuerola et al.,
2004; Green et al., 2008; Brochet et al., 2010c)
and seems likely to be a cosmopolitan process.
Because little attention has been paid to freshwa-
ter bryozoans, the four species we recorded have
not previously been recorded from Oklahoma (T.
Wood pers. comm.).

The transport of torpid ostracod adults or
subadults by the closely related Eurasian teal
was also recently reported (Frisch et al., 2007)
and such transport by waterfowl seems likely to
be widespread. Proctor (1964) found a green-
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winged teal shot in Texas to be transporting
viable eggs of Cypridopsis vidua and although
the endozoochory of ostracod eggs also appears
to be a frequent process (Green et al., 2008;
Brochet et al., 2010c), the transport of live adults
has additional consequences previously overlooked
in the literature. In a manner analogous to the
endozoochory of insects that live inside plant seeds
(Hernandez, 2011), parasites and commensalists
of ostracods can also be dispersed between water
bodies within the adult ostracods found in the
avian gut. These might include, for example,
helminths that parasitize fish but use ostracods
as intermediate hosts (Marcogliese, 1995).

Our results illustrate the value of field studies
of endozoochory by waterfowl and shorebirds
and underline the importance of birds in the
metacommunity ecology of aquatic plants and
invertebrates (Amezaga et al., 2002). More
extensive studies are recommended, to identify
those organisms which are readily dispersed and
clarify which groups are likely to be dispersal
limited. Such information is useful to managers
because it would allow predictions of which
taxa will colonize new habitats via waterbirds
e.g. after wetland restoration and which can
move northwards at a sufficient rate to com-
pensate for climate change.
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ABSTRACT

Aquatic Coleoptera and Hemiptera assemblages of a Cantabrian coastal stream (North Spain): composition, seasonal
variation and environmental factors

The aquatic Coleoptera and Hemiptera assemblages have been studied in a short Cantabrian coastal stream (La Llantada,
Asturias, North Spain). We aim to know the assemblage composition and to detect the environmental factors that affected it,
considering seasonal changes (samplings in spring and autumn during two annual cycles). Most (89 %) of the identified species
(thirty-three of Coleoptera and eleven of Hemiptera) shows a high range distribution. It is remarkable the presence of some
Southern species (Hydrochus grandicollis, Dryops striatellus, Velia caprai bertrandi). Chaetarthria simillima (Coleoptera:
Hydrophilidae) is recorded for the second time in the Iberian Peninsula.

The results show a clear decrease of richness towards the mouth that seems to be related to the decrease of water quality.
Seasonal changes of assemblage composition are related to organic pollution, particularly during the months of summer
with low rainfall and greater anthropic impact. CCA shows that most species of both groups respond negatively to high
nutrient pollution, mainly total nitrogen and ammonium. A small group associated to samples with a high load of nutrients
is detected and can be considered tolerant to pollution, for instance the water beetles Hydroporus vagepictus, Stictotarsus
duodecimpustulatus, Helophorus minutus, Helophorus brevipalpis and Octhebius dilatatus.

Key words: Aquatic Hemiptera, aquatic Coleoptera, faunistics, coastal stream, seasonality, environmental variables, North
Spain.

RESUMEN

La comunidad de coledpteros y hemipteros acuaticos de un arroyo costero cantabrico (norte de Espafia): composicion,
variacion estacional e influencia de los factores ambientales

Se ha estudiado la comunidad de coledpteros y hemipteros acuaticos en un pequefio arroyo costero cantabrico (La Llantada,
Asturias). Se pretende conocer su composicion e identificar los factores ambientales que influyen en ella, teniendo en cuenta
los cambios estacionales (muestreos en primavera y otofio durante dos afios consecutivos). La mayoria (89 %) de las 33
especies de coledpteros y 11 de hemipteros identificadas muestran una amplia distribucion geografica. Pese a ello, destaca la
presencia de especies meridionales (Hydrochus grandicollis, Dryops striatellus, Velia caprai bertrandi). Se sefiala el segundo
registro ibérico de Chaetarthria simillima (Coleoptera: Hydrophilidae).

Los resultados muestran un claro gradiente de disminucion de la riqueza hacia la desembocadura del arroyo que parece
estar relacionado con el descenso de la calidad del agua. La variacién estacional de la composicion de la comunidad se
ve afectada por el efecto de la contaminacion orgénica, especialmente durante los meses de verano, cuando disminuyen
las precipitaciones y el impacto antrdpico es mayor. EI ACC muestra que la mayoria de las especies de ambos grupos
responden negativamente a elevadas concentraciones de contaminantes, principalmente nitrégeno total y amonio. Se detecta
un pequefio grupo de especies asociadas a muestras con una fuerte carga de nutrientes y que pueden considerarse tolerantes
a la contaminacion, como los coledpteros Hydroporus vagepictus, Stictotarsus duodecimpustulatus, Helophorus minutus,
Helophorus brevipalpis y Ochthebius dilatatus.

Palabras clave: Coledpteros acudticos, hemipteros acuaticos, faunistica, arroyo costero, estacionalidad, variables ambien-
tales, Norte de Espafia.
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INTRODUCCION

Las comunidades biologicas de los pequefios
arroyos costeros del norte de la Peninsula Ibé-
rica constituyen un habitat acuatico muy poco
estudiado, debido al pequefio tamafio de estos
sistemas y a la escasa variedad de sus habitats. En
particular, la costa cantabrica es una de las areas
de la Peninsula Ibérica con menor conocimien-
to de la fauna de hemipteros y especialmente
de coledpteros acuéticos, ya que con la infor-
macion actualizada por Sanchez-Ferndndez et
al. (2011) esta zona, y en general toda la costa
cantébrica, es una de las menos estudiadas a ni-
vel peninsular. A la singularidad de estos ecosis-
temas y el escaso conocimiento de estos grupos
faunisticos, hay que afiadir el incremento de la
presion humana sobre gran parte de las zonas
costeras peninsulares. El estudio de estos arroyos
ofrece la posibilidad de evaluar el efecto que
provocan los factores antropicos sobre estos
medios de aguas corrientes de pequefia entidad,
a priori mucho maés vulnerables.

El presente trabajo se engloba en un estudio
mas amplio que tiene como objetivos la valora-
cion de la calidad ambiental de una playa are-
nosa del norte de Espafia, y del arroyo que en
ella desemboca, y el andlisis de como influyen
los aportes de agua dulce en dicha playa en dos
épocas del afio: antes y después del verano (Mazé
et al. 2011). En principio, estas dos épocas pre-
sentan diferencias importantes ya que durante los
meses de verano, ademas de una menor precipi-
tacion, en la zona aumenta considerablemente la
poblacion humana debido al turismo.

En este estudio se profundiza en dos grupos
de macroinvertebrados acuaticos, los coledpteros
y los hemipteros, con identificacion a nivel de es-
pecie. Ambos son dos grupos abundantes y di-
versos (Foster, 1987; Eyre & Foster, 1989; Foster
et al., 1990; Millan et al., 2002; Carbonell et al.,
2011). Sobre todo para los coledpteros, existen
numerosos estudios que sefialan su valor como
indicadores de biodiversidad y del estado de con-
servacion de los medios acuaticos, ya que cum-
plen los criterios propuestos para ser considera-
dos como tales (Ribera & Foster, 1993; Pearson,
1994; Eyre et al., 2005; Sanchez-Fernandez et

al., 2004). El valor indicador de los coledpteros
acuaticos ha sido comprobado por diferentes au-
tores (Garcia-Criado & Fernandez-Alaez, 1995;
Garcia-Criado et al., 1999; Benetti et al., 2007;
Fernandez-Diaz et al., 2008), incluso en el anali-
sis de la contaminacion por actividades mineras
(Garcia-Criado & Fernandez-Alaez, 2001). Los
hemipteros parecen ser peores indicadores por
Ser un grupo menos rico en especies y con ma-
yores rangos de distribucion, pero también han
sido incluidos en ocasiones en este tipo de anali-
sis (Eyre & Foster, 1989; Savage, 1996; Garrido
& Munilla, 2007; Carbonell et al., 2011).

Los principales objetivos del trabajo son co-
nocer la composicién de la comunidad de co-
ledpteros y hemipteros acuticos de un pequefio
arroyo costero cantabrico, resaltar sus peculiari-
dades biogeograficas y estudiar su variacion es-
tacional. Finalmente se analiza la influencia de
determinados factores ambientales sobre la com-
posicion de esta comunidad y los cambios esta-
cionales que suceden en ella, cambios en los que
pueden influir los impactos causados por las ac-
tividades humanas.

AREA DE ESTUDIO

El estudio se realiz6 en el arroyo de La Llan-
tada (Asturias, norte de Espafia). Se trata de un
pequefio arroyo costero de menos de cuatro Ki-
I6metros de longitud situado en el concejo de
Gozon. El arroyo discurre en direccion sur-norte
entre praderias cantabricas hasta desembocar en
la playa de Bafiugues (Fig. 1), muy frecuentada
por turistas especialmente en verano. El interés del
area de estudio queda reflejado en su inclusion en
el Paisaje Protegido de Cabo de Pefias (Decreto
80/95 de 12 de mayo de la Consejeria de Medio
Ambiente y Urbanismo del Principado de Astu-
rias) y en la Red Natura 2000 como LIC Cabo
de Busto-Luanco (ES0000318). La zona tiene un
clima atlantico himedo, con temperaturas suaves
(media anual de 13 °C). La precipitacion media
en verano (de junio a septiembre) es de 65.2 mm
(+ 11.6), y 107.8 mm (= 16.4) durante el resto
del afio (datos obtenidos de los registros de pre-
cipitacion entre 1971y 2001 en el aeropuerto de
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Ranon, proximo al &rea de estudio). Los dos afios
del periodo de muestreo (2004 y 2005) fueron re-
lativamente secos durante el verano, la precipi-
tacion media fue de un poco mas de 30 mm. En
primavera de 2005 esta no excedié de 80 mmy fue
considerablemente mas baja en 2006, con 46 mm.

A priori la calidad del agua en el tramo méas
bajo del arroyo se ve afectada por el mal funcio-
namiento de la estacion depuradora de aguas re-
siduales, que esta situada cerca de su desemboca-
dura, especialmente durante los meses de verano,
cuando el volumen de evacuacion se incrementa.

Las tres estaciones de muestreo (R1, R2y R3)
estan localizadas entre 43°37’10” y 43°37'43" la-
titud Norte, 5°48'31” y 5°48’54” longitud Oeste
(Fig. 1). R1 y R2 estén situadas aguas arriba de

la estacion depuradora que recoge el agua del co-
lector del nucleo habitado y R3 est4 inmediata-
mente aguas abajo. La pendiente del tramo es-
tudiado es suave, de 1.3% desde R1 a R3. La
proximidad de la fuente de contaminacién a la
playa donde desemboca el arroyo no permitio
colocar més lejos la estacion R3. Se describen
a continuacion las principales caracteristicas de
las estaciones de muestreo:

¢ R1:estacion de cabecera situada a 1.5 km de su
desembocadura en la playa, a 20 m de altitud.
Es una zona rodeada de prados, con orillas bien
conservadas, dominada por arboles de ribera:
Corylus avellanay Salix spp. Existen varios tipos
de flujo ya que se alternan zonas de corriente,
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Figura 1. Localizacion del &rea de estudio: arroyo de La Llantada (Asturias, norte de Espafia) y de las estaciones de muestreo.
Location of the study area: La Llantada stream (Asturias, North Spain) and samplings sites.
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tablas y pozas, estas Ultimas poco profundas.
El principal componente del sustrato son las
gravas y el limo. Litolégicamente, el sustrato
es una mezcla de suelos siliceos y calcareos.

e R2:situada a 250 m de R1, aguas arriba de
la estacion depuradora, a 8 m de altitud. El
tipo de flujo es intermedio entre R1 y R3. La
vegetacion de ribera es mas escasa y la mayor
parte de la superficie del agua esta cubierta por
vegetacion emergente (Typha, Phragmites) y el
sustrato es similar al de R1. Litolégicamente es
una zona donde dominan los depdsitos calcareos.

* R3: sesitia a 100 m de la desembocadura en el
mar y aguas abajo de la depuradora. La vegeta-
cion de ribera esta casi exclusivamente repre-
sentada por Alnus glutinosa. No existen zonas
de corriente y abundan las pozas mas o0 menos
profundas. Aqui el cauce es mas ancho que en
las otras estaciones y el sustrato es fangoso. Li-
tologicamente es una zona de depositos litorales.

METODOLOGIA

Muestreo

El muestreo se llevé a cabo durante dos ciclos
anuales. Se visitaron las estaciones de muestreo

Tabla 1.

Miguélez et al.

a principios del otofio (mediados de septiembre
de 2004 y 2005) y al final de la primavera (fi-
nales de mayo de 2005 y 2006), mencionados
en este articulo como otofio y primavera, respec-
tivamente. Mayo y septiembre son a priori los
momentos mé&s adecuados para detectar cambios
en la dindmica de la contaminacion del arroyo,
con el periodo de vacaciones entre ambos, que
es cuando la presion antrépica se incrementa en
la zona. También hay una menor precipitacion
durante el periodo estival.

En cada muestreo se midieron las variables fi-
sicoquimicas y microbioldgicas del agua que fi-
guran en la Tabla 1 y se utilizé la metodologia
recogida en el estudio de Mazé et al. (2011). Los
coledpteros y hemipteros acuéticos fueron reco-
gidos mediante una manga pentagonal de ento-
mologia acuética de 250 um de luz de malla. La
red fue colocada sobre el sustrato del arroyo y
con la boca hacia la corriente, de forma que cuan-
do las piedras, el limo y la vegetacion eran re-
movidos y “lavados” los invertebrados eran cap-
turados dentro, incluidos los coledpteros y los
hemipteros. Ademas, un colador de malla fina
sirvid para capturar los ejemplares que flotaban
al remover el sustrato y la vegetacién asociada
a las orillas. En cada estacion de muestreo fue-
ron prospectados los diferentes hébitats del arro-
yo durante un tiempo suficiente en el que mas
barridos no aportaban nuevas especies a la esta-

Media + desviacion estdndar de las variables medidas en las tres estaciones de muestreo. Se muestran los valores promedio

por época del afio y por estacion. Average + standard error of the variables measured at the three sampling sites. Average values per

season and per site are shown.

Otofio (n = 6) Primavera (n = 6) R1(n=4) R2 (n = 4) R3 (n=4)

Temperatura agua (°C) 16.1+1.1 158+ 15 158+ 15 16.0+1.3 16.1+1.2
Conductividad (uS/cm) 850 + 21 730 + 48 772 + 83 794 + 72 806 + 79
Oxigeno disuelto (mg/l) 46+13 6.8+21 6.4+15 59+21 48+ 26
pH 7.8+0.3 7.7+05 78+04 7.7+05 7.7+04

Potencial redox (mV) 1209 £ 55.1 128.3 + 47.0 86.2 + 56.2 151.6 +43.8 1359 +24.7

Coliformes fecales (ufc/200ml)  2-10%+2-10%  40-10%+70-108 3.103+4-10° 5.108+90-10°% 10-10% +20-10°

DBOs (mg Oy/l) 0.8+0.8 125+5.6 40+3.6 7.8+9.0 8.3+9.0
DQO (mg O,/1) 28.8 +11.7 145.1 + 93.4 97.5 +109.3 943 +118.9 69.0 + 39.3

SST (mg/l) 19.8 + 8.5 47.7 +45.0 35.2 +37.7 35.1+354 30.9 +39.6
SSV (mg/l) 18.7+7.38 27+30 10.9 + 10.6 13.7+£126 7.6 +8.6
Nitrégeno total (mg N/I) 16+21 50+29 19+17 38+4.0 42+32
Amonio (mg N/I) 0.2+0.3 17+26 01+01 15+23 14+26
Nitrégeno orgéanico (mg N/I) 14+23 32+10 18+18 23+20 28+24
Fosforo total (mg/l) 0.0+0.0 19+19 06+11 1.0+15 12+23
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cion. Este método de muestreo semicuantitativo
es uno de los mas usados en este tipo de estudios
en la Peninsula Ibérica (Alba-Tercedor & Pujan-
te, 2000; Sanchez-Fernandez et al., 2004).

Analisis de datos

La riqueza se refiere al nimero de especies de
coledpteros y hemipteros acuaticos capturados en
cada muestreo. No se ha hecho ningun tipo de
correccion debido a que el esfuerzo de muestreo
fue el mismo en todas las ocasiones.

Para las especies de coledpteros acuaticos se
utilizaron las categorias biogeograficas propues-
tas por Ribera et al. (1998), junto con las modi-
ficaciones de Fery & Fresneda (2007). Para los
hemipteros acuaticos fueron usadas las categorias
biogeograficas propuestas por Nieser et al. (1994).

En cuanto a los datos fisicoquimicos, se calcu-
laron los valores medios de las variables fisicas,
quimicas y microbioldgicas del agua en las tres
estaciones de muestreo y en las dos épocas del
afio estudiadas. También se ha realizado un ané-
lisis de varianza de dos factores para determinar
si hay diferencias entre estaciones de muestreo y
entre épocas del afio, y si existe interaccion entre
ellas, usando para ello las comparaciones post-
hoc con el test de Tukey. La normalidad de los da-
tos se analizé utilizando el test de Kolmogorov-
Smirnov, usando una transformacién logaritmica
(x + 1) para los parametros que no presentaban
una distribucion normal, cumpliendo todos ellos
la homocedasticidad requerida. Para el analisis de
correlacion de estas variables fisicoquimicas se
us6 una correlacion de Pearson. Estos analisis
se realizaron utilizando el programa SPSS 15.0.

Se ha utilizado el indice de afinidad de Sgren-
sen para comparar la similitud de la composicion
de las comunidades entre estaciones y épocas de
muestreo (12 muestras). Con la matriz de simi-
laridad se agruparon las comunidades mediante
el método U.P.G.M.A. (unweighted pair-groups
method using arithmetic averages), graficamen-
te representado por un dendrograma. El progra-
ma usado fue Community Analysis Package 3.0.
Se utiliz6 un Analisis de Correspondencias Can6-
nicas (ACC) para estudiar las relaciones entre la
composicion de la comunidad y los factores am-

bientales (Ter Braak & Van Tongeren, 1995). El
ACC permite identificar los factores ambientales
que mas influyen en la comunidad de coledpteros
y hemipteros acuéticos. Para comprobar que las
variables estudiadas influyen en la ordenacion de
las muestras y especies, se realiz6 previamente
un Analisis de Correspondencias sin tendencias
(ACD) sin variables ambientales, del que se ob-
tuvo una ordenacion en el gréfico similar al ACD,
lo que pone de manifiesto que son las variables
ambientales las que condicionan la composicion
de la comunidad. La significacion estadistica de
la ordenacion de los ejes 1 y 2 fue determinada
usando el test de Monte Carlo. Se llev6 a cabo
con el programa CANOCO 4.5 y para el ana-
lisis se utiliz6 el valor total de la abundancia y
los mismos valores de las variables ambientales
gue para el ANOVA. Para evitar la distorsion que
pudieran producir las especies raras, se han ex-
cluido del andlisis aquellas representadas por un
solo individuo (Garrido & Munilla, 2007; Fer-
nandez-Diaz et al., 2008).

RESULTADQOS

Variables ambientales

En la Tabla 1 se muestran los valores medios
de las variables fisicoquimicas y microbiol6gicas
analizadas en primavera y otofio y en las tres es-
taciones de muestreo. En cuanto a la época del
afio, existen diferencias aparentes en varias va-
riables: conductividad, sélidos en suspension vo-
latiles (SSV), nitrégeno total y los parametros re-
lacionados con el oxigeno (OD, DBOs y DQO).
Otras como la temperatura y el pH presentan va-
lores muy homogéneos en las dos épocas del afio.
A nivel espacial, algunas de las variables anali-
zadas se comportan de manera similar a lo largo
del eje longitudinal del arroyo; es el caso de la
temperatura y el pH. Tampoco varian los valores
SST, SSV vy potencial redox. En cambio parece
existir un incremento de las concentraciones de
los principales indicadores de contaminacion ha-
cia la desembocadura: conductividad, nitrégeno
total, idbn amonio, nitrégeno organico, fosforo to-
tal y coliformes fecales. Al mismo tiempo se pro-



52 Miguélez et al.

duce un descenso en la concentracion de oxigeno
disuelto y de otros pardmetros relacionados con
éste (DBOs y DQO).

El analisis ANOVA de dos vias (Tabla 2) solo
muestra diferencias significativas entre las épo-
cas del afio para dos variables, conductividad y
SSV; otras tres variables presentan diferencias
cercanas a la significacion (p < 0.1): nitrégeno
total, oxigeno disuelto y fdsforo total. Entre las
estaciones de muestreo, solo la variable DBOs
presenta diferencias significativas, ya que la esta-
cion R3 es significativamente diferente a las otras
dos estaciones segun el test de Tukey (p < 0.05).

Composicién de la comunidad

Se han estudiado un total de 710 ejemplares adul-
tos, 552 de coledpteros y 158 de hemipteros. Se
han identificado 33 especies de Coleoptera y 11
especies de Hemiptera, que se relacionan en la
Tabla 3. Para cada especie se indica el nime-
ro de ejemplares capturado y el tipo biogeogra-
fico, siguiendo las categorias que se indican en
la metodologia. Con un asterisco (*) se sefialan
las nuevas citas para Asturias, gue corresponden
a 12 especies de coledpteros y a una de hemip-
teros (Velia caprai bertrandi). Las especies mas
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Figura 2. Riqueza total de especies en las tres estaciones
de muestreo para cada época del afio estudiada. Total species
richness in the three sampling sites for each studied season.

abundantes fueron Graptodytes varius, Ochthe-
bius dilatatus y Helophorus brevipalpis entre los
coledpteros y Sigara venusta entre los hemipte-
ros. Destaca la presencia de 12 especies (30 %)
que se podrian calificar de “raras” ya que solo se
ha capturado un ejemplar de cada una, a pesar de
que se han llevado a cabo cuatro muestreos inten-
sivos a lo largo de dos afios.

Existe un claro gradiente de disminucion de la
rigueza entre la cabecera del arroyo y su desem-
bocadura (Fig. 2). Esta reduccion es mas acen-
tuada en los hemipteros, donde se pasa de 10 es-

Tabla 2. Comparaciones entre épocas del afio y estaciones de muestreo analizadas mediante un ANOVA de dos vias (se presentan
los valores de F y p). Las diferencias significativas (p < 0.05) se sefialan en negrita. Comparisons among seasons and sampling
sites were analysed by two-way ANOVA (F and p values are given). Significant differences (p < 0.05) are in bold.

Epocas del afio

Estaciones de muestreo

F p F p
Temperatura agua 0.14 0.724 0.06 0.944
Conductividad 21.62 0.004 0.61 0.575
Oxigeno disuelto 4.46 0.079 1.15 0.379
pH 0.32 0.594 0.17 0.846
Potencial redox 0.01 0.945 1.20 0.364
Coliformes fecales 0.15 0.710 2.21 0.191
DBOs 1.91 0.216 20.47 0.002
DQO 0.09 0.770 2.02 0.214
SST 1.35 0.289 0.01 0.986
SSV 16.45 0.007 0.43 0.668
Nitrégeno total 4.08 0.090 0.73 0.520
Amonio 1.14 0.327 0.60 0.580
Nitrégeno organico 2.76 0.148 0.30 0.753
Fésforo total 3.94 0.094 0.14 0.871
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pecies en R1 a solo 3 en R3, que en los coledpte-
ros, donde se pasa de 23 en R1a 17 en R3.

La relacién entre el numero de especies de
coledpteros y de hemipteros en el conjunto del
arroyo objeto de estudio es de 3:1. Sin embargo,
esta relacion tiene un gradiente ascendente desde
la cabecera hacia la desembocadura; asi, en R1 la
relacion es de 2.3:1, en R2 se incrementa y es de

3.8:1, y, finalmente, en R3 el nimero de coledp-
teros respecto al de hemipteros es de 5.7:1.

Composicién biogeogréafica

En la tabla 3 se muestra la asignacion de cada es-
pecie a su correspondiente corotipo. La compo-
sicion biogeogréfica muestra un claro predomi-

Tabla 3. Abundancia y tipo biogeogréafico de las especies de coledpteros y hemipteros acuaticos capturadas en el arroyo de La
Llantada. El asterisco indica las nuevas citas para Asturias. T = especie transibérica, N = especie iberoeuropea, S = especie iberoafri-
cana, E = especie endémica. Abundance and biogeographical categories of the aquatic Coleopteran and Hemipteran species captured
in La Llantada stream. With asterisk the new records for Asturias. T = Trans-lberian species, N = Northern species, S = Southern

species, E = Iberian endemic species.

8 5]
-E 2% .E 8%
Z8 F35 Z8 Fo
COLEOPTERA Hydrophilidae (cont.)
Gyrinidae Coelostoma (Coelostoma) orbiculare (Fabricius) 1 N
Gyrinus urinator Illigers 14 T Hydraenidae
Haliplidae Hydraena testacea Curtis * 2 T
Haliplus lineatocollis (Marsham) 17 T Octhebius (Asiobates) dilatatus Stephens 81 T
Noteridae Octhebius (Asiobates) minimus (Fabricius) 1 N
Noterus laevis Sturm 1 T Elmidae
Dytiscidae Elmis aenea (Muller) 12 N
Laccophilus hyalinus (De Geer) 18 T Limnius perrisi carinatus (Pérez-Arcas) 1 E
Hydroporus discretus (Fairmaire & Brisout) 1 T Limnius volckmari (Panzer) 4 N
Hydroporus tesellatus Drapiez 1 T Dryopidae
Hydroporus vagepictus Fairmaire & Laboulbéne 6 E Dryops luridus (Erichson) 4 T
Graptodytes flavipes (Olivier) T Dryops striatellus (Fairmaire & Brisout)s 5 T
Graptodytes ignotus (Mulsant) * 15 T
Graptodytes varius (Aubgé) * 150 T HEMIPTERA
Stictonectes epipleuricus (Seidlitz) 23 E Hydrometridae
Stictotarsus duodecimpustulatus (Fabricius) 15 T Hydrometra stagnorum (Linnaeus) 5 T
Agabus bipustulatus (Linnaeus) 1 T Veliidae
Agabus brunneus (Fabricius) 1 T Velia (Plesiovelia) caprai bertrandi Tamaninis 4 E
Hydrochidae Geriidae
Hydrochus grandicollis Kiesenweter * 4 T Aquarius najas (De Geer) 20 T
Helophoridae Gerris (Gerris) lacustris (Linnaeus) 1 T
Helophorus (Atractelophorus) brevipalpis Bedel 47 N Corixidae
Helophorus (Rhopalhelophorus) minutus Fabricius = 10 N Corixa panzeri Fieber 1 N
Helophorus (Rhopalhelophorus) obscurus Mulsant 38 N Hesperocorixa sahlbergi (Fieber) 7 T
Hydrophilidae Sigara (Pseudovermicorixa) nigrolineata (Fieber) 2 N
Chaetarthria simillima Vorst & Cuppen 2 N Sigara (Retrocorixa) venusta (Douglas & Scout) 104 N
Anacaena (Anacaena) bipustulata (Marsham) * T Nepidae
Anacaena (Anacaena) lutescens (Stephens) * 39 T Nepa cinerea (Linnaeus) 1 T
Laccobius (Dimorpholaccobius) bipunctatus (Fabricius) 11 T Notonectidae
Laccobius (Dimorpholaccobius) ytenensis Sharp 12 T Notonecta maculata Fabricius 12 T
Helochares (Helochares) lividus (Forster) * 4 T Notonecta meridionalis Poisson 1 S
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Figura 3. Analisis de afinidad mediante el indice cualitativo
de Sgrensen entre las muestras estudiadas. Qualitative Sgrensen
index affinity between samples.

nio de especies de amplia distribucion, sobre todo
transibéricas (64 %), seguidas por los elementos
iberoeuropeos (25 %) y una representacion muy
reducida de elementos de distribucion mas res-
tringida: una especie iberoafricana (2 %) y cua-
tro endémicas (9%). Por 6rdenes, los coledpte-
ros presentan un 67 % de especies transibéricas
y un 24 % de iberoeuropeas, porcentajes muy si-
milares a los de hemipteros (55 % de elementos
transibéricos y 27 % de iberoeuropeos). Por ulti-
mo, los elementos iberoafricanos representan el
9% de los hemipteros, y las especies endémicas
el 9% en ambos drdenes.

Llama la atencion la presencia de espe-
cies consideradas meridionales como Hydrochus
grandicollis, Dryops striatellus o \elia caprai
bertrandi, el Unico endemismo ibérico de he-
miptero capturado en el arroyo. Los coledpteros
endémicos son Hydroporus vagepictus, Sticto-
nectes epipleuricus y Limnius perrisi carinatus.

Variacion espacial y temporal

El nimero total de especies capturadas es lige-
ramente superior en primavera que en otofio, 33
especies en primavera frente a 28 en otofio. Si di-
ferenciamos por Ordenes, se observa una mayor
riqueza de coledpteros en primavera (25 especies
frente a 18) y una mayor riqueza de hemipteros
en otofio (10 especies frente a 8).

En el analisis de afinidad mediante el indice
de Sgrensen (Fig. 3) se pueden reconocer varios
grupos de muestras con composiciones taxono-

micas afines. En primer lugar, queda claramente
delimitado un grupo con todas las muestras de la
localidad R1. También se observa como las mues-
tras de primavera de R2 y R3 constituyen otro
grupo, mientras que las muestras de otofio de R2
forman un pequefio grupo mas afinal grupo de R1y
que juntos constituyen un gran grupo. Las muestras
de R3 en otofio difieren claramente de las restantes.

Influencia de los factores ambientales

Los dos primeros ejes del ACC explican el
45.3 % de la varianza acumulada en los datos de
las especies y el 66.3 % de la varianza acumulada
en la relacién especies-variables ambientales. El
test de Monte Carlo indica que solo el primero
de los dos ejes fue significativo (F = 1.736,
p = 0.049). Las variables correlacionados po-
sitivamente con el eje 1 son las tres formas del
nitrégeno analizadas, con una r entre 0.86 y
0.71 y también el fosforo total (r = 0.58). Entre
ellas destaca el nitrégeno total, que presenta
l6gicamente una alta correlacion positiva con
el amonio (r = 0.78, p < 0.05) y el nitrégeno
orgénico (r = 0.78, p < 0.05). En el otro extremo
del eje hay dos variables correlacionadas nega-
tivamente con el eje 1, los SSV (r = -0.75) y
la conductividad (r = —0.56). La conductividad
presenta una elevada correlacion positiva con
SSV (r = 0.83, p < 0.05). Asimismo la conduc-
tividad tiene una elevada correlacién negativa
con el oxigeno disuelto (r = —0.82, p < 0.05).
Por otro lado, el eje 2 tiene dos variables corre-
lacionadas negativamente, los SST (r = —0.59) y
el oxigeno disuelto (r = —0.55).

El eje 1 discrimina las muestras de primavera
hacia la parte positiva 0 muy cerca de esta, mien-
tras que todas las muestras de otofio se encuen-
tran en la parte negativa del grafico (Fig. 4). En
el extremo positivo del primer eje aparecen las
muestras con una mayor concentracion de nitrd-
geno (en diversas formas) y que condicionan la
composicién de la comunidad.

Existe un pequefio grupo de ocho especies
de coledpteros asociadas al extremo positivo
del primer eje y caracterizadas por proceder de
muestras con una fuerte carga de nutrientes: Och-
thebius dilatatus, Helophorus obscurus, Anacae-
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na lutescens, Helophorus brevipalpis, Hydropo-
rus vagepictus, Stictonectes duodecimpustulatus,
Hydrochus grandicollis y Helophorus minutus.
Por el contrario, la mayoria de las especies
responden negativamente a altas concentraciones
de nitrégeno, amonio, nitrégeno orgénico y fos-
foro total. Especies como Graptodytes ignotus,
Helochares lividus, Dryops striatellus, Grap-
todytes varius o el hemiptero Sigara nigrolineata
se localizan en la parte del eje asociada a una
menor presencia de nutrientes indicadores de
contaminacion. En el segundo eje aparece una
relacién con el oxigeno disuelto y los SST, que
agrupa principalmente a las especies Laccobius

bipunctatus, Anacaena bipustulata, Velia caprai
bertrandi o Hydrometra stagnorum. Al mismo
tiempo se asocia con este eje la muestra R2pr05.
Ninguna especie se asocia claramente con bajas
concentraciones de oxigeno disuelto, si bien las
dos muestras de otofio de R3 y una muestra de
R2 aparecen en el extremo opuesto, asociadas a
valores bajos de oxigeno.

DISCUSION

El &rea de estudio se localiza en una zona pa-
ra la que algunos autores (Sanchez-Fernandez et
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Figura 4. Resultado del Anélisis de Correspondencias Canonicas (ACC) de las especies de coledpteros y hemipteros acuaticos
respecto a los factores ambientales. Las flechas representan las variables fisicoquimicas, los circulos los muestreos y los tridngulos
las especies. Results of the Canonical Correspondence Analysis (CCA) of the Coleopteran and Hemipteran species with regard to
environmental factors. Arrows represent the physicochemical parameters, circles the sampling campaigns, and triangles the species.
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al., 2011) predicen una baja riqueza de coledpte-
ros acuaticos a nivel peninsular. Sin embargo, te-
niendo en cuenta lo reducido del area de estudio
(un Unico arroyo de pequefias dimensiones con
tres estaciones de muestreo) el nimero de espe-
cies inventariadas es notable. También hay que
tener en cuenta que por sus caracteristicas (bajo
caudal, velocidad de la corriente escasa y sustra-
to preferentemente limoso) este arroyo carece de
la mayoria de las especies de fauna re6fila tipicas
de arroyos de montafia (especialmente especies de
las familias Hydraenidae y EImidae). Buena par-
te de la composicion faunistica del arroyo estu-
diado es tipica de medios de aguas estancadas.

La mayoria de los estudios realizados en As-
turias se han llevado a cabo en zonas de monta-
fia de la Cordillera Cantabrica y Picos de Euro-
pa (S&nchez-Fernandez et al., 2011); en cambio,
los estudios en zonas costeras son escasos y en la
mayoria de los casos antiguos. Asi, no sorpren-
de que el nimero de nuevas especies citadas pa-
ra Asturias sea de 13 (Tabla 3), todas menos una
corresponden a especies de coledpteros. La exis-
tencia de un inventario y catalogo de hemipteros
acuaticos de la provincia de Asturias (Fernandez
Bernaldo de Quirds, 1985) explica en gran medi-
da el mejor conocimiento de este grupo respecto
al de los coledpteros.

Tres citas de especies de coledpteros son apor-
taciones faunisticas de interés a nivel de la Penin-
sula Ibérica. Chaetarthria simillima es una es-
pecie descrita recientemente que se distribuye
por el centro y oeste de Europa, incluidas las
Islas Britanicas (Bratton, 2009). Hasta la actua-
lidad solo existia un registro ibérico de esta espe-
cie en el norte de la provincia de Le6n (Vorst &
Cuppen, 2003). Hydrochus grandicollis se distri-
buye mayoritariamente por el sur peninsular (Va-
lladares & Ribera, 1999), y en algunas locali-
dades de la Meseta Norte (Valladares & Migué-
lez, 2004; Valladares et al., 2000); su presencia
en la costa cantabrica es pues destacable y pare-
ce indicar un &rea de distribucién més amplia en
zonas con caracteristicas ambientales favorables.
Dryops striatellus cuenta con muy escasas, y en
general antiguas, citas ibéricas limitadas al area
mediterranea, ya que esta citada en las provin-
cias de Badajoz, Girona, Huelva y sur de Portugal

(Montes & Soler, 1986; Ribera & Aguilera, 1996;
Millén et al., 2005). La presencia en Asturias de
Ochthebius dilatatus y O. minimus también se se-
fald con el material de este estudio, pero estas ci-
tas han sido publicadas previamente (Valladares
& Delgado, 2007). Destaca en este caso la singu-
laridad del héabitat en que se ha localizado Och-
thebius minimus, ya que se trata de una especie
caracteristica de charcas y humedales de meseta
del centro peninsular, que aqui se ha capturado
en un arroyo de la costa cantabrica.

En el arroyo de La Llantada conviven dos
poblaciones de especies muy préximas, Grap-
todytes varius y G. ignotus, donde se han encon-
trado varios ejemplares con caracteristicas inter-
medias, tres en R1 y dos en R2, los cuales no
pueden ser atribuidos a una u otra especie con
certeza. Estos ejemplares o bien son el resultado
de una hibridacion entre ambas especies 0 bien
un complejo de formas polimorficas de la misma
especie (Ribera et al., 1998).

La situacion geogréfica del area estudiada, su
caracter no montafioso y su condicién de medio
de escasa corriente aportan una menor represen-
tacién de elementos endémicos (Ribera & Vogler,
2000), y permiten explicar esta composicion co-
rolégica. La endemicidad del 9% en los coleop-
teros es baja frente al 22 % a nivel peninsular. El
Gnico hemiptero endémico de la zona (9% del
total) indica un nivel de endemismo normal para
este grupo en el contexto peninsular (10 %).

No se cumple aqui la regla sefialada por algu-
nos autores (Millan et al., 2001) que observan un
incremento en el nimero de especies de hemip-
teros en relacion con el de coledpteros a medi-
da que los medios estan mas contaminados. En el
arroyo de La Llantada sucede lo contrario, la rela-
cion entre el nimero de coledpteros y hemipteros
aumenta a lo largo del eje longitudinal del arroyo,
el cual sufre un fuerte descenso en la calidad de
sus aguas a medida que se acerca a su desembo-
cadura, y que queda manifiesto en la disminucion
de los valores en los indices IBMWP e IASPT, en
el nimero de familias y en la diversidad (Mazé et
al., 2011). Las diferencias de riqueza totales en-
tre las tres estaciones muestreadas, y para ambos
grupos, parecen seguir un patrén relacionado con
el descenso de la calidad del agua.
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La separacion de las muestras de otofio de R3
gue refleja el indice de Sgrensen se debe, pro-
bablemente, a la mayor contaminacién organi-
ca en este tramo, a la que se suma la influencia
de la estacionalidad. La menor presidn antrdpi-
ca y la mayor precipitacion en primavera expli-
carian la agrupacion en el dendrograma de las
muestras de R3pr con las muestras de R2pr. La
estacion R1, en la cabecera, queda bien delimi-
tada en este analisis, con una comunidad faunis-
tica con menores impactos y menos influenciada
por la estacionalidad. En general, las diferencias
en la composicién de la comunidad son mas evi-
dentes en las muestras de otofio, y especialmente
en R3, mientras que las diferencias en primavera
son menos evidentes.

La calidad del agua en el arroyo La Llantada
esta afectada por la contaminacion de las activi-
dades humanas, en especial durante los meses de
verano, cuando disminuyen las precipitaciones y
la incidencia del turismo es mayor. Los valores
de temperatura del agua son homogéneos en las
tres estaciones a causa de la climatologia de la
zona de estudio y la corta longitud del arroyo.
El pH ligeramente basico podria ser debido a la
disolucion de materiales calcareos del arroyo,
ya que es homogéneo en las épocas y estacio-
nes muestreadas. Sin embargo, el muestreo de
otofio presenta valores significativamente més
elevados en la conductividad y SSV, y aunque
sin diferencias significativas se observa una
disminucién en la concentracion de oxigeno
disuelto, DQO y DBOs. La conductividad es una
variable que aumenta a lo largo del gradiente
longitudinal de un cauce, pero también es un
indicador de contaminacién orgéanica (Sandin
& Hering, 2004), y dada la escasa longitud del
mismo, parece ser un parametro importante.
Los valores de conductividad parecen responder
a un patron estacional, con una conductividad
mas elevada en periodos de bajo caudal en
verano y otofio. En varios rios del noroeste de
Espafia se ha sefialado la conductividad como
una variable que determina la comunidad de
coledpteros por ser un buen indicador de conta-
minacion, tanto por vertidos de aguas residua-
les (Paz, 1993), como por los efectos de las ex-

tracciones mineras (Garcia-Criado & Fernandez-
Aldez, 2001). También se ha sefialado la con-
ductividad como una variable determinante en la
distribucién de las especies de hemipteros acua-
ticos (Carbonell et al., 2011). En el grafico del
analisis ACC, la variable SSV sigue el mismo
patron que la conductividad y ambas son opues-
tas a variables como PT, SST y oxigeno disuel-
to. Sin embargo, no se han medido otras varia-
bles, como fertilizantes, que pudieran influir en
las diferencias estacionales. Aunque no se ob-
servan diferencias importantes de conductividad
en las tres estaciones, es posible que la salini-
dad que aportan temporalmente las mareas pueda
influir en la estacion R3. Se ha sefialado la sa-
linidad como una variable que reduce la rique-
za de especies de coledpteros y hemipteros en
otros humedales costeros del noroeste de Espa-
fia y a la que responden negativamente la mayo-
ria de las especies (Garrido & Munilla, 2007). En
consonancia con nuestros resultados, estudios si-
milares sefialan que la mayoria de especies de
coledpteros responden negativamente a la con-
taminacién por nitrégeno y otras variables co-
mo el hierro y el manganeso (Fernandez-Diaz et
al., 2008; Benetti & Garrido, 2010). También se
ha sefialado el oxigeno disuelto como una va-
riable importante que determina que la comu-
nidad de coledpteros sea mas o menos redfila
(Pérez-Bilbao & Garrido, 2009).

Diferentes estudios han relacionado la dismi-
nucion de la riqueza de especies, la abundancia
total y la diversidad con valores elevados de va-
riables quimicas (Prenda & Gallardo-Mayenco,
1996; Benetti & Garrido, 2010). Nuestros da-
tos indican que la comunidad de coledpteros y
hemipteros acuaticos del arroyo estudiado esta
influenciada por el grado de contaminacién or-
génica de sus aguas. Los impactos en el tramo
bajo parecen ser la consecuencia del incremen-
to de la poblacién humana durante los meses de
verano, la deficiente depuracion de sus aguas y
la disminucidn de las precipitaciones. Asi, la ma-
yoria de las especies responden negativamente a
las variables indicadoras de contaminacion y la
rigueza de especies se reduce desde la cabecera
a la desembocadura.
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ABSTRACT
Distribution and ecology of some species of red algae (Rhodophyta) in the Ebro River Basin

The implementation of the Water Framework Directive (2000/60/CE) in the Ebro River Basin and the evaluation of the
ecological status of rivers, lakes and wetlands are increasing the knowledge about the distribution and ecology of aquatic
organisms, including the red algae (Rhodophyta). In this work we show new data concerning the distribution, habitat and
environmental ranges of five species of Rhodophyta in the Ebro River Basin with scarce records: Bangia atropurpurea,
Chroodactylon ornatum, Chroothece rupestris, Compsopogon coeruleus and Thorea hispida. The former three species showed
an optimum development in calcareous mountain streams while the latter two species did in lower reaches where salinity and
eutrophication increase.

Key words: Algae, Rhodophyta, Ebro, environmental ranges, geographic distribution.

RESUMEN
Distribucion y ecologia de algunas especies de roddfitos (Rhodophyta) en la cuenca del rio Ebro

La aplicacion de la Directiva Marco del Agua (2000/60/CE) en la cuenca del Ebro y la consiguiente evaluacion del estado
ecoldgico de los rios, lagos y humedales mediante indicadores bioldgicos (red CEMAS, Control del Estado de las Masas de
Agua Superficiales), estan permitiendo aumentar el conocimiento de la distribucion y ecologia de los organismos acuéticos,
entre ellos las algas rojas (Rhodophyta). Fruto de este seguimiento, se presentan nuevos datos sobre la distribucion, habitat
y ecologia de cinco especies de rodofitos en la cuenca del Ebro de las que existen datos escasos: Bangia atropurpurea,
Chroodactylon ornatum, Chroothece rupestris, Compsopogon coeruleus y Thorea hispida. Los resultados indican que las tres
primeras tienen un desarrollo 6ptimo en rios calcareos de montafia, mientras que las dos ultimas lo tienen en tramos medios
y bajos donde aumenta la salinidad y la concentracion de nutrientes.

Palabras clave: Algas, Rhodophyta, Ebro, rangos ambientales, distribucion geogréfica.
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INTRODUCCION

Los roddfitos son un grupo de algas amenazado
en Europa, propio de aguas blandas, claras y pu-
ras, siendo, en general, indicadores de buena ca-
lidad ecoldgica (Eloranta & Kwandrans, 2004).
En el norte de Europa los rodofitos son frecuen-
tes y abundantes, mientras que en el centro y sur
de Europa son mas escasos, reduciendo su dis-
tribucion conocida a areas montafiosas donde los
impactos humanos como la eutrofizacién y la re-
gulacion hidrologica mediante embalses, presas y
canalizaciones son menores (Kwandrans & Elo-
ranta, 2010). Debido a su ciclo de vida largo y
complejo (Lee, 1980; van den Hoek et al., 1995),
necesitan unas condiciones ambientales hidrolo-
gicamente estables, y son en general débiles com-
petidores: en tramos altos compiten con los brio6fi-
tos por el sustrato, mientras que en tramos medios y
bajos, de aguas mas eutroficas y turbias, compiten
con los clorofitos filamentosos y las cianobac-
terias (Eloranta & Kwandrans, 2004). La predo-
minancia de pigmentos como ficoeritrina y fico-
cianina les confiere colores muy llamativos como
el rojo, violeta, azul, verde, marron o grisaceo.

Desde la publicacion del catalogo nacional de
rodéfitos (Alvarez-Cobelas, 1984), las aportacio-
nes al conocimiento de este grupo algal han sido
escasas y las mas destacadas se publicaron hace
dos décadas (p. ej. Llimona et al., 1985; Aboal,
1989; Sabater et al., 1989). Tampoco existen es-
tudios extensivos previos sobre este grupo de al-
gas que cubran toda la cuenca del Ebro. Durante
los Gltimos afios, la obligacion de cumplir con los
objetivos establecidos en la Directiva Marco del
Agua (DMA) (Directiva 2000/60/CE) y su apli-
cacion en los rios de la Peninsula Ibérica, ha da-
do lugar a un incremento del conocimiento de los
diferentes componentes bidticos de nuestros rios:
macrofitos (macroalgas, briofitos y plantas vas-
culares), macroinvertebrados, diatomeas, peces y
vegetacion de ribera. Por otra parte, este segui-
miento continuo durante varios afios de la biota
gue habita nuestros rios esta permitiendo analizar
variaciones temporales (estacionales e interanua-
les) en la distribucion espacial de los diferentes
organismos acuaticos, asi como ampliar los ran-
gos ecologicos de los mismos.

En relacidn con la flora acuética, en la cuen-
ca del Ebro se viene aplicando el indice tréfico
denominado IVAM (Moreno et al. 2006), con el
fin de evaluar el estado ecoldgico de los rios. Este
indice utiliza los organismos acudticos autétrofos
y macroscépicos identificados a nivel de género,
entre los que se incluyen las algas roddfitas. Sin
embargo, a nivel especifico no se han realizado
estudios recientes sobre la distribucién y ecologia
de los roddfitos en la cuenca del Ebro, por lo que
la aportacion de nuevos datos sobre la presencia
de especies de rodofitos resulta de gran interés
floristico y ecoldgico.

En el presente trabajo se presenta la distribu-
cion, el habitat y los rangos ambientales de al-
gunas especies de roddéfitos sobre las que existen
escasas citas en la cuenca del Ebro o en la Penin-
sula Ibérica: Bangia atropurpurea, Chroodacty-
lon ornatum, Chroothece rupestris, Compsopo-
gon coeruleus y Thorea hispida.

MATERIAL Y METODOS

Durante los meses de mayo a septiembre en el
periodo 2006-2011, se visitaron entre 211 (2006)
y 362 (2009) estaciones de muestreo pertenecien-
tes a las redes de control operativo, vigilancia y
referencia de las masas de agua de la cuenca del
Ebro, localizada en el noreste peninsular. Para
ello, se seleccionaron tramos representativos de
unos 100 m de longitud, donde se realizaron re-
corridos en zigzag aguas arriba y de orillaa orilla,
recolectando todos los macrofitos visibles a sim-
ple vista. La abundancia de cada taxon se registrd
como el porcentaje de cobertura en el tramo de
muestreo. De acuerdo con la metodologia adop-
tada para el seguimiento del estado ecoldgico en
las cuencas hidrogréficas espafiolas, la mayoria
de los muestreos fueron realizados entre finales de
primavera y verano (Anexo |, material adicional
disponible en www.limnetica.net/internet). El nd-
mero de puntos de muestreo fue establecido
siguiendo los criterios de delimitacion de masas de
agua definidos para la Directiva (“Identification of
Water Bodies”, Guidance document n® 2, Common
Implementation Strategy for the Water Framework
Directive), de forma que exista al menos un pun-
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to de control por cada masa de agua. Segun la
regionalizacion fisiografica oficial de los rios
espafoles realizada por el Centro de Estudios
Hidrograficos (CEDEX), los rios de la cuenca del
Ebro pertenecen a las siguientes tipologias: rios
mineralizados de baja montafia mediterranea (co-
digo 109); rios de montafia mediterranea calcérea
(112); ejes mediterraneo-continentales poco mi-
neralizados (115); ejes mediterraneo-continenta-
les mineralizados (116); grandes ejes en ambiente
mediterraneo (117); rios de montafia medite-
rrnea silicea (111); rios de montafia himeda
calcérea (126) y rios de alta montafia (127).

Los organismos fueron fijados en formol al
4% vy se llevaron al laboratorio para ser analiza-
dos con la lupa binocular y el microscopio (CHE,
2005). En algunos casos (Chroothece) se toma-
ron muestras de limos y areniscas por encima del
nivel del agua y se humedecieron para detectar
la presencia de estas algas. Ademas del muestreo
bioldgico, en cada visita se midieron algunos pa-
rametros fisicoquimicos in situ mediante una son-
da multiparamétrica YSI 556 MPS (pH, tempe-
ratura, conductividad y oxigeno disuelto) y se
tomaron muestras de agua para analizar posterior-
mente en el laboratorio la concentracion de ni-
trato, amonio y fosfato (fésforo reactivo soluble,
PRS). Los andlisis de agua se realizaron segln
los métodos y protocolos ITC-MMA EECC-1/06
(MMA, 2006). Una vez realizado el muestreo de
cada una de las estaciones, se procedio a la desin-
feccion del material y de los equipos de muestreo
utilizados, de acuerdo con el protocolo estableci-
do por la CHE (2007) para evitar la propagacion
del mejillén cebra y otros organismos. Las foto-
grafias se realizaron con un microscopio Olym-
pus BX50 equipado con un set Colorview Il. Una
parte del material se prenso y se conservo en plie-
gos de herbario que se depositaron en el herbario
de la Universidad de Murcia (MUB-ALGAS).

Los rangos ambientales y preferencias ecolo-
gicas de las especies se describen mediante grafi-
cos comparativos de cajas y lineas. Con el fin de
comprobar estadisticamente las tendencias am-
bientales observadas, se realiz6 un analisis de co-
rrelaciones de Spearman entre las variables
ambientales estandarizadas y los datos de presen-
cia-ausencia de las especies. Los valores de los pa-

rametros ambientales pertenecen a los datos oficia-
les de las redes de control bioldgico de la Confe-
deracion Hidrografica del Ebrocorrespondientes a
los afios 2006-2011, asi como a otras observaciones
esporadicas realizadasen 2011y 2012.

RESULTADQOS

Durante el periodo de estudio se tomaron y
procesaron en total 1350 muestras de macrofitos
acuaticos, 264 de las cuales presentaron alguna
de las 5 especies de rodofitos analizadas. En el
Anexo | (www.limnetica.net/internet) se enume-
ran las localidades donde fueron recolectadas
junto con la fecha de muestreo, abundancia,
coordenadas UTM, la tipologia fluvial oficial
CEDEX y la provincia administrativa.

Distribucién y habitat

Bangia atropurpurea (Roth 1806) C. Agardh
1824 (Fig. 1) se recolectd en diferentes tipos de
rios, desde la alta montafa en los Pirineos hasta
los tramos medios de algunos afluentes princi-
pales del Ebro, especialmente en las cuencas del
Cinca y Jalon y sobre sustratos muy diversos:
Cladophora sp., Oedogonium sp., Potamoge-
ton pectinatus, musgos, piedras, roca madre,
cemento de puentes, hilos de pescar, plasticos
o tallos de Phragmites australis y Rubus sp.,
todos ellos presentes en zonas turbulentas y de
elevada corriente. La profundidad oscild entre
los 0y 20 cm. En algunos tramos, como en el rio
Esera en Graus, se ha observado sobre el mismo
sustrato y lugar en afios sucesivos.

Chroodactylon ornatum (C. Agardh) Basson
1979 es en la cuenca del Ebro una especie co-
mun en rios calcareos de montafa. Se ha detecta-
do principalmente creciendo de forma epifita so-
bre Cladophora sp., sobre todo en talos con de-
posiciones de carbonatos y con presencia de cia-
nobacterias como Lyngbya sp. y Chamaesiphon
sp., asi como de diatomeas (Cocconeis sp.). Con
menor frecuencia, se ha observado creciendo so-
bre musgos, Vaucheria sp., Oedogonium sp., Le-
manea sp., limos y fundas de tricopteros de la fa-
milia Hydroptilidae.
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Figura 1. Arriba: filamentos multiseriados de Bangia atropurpurea en el rio Alcanadre. Centro: vista superficial de una colonia de
Chroothece rupestris y detalle de una célula con su pedinculo en el rio Arba de Riguel en Sadaba. Abajo: detalle de la corticacion
y de las ramas de Compsopogon coeruleus en el rio Ebro en Pina de Ebro. La escala representa 50 um en las imagenes de arriba y
centro y 20 um abajo. Up: multiseriate filaments of Bangia atropurpurea in the Alcanadre River. Center: surface view of a colony of
Chroothece rupestris and detail of a cell with its stem in the Arba de Riguel River in Sadaba. Down: detail of the cortication and
the branches of Compsopogon coeruleus in the Ebro river at Pina de Ebro. The scale represents 50 microns (up and center) and 20
microns (down).
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Figura2. Graficos comparativos de cajas y lineas de las cinco especies estudiadas para las ocho variables ambientales medidas. Los
nGmeros encima de las lineas hacen referencia al nimero de casos (n). Los puntos representan la mediana; las cajas el 25 %-75%; y la
barra el Min-Méax. BA: Bangia atropurpurea; CO: Chroodactylon ornatum; CC: Compsopogon coeruleus; CR: Chroothece rupestris;
TH: Thorea hispida. Comparative Box and whiskers graphs of the five studied species for the eight environmental variables measured.
Numbers above whiskers mean the number of cases (n). Dots represent the median; boxes the 25 %-75 %; and bars Min-Max. BA:
Bangia atropurpurea; CO: Chroodactylon ornatum; CC: Compsopogon coeruleus; CR: Chroothece rupestris; TH: Thorea hispida.
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Chroothece rupestris Hansgirg 1884 (Fig. 1)
presentd una distribucion reducida en la cuenca
del Ebro. Se ha recolectado principalmente en
rios mineralizados de baja montafia calcarea, es-
pecialmente en los rios Flumen y Alcanadre. Esta
especie se encontrd creciendo en sustratos diver-
sos: sobre piedras sumergidas (epilitica), epifita
de musgos y en taludes de las margenes del rio
entre 15 y 50 cm por encima del nivel del agua.
En general, las colonias presentaron formas se-
miesféricas o en tapetes, con un tamafio que 0s-
cilé entre 3mmy 3 cm.

Compsopogon coeruleus (Balbis) Montagne
1850 (Fig. 1) se hall6 en el eje principal del rio
Ebro y en tramos medios de los rios Jalén (aguas
abajo de la localidad de Alhama de Aragon, tra-
mo con influencia de surgencias termales), Mar-
tin y Segre. Estos tramos presentaron un caudal
elevado y una profundidad de la lamina de agua
superior a los 50 cm. En el tramo medio del rio
Ebro, las aguas tuvieron una turbidez elevada du-
rante la mayor parte del periodo de estudio, sien-
do dificil su visualizacion. Sin embargo, duran-
te el afio 2011, con caudales bajos y aguas mas
transparentes que en afios anteriores, la especie
se recolecto en nuevas localidades. Los talos fila-
mentosos se encontraron creciendo sobre piedras
del fondo entremezclados con Cladophora sp., 0
epifitos sobre Cladophora sp., Potamogeton pec-
tinatus y Myriophyllum sp.

Thorea hispida (Thore) Desvaux 1818 presen-
t6 una distribucion restringida, limitandose al rio
Ebro y a los tramos bajos de los rios Arga, Ara-
gon y Gallego. La especie prefiere aguas turbias
de profundidad variable (desde 10 cm hasta méas de
1 m) y se encontré creciendo sobre bloques y
piedras cubiertas de sedimento, asi como sobre el
molusco invasor Dreissena polymorpha. En los
afios 2008 y 2011 la especie fue méas frecuen-
te, recolectdndose ejemplares de longitud supe-
rior a 1 m. En ejemplares de longitud superior a
1.5 cm, se observaron estructuras reproductoras,
detectandose la fase Chantransia sobre bloques y
también epifita de Potamogeton pectinatus.

Respecto a la abundancia de las especies, en la
mayoria de los casos cubrieron menos del 0.1 % de
cauce, excepto en cinco ocasiones: B. atropurpurea
alcanzo una cobertura del 50 % en el rio Alcanadre

en junio de 2010, mientras que C. rupestris cubrid
entreel 1y el 5% del cauce en cuatro ocasiones, tres
en junio (rio Alcanadre en 2010y 2011; rio Arbade
Riguel en 2009) y una en febrero (rio Alcanadre)
(Anexo 1. www.limnetica.net/internet).

Preferencias ecoldgicas

En la figura 2 se presentan los valores maximos
y minimos, asi como el rango de éptimo desa-
rrollo de las especies en la cuenca del Ebro, ob-
tenidos durante el periodo de estudio para las 8
variables fisicoquimicas estudiadas (el intervalo
comprendido entre los percentiles 25 y 75 in-
cluye los valores ambientales medidos con méas
frecuencia para cada especie). B. atropurpurea,
C. ornatum y C. rupestris son, en la cuenca del
Ebro, especies tipicas de montafia, con presen-
cia en altitudes superiores a 1000 m y desarrollo
optimo entre 300-600 m, mientras que C. coeru-
leus y T. hispida se presentaron tipicamente en
tramos medios y bajos entre 100-300 m de alti-
tud. Los valores de correlacion entre las especies
y la altitud fueron estadisticamente significativos
excepto para C. rupestris, lo que indica una clara
influencia de la altitud en la frecuencia de apari-
cién de dichas especies (Tabla 1). De la misma
forma, B. atropurpurea, C. coeruleus y T. hispi-
da mostraron correlaciones significativas con la
temperatura, la primera encontrando su 6ptimo
en aguas mas frias que las dos dltimas.

En cuanto a la salinidad, todas las especies
presentaron un rango amplio de tolerancia, pu-
diendo desarrollarse en aguas con valores de con-
ductividad elevados, superiores a 1000 uS cm.
No obstante, el rango 6ptimo de desarrollo de
B. atropurpurea, C. ornatum y C. rupestris se
encuentra en torno a los 500 uS cm™! de con-
ductividad, mientras que C. coeruleus y T. his-
pida prefieren aguas con cierta salinidad, entre
1000-2000 uS cm~. Estas dos especies mostra-
ron correlaciones positivas y significativas con la
conductividad del agua (mas frecuentes en aguas
salinas), mientras que B. atropurpurea presentd
una correlacion negativa significativa (mas fre-
cuente en aguas dulces) (Tabla 1).

Respecto al pH, las cinco especies se desarro-
Ilaron éptimamente en aguas basicas, siendo C.
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Coeficientes de correlaciéon de Spearman entre los parametros ambientales y las especies de rodéfitos estudiadas (***:

p < 0.001, **: p < 0.01; *: p < 0.05). Spearman’s correlation coefficient between environmental parameters and species (***:

p < 0.001, **: p < 0.01; *: p < 0.05).

Bangia Chroodactylon Compsopogon Chroothece Thorea
atropurpurea ornatum coeruleus rupestris hispida
altitud 0.3585 ookl 0.2491 falakad —-0.3649 ekl ns -0.4676  ***
temperatura —-0.3240 falaal ns 0.2820 FrE ns 0.2562 el
pH 0.2853 falaied ns —-0.2550 falaled ns -0.2274  ***
conductividad —-0.3356 falaied -0.1379 * 0.4113 falaled ns 0.3623 falaled
oxigeno 0.2678 falaied ns —0.2069 folad ns -0.1979 falad
amonio —0.3388 *x ns 0.2212 * ns 0.3429 faad
nitrato -0.5160 faleied ns 0.3997 Fkx ns 0.5023 faleie
fosfato ns ns 0.3567 faled ns ns

coeruleus y T. hispida méas frecuentes en aguas
con los valores de pH mas bajos medidos. De
hecho, ambas especies mostraron correlacio-
nes negativas significativas con este parametro
(Tabla 1). Los valores 6ptimos de oxigeno di-
suelto para las cinco especies se encontraron por
encima de 8 mg L™, si bien C. ornatum, C.
coeruleus y T. hispida se han recolectado ocasio-
nalmente en aguas con valores bajos, entre 5-6
mg L™t C. coeruleus y T. hispida presentaron
correlaciones negativas significativas con el
oxigeno disuelto, indicando su preferencia por
aguas menos oxigenadas.

En cuanto a las condiciones troficas, todas las
especies, excepto C. rupestris, han sido recolec-
tadas en aguas eutroficas en algin momento del
periodo de estudio, lo que indica la tolerancia de
estos rodofitos a la eutrofizacion (Fig. 2). C. coe-
ruleus es la especie que presentd un desarrollo
optimo en las aguas mas eutroficas, tolerando fre-
cuentemente concentraciones de nitrato superio-
resa 16 mg L2, entre 0.1-0.3 mg L= de amonio
y entre 0.2-0.3 mg L~* de fosfato, y presentando
ademas correlaciones positivas significativas con
los tres nutrientes medidos (Tabla 1). En el ex-
tremo opuesto se encuentra B. atropurpurea, que
mostro correlaciones negativas significativas con
la concentracién de nitrato y amonio, indicando
su preferencia por las aguas oligomesotroficas.
C. ornatum y C. rupestris presentaron también
un desarrollo éptimo en aguas oligomesotroficas
(Fig. 2), aunque no se obtuvieron correlaciones
significativas con ninguno de los nutrientes ana-
lizados (Tabla 1). Finalmente, T. hispida presento

una alta correlacion significativa con aguas ricas
en nitrato, y aunque su correlacion con el fosfato
no fue significativa, se trata de una especie con
desarrollo 6ptimo en aguas eutrdficas con altos
niveles de nitrato y fosfato (Fig. 2).

DISCUSION

Bangia atropurpurea es una especie de aguas sa-
lobres y marinas, pero que ha invadido las aguas
continentales como grandes rios, canales y lagos
de alta conductividad (Eloranta & Kwandrans,
2002; Sheath & Sherwood, 2002; Kwandrans &
Eloranta, 2010). En Espafia se trata de una espe-
cie escasamente citada, mientras que en Europa
es un roddfito comdn en tramos altos de montafia
(Sabater et al., 1989). Nuestros resultados indi-
can que en la cuenca del Ebro se trata de una es-
pecie frecuente, ya que ha sido recolectada en 66
localidades. En la cuenca del Ebro es propia de
aguas dulces de montafia oligomesotroéficas, aun-
gue puede tolerar altos niveles de eutrofia en tra-
mos inferiores (> 0.8 mg L=* de fosfato).

Segun Sheath (2003) Chroothece es un raro
componente de arroyos, suelos himedos y tur-
beras. C. rupestris ocupa hébitats y sustratos di-
versos como rocas humedas de aguas alcalinas
en ambientes poco iluminados (Starmach, 1977;
Eloranta et al., 2011), superficies higropétricas
de fuentes (Margalef, 1955) o epiliticas y su-
mergidas en arroyos alcalinos de corriente débil
(Aboal, 1989; Sabater et al., 1989). Se trata de
una especie cuya distribucion es poco conocida
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en la peninsula, por lo que se considera de inte-
rés su ampliacion a 19 localidades mas. Es con-
veniente comentar que la clave mas actual dispo-
nible para la diferenciacién entre las especies C.
rupestris y C. richtheriana (Eloranta et al., 2011)
utiliza el tamafio celular como carécter diagnés-
tico principal (15-18 um para C. richtheriana y
9-15 um C. rupestris) y secundariamente el habi-
tat (aguas algo salinas y sustratos limosos para C.
richtheriana; aguas dulces y sustratos duros pa-
ra C. rupestris). Las poblaciones estudiadas en la
cuenca del Ebro presentaron un tamafio entre 10
y 25 um, lo que incluiria a ambas especies, pe-
ro de acuerdo con los valores de conductividad
propios de los arroyos calcareos (485 uS cm™?
de valor medio, con un rango de 236-1268 uS
cm™) y el tipo de habitat (sumergida, epilitica)
indica que se trataria de C. rupestris. Estas ca-
racteristicas biométricas y ecoldgicas de las po-
blaciones de la cuenca del Ebro son similares
a las poblaciones de C. rupestris citadas para
arroyos alcalinos de bajo caudal del norte y sur
peninsular (9-20 um de longitud celular y 250-
1100 uS cm! de conductividad; Sabater et al.,
1989; Aboal, 1989).

En el &rea de estudio, el epifitismo de Chroo-
dactylon ornatum sobre Cladophora sp., los gé-
neros epifitos acompafantes, asi como los rangos
ambientales, coinciden con lo indicado para dis-
tintas zonas geograficas (Starmach, 1966; Sheath
& Morrison, 1982; Sheath & Sherwood, 2002;
Wolowski et al., 2007). En la Peninsula 1béri-
ca es unaespecie eurioica que crece en aguas dulces
osalinas (hasta 25 000 uS cm1), tanto oligotroéficas
como eutroficas (Aboal 1989; Sabater et al. 1989).
En la cuenca del Ebro se ha recolectado principal-
mente en arroyos de agua dulce, aunque también
ocasionalmente en tramos mas salinos y eutroficos.

Compsopogon coeruleus es una especie am-
pliamente distribuida en arroyos célidos templa-
dos y tropicales (Kwandrans & Eloranta, 2010).
En la Peninsula Ibérica las citas son escasas, cre-
ciendo principalmente en aguas salobres cerca de
la costa 0 en ramblas salinas del sureste peninsu-
lar (Aboal, 1989; Sabater et al., 1989), y ocasio-
nalmente en aguas dulces interiores (Busquets et
al., 1985). En la cuenca del Ebro, C. coeruleus
se ha recolectado en 16 localidades, correspon-

diendo con tramos medios caudalosos de aguas
calidas, alcalinas, mineralizadas y eutrdficas.

En general, T. hispida es una especie que cre-
ce en rios y arroyos europeos con aguas turbias
y eutrdficas, sobre piedras o arena (Eloranta &
Kwandrans, 2007). Dos localidades ibéricas han
sido previamente citadas para la especie: el Mar-
jal de Pego-Oliva, Valencia (Tomés, 1981) y el rio
Ebro, Tarragona (Sabater et al., 1989). En el Mar-
jal de Pego-Oliva, Egidos & Aboal (2003) citaron
Thorea violacea en una surgencia de aguas sub-
salinas y calidas (3500 uS cm=, 21.3°C) y pos-
teriormente se recolect6 T. hispidaen las partes
bajas del rio Bullent (Aboal, dat. inédt.). En el
presente estudio se amplia su distribucién a 22
sitios mas, cuyas condiciones ambientales de aguas
calidas, alcalinas, bien oxigenadas, de conducti-
vidad elevada y alta concentracion de nutrientes
coinciden con las indicadas previamente por otros
autores (Tomas et al., 1980; Sabater et al., 1989;
Rott et al., 1999; Eloranta & Kwandrans, 2007).
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ABSTRACT
The dominance of desmids in tropical monomictic lakes (SE Brazil)

Disturbance is a concept used to explain the structure of communities. This concept emphasizes the effects of disturbance on
the “break” of biomass stability in stable environments and the opportunities for the development of other species. The major
disturbances in natural warm monomictic lakes include the contrasting effects of seasonal changes and long-term in thermal
stability, as well as short-term changes in the mixing layer. This study investigated the effects of disturbance and abiotic
environmental factors on the biomass of desmids, based on samples collected monthly from January 2002 through December
2006 in the limnetic region of two natural lakes, Carioca (small and shallow) and Dom Helvécio (large and deep), located in
Rio Doce State Park, Minas Gerais State, southeast Brazil. At Lake Dom Helvécio, the extensive banks of aquatic macrophytes,
the lake’s dendritic shape and the period of clear water produced higher richness values and facilitated the occurrence
of relatively large (maximum linear dimension >20 um) desmid species, primarily species belonging to Staurastrum and
Staurodesmus. In contrast, less richness and a dominant group of relatively small (maximum linear dimension <20 um)
desmid species, especially species belonging to the genus Cosmarium, were observed at Lake Carioca in conjunction with a
sparse macrophyte cover. The lakes showed a seasonal thermal stratification characterized by high temperature (25-32 °C),
thermal stability and higher desmid biomass. The stability of the epilimnetic desmid biomass was an indicator of the adaptive
flexibility of the desmid species and the capacity of the biomass to recover after the mixing period.

Key words: Biomass stability, desmid, seasonal variability, thermal stability.

RESUMEN
Dominio de desmidiaceas en lagos monomiticos tropicales (SE Brasil)

La perturbacién es un concepto utilizado para explicar la estructura de las comunidades, con énfasis en sus efectos sobre
la “ruptura” de la estabilidad de la biomasa en ambientes estables y sobre las oportunidades para el desarrollo de nuevas
especies. Entre las perturbaciones mas importantes encontradas en lagos naturales monomiticos destaca el efecto de las
variaciones estacionales y de largo plazo en la estabilidad térmica, asi como los cambios a corto plazo en la profundidad de
la mezcla. En este trabajo se describe el efecto de la estratificacion y mezcla del lago asi como de otros factores abidticos
sobre la biomasa de desmidiaceas en lagos tropicales. Los muestreos se realizaron mensualmente entre enero de 2002 y
diciembre de 2006 en la region pelagica de dos lagos naturales monomiticos calidos, Carioca (pequefio y poco profundo)
y Dom Helvécio (grande y bastante profundo) ubicados en el Parque Estadual do Rio Doce (Estado Minas Gerais, SE Brasil).
En el lago Dom Helvécio, las grandes acumulaciones de macrofitas acuaticas, la forma dendritica del lago y el periodo
de aguas transparentes influyeron de forma sinérgica en una mayor riqueza de especies y de tamafios grandes, mayores de
20 um, siendo principalmente especies de Staurastrum y Staurodesmus. Sin embargo, en el Lago Carioca se observo una
menor riqueza y el dominio de desmidiaceas de pequefio tamafio (<20 um), especialmente Cosmarium. Este ltimo lago
presentd también una cobertura escasa de macrdfitas. Los lagos mostraron un patron estacional caracterizado, durante la
estratificacion térmica, por el aumento de la temperatura (25-32 °C), estabilidad térmica y mayor biomasa de desmidiaceas.
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La estabilidad de la biomasa epilimnética fue indicativo de una flexibilidad adaptiva y recuperacion después del periodo de

mezcla.

Palabras clave: Desmidiaceas, estabilidad de la biomasa, estabilidad térmica, variabilidad estacional.

INTRODUCTION

Brook (1981) stated that the primary challenging
questions associated with desmid ecology world-
wide include the spatial and temporal distribution
of the group and the multiplicity of factors con-
trolling this distribution. In the past decades, rel-
atively few advances have been made on these
problems (Gerrath, 1993). Descriptive and ex-
perimental studies of desmid ecology in tropical
regions are extremely scarce, and the need for
such studies is great.

Desmids are important components of fresh-
water phytoplankton but very seldom play a ma-
jor role in terms of biomass. For this reason, it is
difficult to conduct investigations of characteris-
tics related to the seasonal fluctuations of desmid
biomass. Few desmid species have been found to
occur in eutrophic environments (Gerrath, 1993;
Coesel, 2001). Highly sensitive to environmental
changes, desmids are considered good indicators
of the ecological quality of water and of the
saprobity level of different environments. They are
commonly used as a tool for aquatic environment
conservation and management (Coesel et al., 1978;
Coesel, 2001; Ngearnpat & Peerapompisal, 2007).

Factors associated with the dominance
of planktonic desmids

Desmids are frequently associated with pe-
riphytic and epiphytic communities, but the
following hypotheses can explain the success of
planktonic desmids in lakes and reservoirs:

1. Chemical factors: the distribution of desmids
in continental waters is always related to
the chemistry of the system (Woelkerling &
Gough, 1976). Among the most important fac-
tors controlling desmid distributions are water
conductivity, pH and CO, (Moss, 1972, 1973;

Coesel, 1986, 1993; Coesel & Kooijman-van-
Blokland, 1991; 1994).

2. Physical features associated with tempera-

ture and thermal stability: desmids are also
extremely well adapted to turbulent environ-
ments (Brook, 1981) and have an optimal
temperature between 25 and 30 °C (Coesel &
Wandenaar, 1990). These organisms’ popula-
tion maxima in the Northern Hemisphere are
usually associated with the summer and fall
seasons (June-August or September-October)
(Canter & Lund, 1966; Lund, 1971; Coesel
& Kooijman-van-Blokland, 1991). In the
tropics and subtropics, however, the occur-
rence of population maxima is associated with
atelomixis, a singular characteristic of warm
monomictic lakes in which thermal stabil-
ity is noticeably high (Barbosa & Padisék,
2002; Tavera & Martinez-Almeida, 2005).
Atelomixis occurs during the night and early
morning, allowing the identification of total
mixing during the entire dry period or part-
ial mixing of the epilimnion during the rainy
period (Barbosa & Padisak, 2002).

3. The association of desmids with underwa-

ter light conditions is underexplored: small
desmids are adapted to low light intensities
and eutrophic lakes, whereas large desmids
dominate in oligotrophic lakes, where organic
matter is scarce and light is more available
(Coesel, 1982). The eutrophication process
may decrease the abundance of desmids,
and the structural diversity of desmids may
also decrease as the richness of the aquatic
vegetation decreases (Coesel, 1978).

The adaptive survival strategies of desmids
are characterized by K tendencies (the tendency
to act as S-strategists). Desmids are strong
competitors in the epilimnion in the presence of
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biomass stability during the thermal stratification
period (Reynolds, 1984). Desmids were formerly
included by Reynolds et al. (2002) in the N and P
functional groups, both proposed for epilimnetic
species living in low-latitude or temperate lakes
during the summer. These groups show a strong
reliance on physical mixing and, consequently,
require a continuous or semi-continuous mixing
layer. These groups are representative of shallow
lakes whose mean depth is 2-3 m or slightly
deeper. The groups are also representative of
the epilimnion of stratified lakes, where mixing
occurs. Padisdk et al. (2009) suggested that
group N should be restricted to temperate en-
vironments and that all low- latitude species
should be transferred to group Na according
to the Souza et al. (2008) criteria. This group
would include all desmid species with small
isodiametric cells such as those of Cosmarium,
Staurodesmus and Staurastrum. It would also
include filamentous individual organisms (e.g.,
Teilingia and Spondylosium) that are sensitive to
mixing and typical of oligo-mesotrophic lakes
subjected to atelomixis. Species of functional group
P have very similar requirements to those of
group N. However, they are able to live in more
eutrophic waters and tolerate low light availability.

The present study aimed to describe the ef-
fects of different disturbance events and abiotic
factors on desmid biomass in two warm mo-
nomictic lakes: Dom Helvécio (large and deep)
and Carioca (small and shallow).

METHODS

Study area

Rio Doce State Park is located approximately in
the middle of the Rio Doce Lake District, south-
east Brazil (19°29’S, 42°28'W) (Meis & Tundisi,
1997). Among the lakes in Rio Doce State
Park are Lake Carioca, which is mesotrophic,
shallow and round-shaped, with a surface area
of 0.14 km? and a maximum depth of 11.8 m,
and Lake Dom Helvécio, which is oligotro-
phic and dendritic in shape, with a surface area
of 5.27 km? and a maximum depth of 39.2 m
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Figure 1. Bathymetry of Lakes Carioca and Dom Helvécio,
southeast Brazil, with depth isolines (Bezerra-Neto & Pinto-
Coelho 2008; Bezerra-Neto et al. 2010). Batimetria de los lagos
Carioca y Dom Helvécio, sureste de Brasil.

(Bezerra-Neto & Pinto-Coelho, 2008). Both
lakes are warm monomictic, are stratified be-
tween September and April and are basically
isothermal from May through August (Henry &
Barbosa, 1989) (Fig. 1).

Sampling

Monthly samples were collected over a five-year
period (January 2002-December 2006) in the
limnetic region of the two lakes. The percentage
of incident light was estimated from Secchi disk
measurements (Cole, 1994). \ertical profiles
of water temperature, pH and electrical con-
ductivity were obtained with a multiparameter
probe (Horiba® sensor 220 model U 22). The
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stability of stratification was calculated accord-
ing to Idso (1973). The mixing zone (Zmix) Was
identified from the temperature profiles, and the
Zoy . Znmix ratio was used as a light availability
index (Jensen et al., 1994).

Nutrients and phytoplankton samples were
collected monthly with a van Dorn bottle from
the subsurface (100 % incident light), the Secchi
disk depth (15 % incident light), three times the
Secchi disk depth (1% incident light) and
the aphotic zone. Total phosphorus (TP), soluble
reactive phosphorus (SRP — PO,?), total nitro-
gen (TN) and dissolved inorganic nitrogen (DIN
— NOj3, NO;, NH;) were measured according
to Golterman et al. (1978) and Mackereth et
al. (1978), respectively. The DIN:SRP molar
ratio was used to evaluate possible nitrogen or
phosphorus limitation, where: DIN:SRP <13 in-
dicates limiting nitrogen, DIN:SRP >50 indicates
limiting phosphorus, and 13 <DIN:SRP <50
indicates that neither of these nutrients is limiting
(Morris & Lewis, 1988; Kosten et al., 2009).

For specific and infra-specific identifica-
tion of the taxa, classical taxonomic literature
was consulted (Teiling, 1967; Croasdale, et
al., 1983; Prescott, 1975; Prescott et al., 1972,
1975, 1977, 1981, 1982).

Desmids were quantitatively estimated ac-
cording to Utermohl (1958). The sedimentation
time determinations followed Lund et al. (1958).
The biomass and the surface:volume ratio (S:V)
were obtained in terms of geometric shapes
(Hillebrand et al., 1999), assuming that the unit
of fresh weight, expressed in terms of mass, was
1 mm? Lt =1mgL™? (Wetzel & Likens, 2000).

Desmid species were classified according to
the following criteria:

1. Frequency of occurrence (%):

rare (F <10 %),

(10 % < F < 50 %) or
(F > 50 %).

common
very common

2. Habit or life form: simple (Cosmarium), fila-
mentous (intact filaments of Spondylosium and
Teilingia), complex (Staurastrum), intermedi-

ate (Staurodesmus) or cylindrical (Closterium
and Pleurotaenium).

3. MLD, Maximum Linear Dimension (adapted

from Sieburth et al., 1978): class 1 (<10 u m,
ultraplankton), class 2 (11-20 u m, nanoplank-
ton), class 3 (21-50 w m, microplankton) or
class 4 (>50 u m, net plankton).

4. Functional groups (sensu Reynolds et al.,

2002; Padisak et al., 2009).

A multivariate descriptive analysis of the five-
year abiotic and biotic variables was performed
with canonical correspondence analysis (CCA).
A Monte Carlo test was used, and the variability
of the data was explained in terms of the canonic
coefficient (Ter-Braak, 1986). The Pearson corre-
lation coefficient (r) resulting from the relation-
ship between the ordination values was used, as
well as the individual variables for the ordination
(McCune & Mefford, 1997).

For a descriptive multivariate analysis of the
variables at a monthly scale, the thermal stabil-
ity, Zmix, Secchi disc depth and light attenuation
coefficient were selected from a principal com-
ponent analysis (PCA) (Barbosa et al., 2012).
The biomass was integrated arithmetically (mm?-
m~2) including monthly values at each depth. The
arithmetic integration of the water column was
performed in terms of the sum of the area of each
stratum (depth), composed of two axes: the depth
of the water column and the other variable to
be integrated (biomass). The programs used were
FITOPAC (Shepherd, 1996), for the transforma-
tion of data, and PC-ORD for Windows, version
5.0 (McCune & Mefford, 1997).

The average depth of desmid occurrence
(Pm;), i.e., the depth at which the mean biomass
(mg L™)i is located in the water column, was
calculated with the Dini et al. (1993) formula,
used to describe the daytime vertical migration
(DVM) of zooplankton. In this study, this for-
mula was used to assess the difference in the
maximum biomass between the stratification
and mixing periods. Different months were
compared with a two-tailed t test. These anal-
yses were performed with Statistica software,
version 5.1 (Statsoft).
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RESULTS

During stratification, significant differences
in desmid biomass were observed between
depths in Lake Dom Helvécio (one-way Anova,
p = 0.001, n = 60). The maximum value of des-

Biomass (mg.L")

40 -

30 1

20 4

Biomass (mg.L")

10 i i
! wll

2002 2003

Figure 2.

mid biomass (4.97 mg L) was measured during
stratification in January 2002, at 10 % light
incidence. During the mixing period, maxi-
mum values (3.99 mg L™!) were measured in
May 2002 at 1 % light incidence (Figs. 2a-b).
In both lakes, the three most representative
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Biomass of desmids and other algal classes (mg L™) at Lakes Carioca and Dom Helvécio during 2002-2006. Clear

spaces: non-sampling period. Grey stripes correspond to stratification periods. Biomasa (mg L™) de las desmidiaceas y otras clases
de algas en los lagos Carioca y Dom Helvécio durante el periodo 2002-2006. Espacios en blanco: periodo sin muestreo. Columnas

grises corresponden a los periodos de estratificacion.
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genera (maximum 90 % of total desmid
biomass) were Cosmarium, Staurastrum and
Staurodesmus (Fig. 3). C. asphaerosporum var.
strigosum was the dominant species (>50 %)
along the entire temporal scale.

Dom Helvecio

During stratification at Lake Carioca, coex-
istence of C. asphaerosporum var. strigosum
(40 %), S. panduriforme (13 %), T. granulata
(10 %), C. bioculatum (7 %) and S. iotanum var.
iotanum (5 %) was detected at depths up to 1 %
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Figure 3. Relative abundance (%) of the major desmid genera at four depths in Lakes Carioca and Dom Helvécio during 2002-
2006. Sub-surface (A), 10 % light incidence (B), 1 % light incidence (C) and aphotic zone (D). Clear spaces: non-sampling period.
Abundancia relativa (%) de los principales géneros de desmidiaceas a lo largo de las cuatro profundidades de muestreo en los lagos
Carioca y Dom Helvécio durante el periodo 2002-2006. Sub-superficie (A), 10 % de incidencia de luz (B), 1 % de incidencia de luz

(C) y zona afética (D). Espacios en blanco: periodo sin muestreo.



light incidence (3-6 m), corresponding to 80 %
of the desmids’ total biomass (Table 1).

rum var. strigosum (3.37 mg L™1) was identified
in September 2006 at the 1% light incidence

Table 1.
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depth. The molar dissolved ratio was relatively
high (DIN:SRP = 102), and the maximum value

The maximum biomass of C. asphaerospo- recorded for NO; was 46 ug L. In January

2004, C. bioculatum (1.15 mg L), T. granulata
(2.16 mg L) and S. panduriforme (0.86 mg L™?)

Classification of desmids of Lakes Carioca and Dom Helvécio (MLD: Size structure, FG: Functional Group,*: occurrence

only at Lake Dom Helvécio, **: species with biomass (mg L™) below 1 %). Clasificacion de las desmidiaceas de los lagos Carioca
y Dom Helvécio: (MLD: Méxima Dimension Linear, FG: Grupo Funcional, *: ocurrencia restringida al lago Dom Helvécio,
**: especies con biomasa (mg L™t) menor a 1 %).

Carioca Dom Helvécio

Species Abreviation ~ Form MLD FG MLD FG
Closterium aciculare West Clac Cylindrical 4 ** 4 P

C. moliniferum Ehr. ex Ralfs Clmol Cylindrical * ** 4 faled
Cosmarium asphaerosporum Nordst. var. strigosum Nordst. Cosasp Simple 1 Na 1 faid
C. bioculatum Bréb. Cosbio Simple 1 ** 1 faid
C. contractum Kirchn. var. contractum Coscont Simple 2 ¥ 2 Na
C. moniliforme (Turp.) Ralfs Cosmon Simple 1 ** 1 faid
Cosmarium regnelii Wille Cosregn Simple 1 = 1 fal
Pleurotaenium trabecula (Ehr.) ex Nég. Pleurotr ~ Cylindrical * ** 4 faled
Spondylosium panduriforme (Heim.) Teil. Sponpan Simple 1 Na 1 **
Staurastrum erostellum West & West Staeros Complex - - 2 falad
S. forficulatum Lund. Stafor Complex 3 ** 3 *
S. gemelliparum Nordst. Stagemel Complex 2 ** 2 i
S. gracile Ralfs Stagrac Complex - - 3 i
S. hirsutum (Ehr.) Ralfs Stahirs Complex ook 2 faid
S. iotanum Wolle var. iotanum StaiotG Complex 2 ** 2 *x
S. iotanum Wolle Morphotype 1 StaiotG Complex 2 ** 2 falad
S. laeve Ralfs Stalae Complex 2 ** 2 *x
S. laeve Morphotype 1 StalaeP Complex 2 ** 2 faled
S. leptocladum Nordst. var. cornutum West & West Stalepto Complex " faid
S. muticum (Bréb.) ex Ralfs var. muticum Stamut Complex 4 ** 4 faid
S. rotula Nordst. Starot Complex 2 Na 2 Na
S. smithii (G.M. Smith) Teil. Stasmi Complex ook ] Na
Staurastrum sp. Stasp Complex 3 ** 3 *x
S. subcruciantum Cook & Wills Stsubc Complex 2 * *x
S. subunguiferum Fritsch & Rich Stasubun  Complex 2 ** 2 *x
S. taylorii Gronbl. Statayl Complex 1 *>* 1 Na
S. tetracerum (Kiitz.) Ralfs ex Ralfs var. tetracerum f. tetracerum Sttetet Complex 1 ** 1 i
S. tetracerum var. tetracerum (Kiitz.) Ralfs ex Ralfs var. tortum (Teil.) Borge  Statetor Complex 1 ** 1 faid
S. trifidum Nordst. var. glabrum Lag. Statrif Complex 2 R k% faid
S. wolleanum Butl. Stawol  Intermediate - ** 4 falad
S. convergens (Ehr. ex Ralfs) Teil. Stocon  Intermediate 3 ** 3 faled
S. crassus (West) Flor. Stocra  Intermediate 2 Na 2 Na
S. cuspidatus (Bréb.) Teil. Stocusp Complex - - 2 faled
S. dejectus (Bréb.) Teil. Stodej  Intermediate 3 ** 3 faid
S. incus (Bréb.) Teil. var. ralfsii (W. West) Teil. StoinR  Intermediate 1 ** 1 i
S. jaculiferus (West & West) Teill. Stojacu  Intermediate * ** 3 *x
Teilingia granulata (Roy & Biss.) Bourr. Teilgra Simple 1 Na 1 Na
Teilingia granulata (Roy & Biss.) Bourr. Morfotipo 1 TeilgraG Simple 1 Na 1 i
Xanthidium conccinum Arch. Xconc Complex  ** ** 1 i
Xanthidium sp. Xsp Complex  ** ** 2 faid
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maximum values were identified at the 1 % light
incidence depth. The Zo, : Znx = 1.3 ratio
indicated a clear epilimnion (Fig. 4).

During the mixing period, however, C. as-
phaerosporum var. strigosum (0.9-3.4 mg L)
maximum values were measured at the Z., from
June to September 2006. During this period, the
N-NOj concentration at Ze, varied between 2.6
and 20.1 mg L™, and N-NH; varied from 115.8
to 77.2 ug L. Their molar ratio (DIN:SRP) was
always > 50 if Z,ix reached the lake bottom.

The analysis of the intermediate and complex
desmid forms (Staurastrum and Staurodesmus)
with MLD < 20 um showed that the maximum val-
ues were recorded between the surface and the 1 %
light incidence depth during the stratification pe-
riod, corresponding to the epilimnetic and metalim-
netic layers. S. crassus (maximum 0.67 mg L),
Staurastrum sp. (maximum 0.45 mg L™%), S. in-
cus var. ralfsii (maximum 0.43 mg L™1), S. iota-
num var. iotanum (maximum 0.35 mg L) and
S. laeve (maximum 0.29 mg L~!) were the most
common species during the stratification period.

Rarely occurring species (complex forms)
with MLD > 20 um were best documented below
the 10 % light incidence depth. Among these
species were S. rotula (1.34 mg L™, May 2005),

S. dejectus (0.89 mg L=, February 2004), S. tri-
fidum (0.48 mg L™, September 2006), S. cus-
pidatus (0.36 mg L, August 2006) and S.
gemelliparum (0.25 mg L=, December 2002).
However, in contrast to the observations at Lake
Dom Helvécio, morphologically complex forms
(MLD > 20 um)showed maximum biomass values
very similar to those of the rarely occurring forms.

At Lake Dom Helvécio, the co-occurrence of
C. contractum (22 %), S. taylorii (17 %), C. as-
phaerosporum var. strigosum (15 %), S. crassus
(13 %), T. granulata (6 %) and S. laeve (5 %) was
recorded during stratification at the 1 % light in-
cidence depth (approximately 9 m).

A maximum of C. asphaerosporum var.
strigosum (1.09 mg L™!) was detected in May
2002 at the 1% light incidence depth, with
Zmix located at a depth of 10 m and Z, at a
depth of 9m (Zey : Zmix = 0.9). In November
and December 2003, maximum values for C.
contractum (1.39-2.47 mg L) were found
between the surface and the 1 % light incidence
depth. During these months, the Z,, : Zmix ratio
was 0.95, and the concentrations of both P-PO;3
(2.2-35 pg L) and N-NO; (3.6-12 ug L‘ﬁ)
were comparatively low. Maxima for S. panduri-
forme (0.33 mg L™!) and T. granulata (0.54 mg

2002 2003

2004 2005 2006

JFMAMJJASONDJFMAMI JASONDJFMAMI JASONDJIJFMAMI JASONDJIJFMAMI JASOND

DRNDMEWDN =D

Zgy(m)

N Wbk koo ok ok k. ok ok
mowmowo MBWN =D
| - T O |

£/

15 <

ZeyZmix

1.0 o

05 4

Carioca
—=— Dom Helvécio

mW

0.0

JFMAMJJASONDJFMAMI JASONDIJFMAMI JASONDIJFMAMIJASONDIJFMAMIJASOND

2002 2003

2004 2005 2006
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L-1) were observed between the surface and the
1 % light incidence depth (March-May 2003).

The analysis of the intermediate and complex
forms (Staurastrum and Staurodesmus) with an
MLD up to 20 wm showed that the maximum
values occurred during the stratification period
at Znix (Zmix = 12 m). Among the commonly
occurring species, S. crassus (maximum 2.5 mg
L™, February-March 2002), S. taylorii (max-
imum 2.25 mg L™, January-February 2002),
S. laeve (maximum 0.35 mg L=, May 2002)
and S. tetracerum var. tetracerum f. tetracerum
(maximum 0.64 mg L™ at Z,,, October 2005)
were noteworthy. The commonly occurring
species with MLD > 20 um also had their great-
est occurrence between the surface and the 1 %
light incidence depth, occasionally during the
mixing period (June-September) and frequently
during stratification (October-February). Among
the commonly occurring species, S. wolleanum
(0.37 mg L%, January 2006), S. rotula (0.35 mg
L1, December 2002), S. muticum (0.1 mg L,
January 2005) and S. gemelliparum (0.03 mg
L-t, January 2002) were noteworthy. Rarely
occurring species were also identified, including
S. leptocladum (0.13 mg L1, October 2002) and
S. dejectus (0.02 mg L1, April and July 2003).

The common planktonic species included C.
aciculare and C. moniliferum. The maximum val-
ues of C. aciculare were observed in July 2002
(1.01 mg L) and June-September 2005 (0.08-
0.30 mg L1), always at the lake subsurface. This
species was also present during the stratification
period (0.2-0.4 mg L™Y).

Effects of thermal stability and underwater
light climate on desmid biomass

The average depth of biomass (mg L) for func-
tional group Na (Fig. 5) indicated that typical
desmid epilimnetic communities occurred at
both Carioca (MLD < 20 wm) and Dom Helvécio
(MLD > 20 wm) Lakes. A comparison between
the data for the stratificationperiod and the data for
the mixing period for both lakes noted no signifi-
cant differences (p > 0.05). The only differences
occurred in the quantitative decrease in species
biomass (< 80 %) during the mixing period.
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Figure 5. Annual variation in the mean depth of the biomass
(mg L) of functional group Na at Lakes Carioca (A) and
Dom Helvécio (B) during 2002-2006. Continuous lines: mixing
layer. Variacion anual de la profundidad promedio del grupo
funcional Na en los lagos Carioca (A) y Dom Helvécio (B)
durante el periodo 2002-2006. Linea continua: zona de mezcla.

A Canonical Correspondence Analysis per-
formed with 39 species and 6 abiotic factors re-
sulted in eigenvalues of A = 0.13 and A = 0.036
for axes 1 and 2, respectively. The species-
environment correlations for axes 1 (0.89) and 2
(0.685) were high, indicating a strong correlation
between the distribution of the desmid species
and the environmental variables used for ordina-
tion (Table 2). A Monte Carlo permutation test
showed that axes 1 and 2 were both statistically
significant, as simultaneously identified by CCA
(p < 0.01), indicating an absence of random
events and the presence of relationships between
environmental variables and desmid species
(Fig. 6). The sampling units for Lake Dom
Helvécio formed a group to the right of axis 1,
and the units for Lake Carioca formed a group to
the left of this axis. The canonical coefficients for
axis 1 and axis 2 showed that thermal stability
and the Secchi disk depth were the most impor-
tant environmental variables for the ordination.

The canonical coefficients indicated that
thermal stability (r = —0.63), the mixing layer
(r = —0.59) and the light attenuation coefficient
(r =0.35) were the most important factors
associated with the axis 1 ordination. Axis 2
presented higher canonical coefficients for the
Secchi disk depth (r = —0.77), thermal stability
(r = 0.54), electrical conductivity (r = —0.46),
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Table 2. Canonical coefficient and intra-set correlations from a Canonical Correspondence Analysis (CCA) between environmental
variables and species characteristic of Lakes Dom Helvécio and Carioca. Coeficiente Candnico y correlacion intra-set del Andlisis de
Correspondencia Canonica (ACC) entre las variables ambientales y las especies descriptivas de los lagos Dom Helvécio y Carioca.

Canonic coefficient

Variable Axis 1 AXis 2
Electrical conductivity EC -0.14 —-0.46
N—-NH,4 NH4 0.09 0.3
CO, C0o2 -0.03 0.17
Secchi disk DS 0.09 -0.77
Light attenuation coefficient KO 0.35 -0.19
Thermal stability S -0.63 0.54

N-NH; (r=0.3) and the light attenuation
coefficient (r = —0.19) (Table 2).

A tendency toward the formation of species
groups that were representative of the stratifi-
cation and mixing periods was detected at Lake
Dom Helvécio, but no clear-cut separation of

Sampling units

such groups occurred at Lake Carioca. On the
negative side of axis 1, the sampling units for
Lake Dom Helvécio were grouped in associ-
ation with the following species: C. aciculare
(r = -0.91), C. contractum (r = —0.56), S. laeve
(r=-0.11) and S. smithii (r = -0.16). This
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Figure 6. CCA ordination diagram of the sampling units in relation to the desmid species (mg L™) at Lakes DomHelvécio and
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species group showed a close relationship with
thermal stability (r = —0.68). The other group
combined the species P. trabecula (r = —0.93),
S. hirsutum (r = —0.85), S. rotula (r = —0.71),
all associated with Zx (r = —0.61) and water
transparency (r = —0.57).

On the positive side of axis 1, species charac-
teristic of Lake Carioca were grouped together
based on the high light attenuation coefficient
(r =0.42) and N-NH; (r = 0.33) concentration.
The highest correlations were found for S. iota-
num var. iotanum (r = 0.77), S. laeve (r = 1.17)
and S. incus var. ralfsii (r = 0.98). In the central
portion of the ordination, a group was observed
corresponding to the common species association
between the two lakes and the months.

DISCUSSION

The long stratification period (202 days) associ-
ated with high temperatures (>25°C) and high
thermal stability, acidic water (pH <7), low light
availability, high availability of nutrients and
structural changes at a lower Z,;x (Lake Carioca:
1.5-6.5 m) or larger scale (Lake Dom Helvé-
cio: 5-12 m) significantly affected the biomass
of desmids, as indicated by the CCA results.
Previous studies have shown that in certain
tropical lakes, the largest desmid populations
occur during the period of thermal stratification
(summer). Furthermore, the growth of these
algae has been detected in the epilimnion of
tropical lakes (Barbosa & Padisak, 2002; Tavera
& Martinez-Almeida, 2005; Souza et al., 2008).

The adaptation of desmids to turbulent en-
vironments (Brook, 1981) requires an optimum
temperature between 25 and 30°C (Coesel &
Wandenaar, 1990) and the ability to tolerate
nutritional deficits (Reynolds et al., 2002),
conditions observed in the epilimnion of lakes
in general. Yinxin & Minjuan (2005) reported
that Cosmarium, Staurastrum, Staurodesmus and
Closterium (> 70 % of the density and biomass)
were dominant at six stations during three sea-
sons (spring, summer and autumn) but not during
the winter. Desmid populations associated with
increased surface temperature have also been

previously identified in tropical lakes (Clarke,
2008), particularly if the increase in temperature
is associated with thermal stratification.

A greater biomass of desmids was found in
the epilimnion of the lakes, and the physical sta-
bility of the lakes had a substantial influence
on the long-term maintenance of this biomass.
However, the biomass values decreased drasti-
cally (=70 %) during the mixing period. Con-
sequently, the desmid community would show a
low adaptive flexibility and persistence in unsta-
ble pelagic lakes (i.e., during the mixing period),
thus reinforcing the hypothesis that desmids ex-
hibit high ecological resilience in the face of
significant fluctuations between the stratification
and mixing periods. Despite their preference or
affinity for the thermal stratification period, C. as-
phaerosporum var. strigosum, S. taylorii and C.
aciculare also occurred during the mixing period.

Most of the desmids collected (MLD < 20) be-
longed to functional group Na. Species of func-
tional group P, which show requirements very
similar to those of group N, were also found in
both lakes and were represented by C. aciculare,
which attained maximum values at Lake Dom
Helvécio during the mixing period. Closterium
species were very well adapted to the higher lev-
els of organic matter and the lower levels of
light intensity in the monomictic lakes (Brook
& Williamson, 1988). These species also gained
a strong adaptive benefit from their physiologi-
cal affinity to the mixing conditions (Pollingher,
1986) in the monomictic lakes.

The Zy, : Znix ratio identified a well-lighted
epilimnion in Lakes Carioca (0.9 < Zg,/Zmix< 3.6)
and Dom Helvécio (0.9 < Zg,/Znix<1.8). This
result suggested that desmid communities are
most likely not light limited. Lower transparency
(0.5-2.5 m) and greater light attenuation (0.85-
3.4 m) were observed in Lake Carioca due to
its high content of pigmented organic matter
(Bezerra-Neto et al., 2006). Eutrophic swamps
and wetlands tend to be dominated by small
desmids with short generation times (e.g.,
Cosmarium granatum Brébisson, Cosmarium
subgranatum Nordstedt and Cosmarium subtu-
midum Nordstedt), whereas oligotrophic lakes
are dominated by large desmids (e. g., Micraste-
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rias, Tetmemorus and Pleurotaenium) (Coesel,
1982), situations similar to those observed in
Lakes Carioca and Dom Helvécio, respectively.
Studies of the effect of light on phytoplankton
morphology in wetlands have shown that small
organisms occur in light-limited environments,
whereas larger forms occur if light is relatively
abundant (O’Farrel et al., 2007).

At Lake Carioca, the maximum biomass
was associated with the nanoplanktonic fraction
(MLD <20 um). In Lake Dom Helvécio, the
nano- and microplanktonic (>20 um) species
coexisted. Brook (1981) reported that desmid
species tend to behave as K-strategists, with high
volumes and low intrinsic growth rates, low rates
of population increase (Coesel & Kooijman-
van-Blokland, 1991) and high light demands
(Reynolds, 1984). However, the dominant
desmids in Lakes Carioca and Dom Helvécio
have a lower MLD (< 20 um), a small volume
(< 10%) and greater dispersion. These characteris-
tics would allow rapid colonization and nutrient
absorption. In addition to these factors, a low
sinking rate would also be potentially favored by
the morphological features cited above. These
features would facilitate the establishment of
forms with the ability to achieve dominance
under stressful conditions (i.e., low light and
nutrient availability) (Reynolds, 2006).

Planktonic desmids are commonly associated
with oligo-mesotrophic waters (Nygaard, 1949;
Coesel, 1975, 2001). However, the relationship
between the trophic level of a lake and the
species richness, diversity and biomass of plank-
tonic desmids is highly debatable. In addition
to their association with oligotrophic lakes,
the great majority of desmid species (except
for the cosmopolitan species) are considered
oligosaprobic (Coesel, 1983), i.e., not tolerant to
organic pollution. Although planktonic desmids
are commonly associated with oligo-mesotrophic
waters, their trophic relationships and level are
still very uncertain (Coesel, 1975, 2001).

The presence of P. trabecula and C. aciculare
at Lake Dom Helvécio indicates a low to medium
level of pollution (Coesel, 1983; Negearnpat &
Peerapornpisal, 2007). However, the floristic
composition of the desmids in Lake Carioca

included both species typical of eutrophic lakes
and species associated with oligotrophic lakes.
This result indicated that, although the lake is
located in an area in which the environment
is protected, the changes occurring in the lake
are typical of shallow ponds. Eutrophication
processes are associated with decreases in the
richness of desmids (Coesel, 1978). This as-
sociation results from the increase in organic
pollution, which decreases the structural diver-
sity of the environment in conjunction with the
decreased richness of the aquatic vegetation
(Coesel et al., 1978). A decrease in diversity in
Lake Donghu (China) was identified between
1960 and 1990 and related to increases in phos-
phorus and nitrogen and a decrease in water
transparency (Yinxin & Minjuan, 2005). A rel-
atively low richness of desmids may be favored
by several factors intrinsic to Lake Carioca,
including shading by the terrestrial vegetation,
a lower richness of macrophytes and low water
transparency, (Felisberto & Rodrigues, 2005).

In summary, the physical stability of the lakes
is the principal driver favoring the dominance
of desmids in tropical warm monomictic lakes,
although stress due to the limitation of inorganic
nutrients (Lake Dom Helvécio) and the limited
amount of light (Lake Carioca) also determines
the composition and abundance of functional
groups and adaptive strategies.
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ABSTRACT
Thermal behavior of Mediterranean Andean streams in South-Central Chile

Despite of the importance of temperature in the fluvial ecosystems, the knowledge of its spatial and temporal variability
in Andean rivers is limited, thus it is necessary to clarify the relative importance of site-specific factors in controlling the
temperature of rivers. The aim of this research was to characterize the thermal regime of five Andean streams through an
altitudinal gradient. The results show that there is a spatial and temporal variability in water temperature with a relatively
rapid rise in temperature in mid-December, being stable in January and February, and a rapid decrease at the beginning of
March and April. The thermal heterogeneity recorded in the high Andean zone of the Biobio River Basin makes it clear
that geomorphology characteristics of each site are important in regulating water temperature, associated mainly with the
altitude and shade; this latter mainly generated by high mountains and in some cases by the timberline. It is known that
thermal variability, mainly the maximum and minimum mean temperatures; causing severe stress on stenotherm organisms.
Therefore, a deeper knowledge of the river temperature is essential for the management and future protection of the Andean
freshwater ecosystems to mitigate the impacts associated to the global warming.

Key words: Local factors, altitudinal pattern, thermal regime, Andean streams.

RESUMEN
Comportamiento térmico en rios mediterraneos andinos de la zona centro-sur de Chile

A pesar de la importancia que tiene la temperatura en los sistemas fluviales, el conocimiento de su variabilidad espacio-
temporal en rios de Chile es limitado. Tales estudios son necesarios para aclarar la importancia relativa de los factores
locales a la hora de controlar la temperatura de los rios. La presente investigacion tuvo por objetivo caracterizar el régimen
térmico de cinco rios andinos de la region del Biobio a través de un gradiente altitudinal. Los resultados muestran que existe
una variabilidad espacio-temporal en la temperatura del agua con un incremento relativamente rapido de la temperatura
a mediados de diciembre, manteniéndose en enero y febrero, para disminuir rdpidamente a principio de marzo y abril. La
heterogeneidad térmica encontrada en la zona andina de la cuenca del rio Biobio deja de manifiesto que las caracteristicas
geomorfoldgicas de cada sitio son relevantes en la regulacion de la temperatura del agua, asociada principalmente a la
altitud y sombra, esta Gltima generada principalmente por las altas montafias y en algunos casos por la vegetacion arborea.

Se prevé que cambios principalmente en las temperaturas medias maximas y minimas podrian ocasionar un severo estrés
en organismos estenotermos. Por lo tanto, un conocimiento detallado de la temperatura en rios andinos podria proveer de
informacién necesaria para direccionar la mitigacién de los impactos asociados al calentamiento global.

Palabras clave: Factores locales, patrén altitudinal, régimen térmico, rios andinos.
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INTRODUCCION

La temperatura es una de las variables del hé-
bitat fisico mas importantes en los ecosistemas
fluviales, debido a que afecta la respuesta eco-
I6gica funcional y estructural de los organismos
acuaticos (Vannote & Sweeney, 1980; Hawkins
et al., 1997; Jacobsen et al., 1997), asi como las
reacciones fisicoquimicas que ocurren en dichos
sistemas (Berner & Berner, 1996; Webb, 1996;
Erickson & Stefan, 2000). No obstante, el co-
nocimiento ligado a la variabilidad térmica na-
tural de los rios es limitado, dado el nivel de alte-
racion que presentan estos sistemas (Malmqvist
& Rundle, 2002). Ademas de esto, se proyecta
que la temperatura superficial del planeta segui-
ra aumentando como resultado del calentamiento
global (3-5°C durante los préximos afios; IPCC,
2007), lo cual condicionaria no solo los regime-
nes térmicos estacionales, sino también la respues-
ta ecoldgica de los sistemas fluviales, principal-
mente la distribucidn de las especies dulceacuicolas
(Heino, 2002; Caissie, 2006; Brown et al., 2007).

En condiciones naturales, el factor climético
es el principal modelador de la temperatura en
rios, sobre todo aquellos pardametros que presen-
tan una variabilidad interanual (p. ej. estacionali-
dad del sol, temperatura del aire, viento y hume-
dad relativa; Malcolm et al., 2004). Sin embargo,
también existen factores locales (p. ej. vegetacion
de ribera, aguas subterraneas) que contribuyen
a la heterogeneidad térmica, los cuales han si-
do identificados por Alexander & Caissie (2003),
Johnson (2004), Royer & Minshall (1997) y Poff
& Ward (1990). Estos factores raramente influ-
yen de forma independiente en la temperatura,
por lo que su importancia es un desafio, debido a
que pueden variar en forma diaria, estacional, asi
como espacialmente. Estudios desarrollados du-
rante las ltimas décadas han permitido constatar
gue la radiacion solar de onda corta y la tempera-
tura del aire son los reguladores primarios de la
temperatura en los sistemas fluviales (Sinokrot &
Stefan, 1994; Webb & Zhang, 1997; Evans et al.,
1998). Alexander & Caissie (2003) demuestran
que el intercambio de calor entre la atmdsferay la
superficie del agua explica gran parte de las fluc-
tuaciones térmicas diarias en rios someros. Sin

embargo, la naturaleza del intercambio energéti-
co puede variar significativamente de acuerdo con
las caracteristicas geomorfoldgicas del rio (p. €j. ra-
pidos, rapidos-someros, pozas; Webb et al., 2008).

En Chile, la diversidad geolégica y continen-
tal conforma una realidad territorial latitudinal-
altitudinal de tal magnitud, que permite diferen-
ciar térmicamente una variedad de ecosistemas
acuaticos. Sin embargo, los estudios del régimen
térmico son muy limitados, conociéndose solo
los de Link et al. (2012), Monsalve et al. (2012)
y Link et al. (2009). Esto genera una escasez
de informacidn sobre la dinamica y heterogenei-
dad térmica de los rios en condiciones natura-
les. En este contexto, los rios alto-andinos se pre-
sentan como unidades ecoldgicas favorables para
estudiar los patrones térmicos, ya que a menudo
se encuentran escasamente alterados y presentan
un gradiente térmico que depende marcadamen-
te de las condiciones ambientales locales y la
fuente que los alimenta (p. ej. glaciar, subterra-
nea y/o termal). Ambos factores son importantes
para moderar las temperaturas (Poole & Berman,
2001; Caissie, 2006), en particular las altas tem-
peraturas estivales, que aumentarian como conse-
cuencia del calentamiento global (Falvey & Ga-
rreaud, 2009), siendo limitante para la distribu-
cion y supervivencia futura de ciertas especies
acuaticas (p. ej. Plecoptera; Palma & Figueroa,
2008) de las zonas andinas. De acuerdo con lo
planteado anteriormente, el objetivo del presente
trabajo es caracterizar el régimen térmico de cinco
rios alto-andinos de la region del Biobio a través de
un gradiente altitudinal, para identificar los facto-
res locales que afectan la temperatura de los rios.

MATERIAL Y METODOS

Area de estudio

La zona de estudio se localizo entre los 37.74-
38.08°S; 71.39-71.14°W vy considerd cinco rios
alto-andinos de la cuenca del rio Biobio: Lomin,
Chagquilvin, Quepuca, Pangue y Queuco (Fig. 1).
Todos los sitios presentan caracteristicas climati-
cas tipicas de rios mediterraneos (Gasith & Resh,
1999). Se describe el régimen hidrolégico de
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todos los sitios como pluvio-nival, con pico
de maximo caudal en invierno y primavera.
El sedimento de la zona de estudio estd cons-
tituido principalmente por un conglomerado
de roca ignea con intrusiones sedimentarias,
asociado fundamentalmente a las caracteristicas
fluvio-glacio-volcéanicas de la zona (Mardones et
al., 1992). El sustrato acuatico consiste en una
mezcla de cantos rodados, piedras, grava y arena,
mientras que la vegetacion esta constituida por
una mezcla entre bosque nativo perenne (p. €j.
Drymis winteri), caducifolio (Nothophagus spp.),
matorral y estepa andina (Hajek, 1991; Dallman,
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1998). La figura 1 muestra el uso de suelo de
cada una de las microcuencas estudiadas. Los
tramos de rio fueron clasificados de acuerdo con
sus diferencias de altitud: rios de mayor altura
(>800 msnm) con mezcla de matorral y estepa
alto-andina; de altitud media (500-800 msnm)
con bosque achaparrado y renoval nativo, y de
baja altitud (<500 msnm) con mezcla de bosque
y renoval nativo. El renoval nativo correspon-
de al bosque nativo secundario originado por
semillas y/o reproduccion vegetativa después
de una perturbacion antrépica o natural. Cada
sitio de estudio fue caracterizado incluyendo
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Tabla 1.

Caracterizacion fisica de los cinco rios andinos estudiados desde julio de 2010 a junio de 2011. LO = Lomin; CH = Cha-

quilvin; QP = Quepuca; PA = Pangue y QC = Queuco. Physical characterization of the five Andean rivers studied during July 2010
and June 2011. LO = Lomin; CH = Chaquilvin; QP = Quepuca; PA = Pangue y QC= Queuco.

Sitio LO CH QP PA QC
Localizacién 38°00'57.24”S 38°03'21.5”S 38°03'8.05”S 37°53'45.04”S 37°49'56.9”S

71°17'24.02"W 71°16'52.29"W 71°24'57.22"W 71°36'51.79"W 71°40'12.54"W
Altitud (msnm) 936 882 750 475 370
Area de la cuenca (km?) 214,52 298.92 35.32 156.03 983.61
Aspecto E NE NE NO E
Ancho maximo del rio (m) 8-12 18-25 5-7 7-13 45-65
Profundidad (m) 0.20-0.40 0.21-0.50 0.15-0.37 0.22-0.45 0.20-0.51
Orden 2 3 2 3 3
Distancia desde el origen (km) 25.919 19.737 10.827 17.827 71.858

datos geograficos, ademas de caracteristicas
fisicas del rio (Tabla 1).

Recoleccion de datos

La temperatura del agua y del aire fue medi-
da continuamente utilizando registradores de da-
tos marca HOBO, modelo UA-001-08 (—20° a
70°C), con una precision de +0.5°C. Estos fue-
ron programados mediante el software HOBO-
ware para registrar y almacenar la temperatura a
intervalos de 15 min; ademas se calibraron du-
rante 24 horas previamente a su instalacion en
cada sitio de estudio, siguiendo la metodologia
basada en Haidekker & Hering, 2008. Los regis-
tradores se introdujeron en tubos de PVC (dia-
metro = 35 mm; longitud = 15 cm) a fin de evi-
tar que recibieran radiacion directa que alterara la
temperatura del sensor. El &rea de drenaje, la dis-
tancia desde el origen y el orden del rio de cada
sitio de muestreo fueron obtenidos de las bases
de datos cartogréaficas del IGM (Instituto Geo-
grafico Militar; 1:50 000), mientras que la ubi-
cacion geografica y la altitud (msnm) se determi-
naron utilizando un GPS Garmin Xtrex. El ancho
y la profundidad media se estimaron in situ en
cada lugar de muestreo. La velocidad de la co-
rriente se midié con un velocimetro digital Flow
Probe, modelo FP111.

Analisis estadistico

La evaluacion de heterogeneidad térmica se ba-
sO en los registros efectuados en los cinco rios

desde julio de 2010 a junio de 2011, a excepcion
del rio Queuco, donde la recogida de datos co-
menz0 en agosto 2010. Para cada sitio de estu-
dio se determinaron cuatro variables térmicas: (i)
temperatura media diaria, (ii) temperatura maxi-
ma diaria, (iii) temperatura minima diaria, y (iv)
rango térmico diario, el cual fue calculado como
la diferencia entre la temperatura maxima y mi-
nima diaria (A media diaria). Ademas, se estimd
la tasa media de calentamiento y de enfriamien-
to en primavera y otofio (°C dia™) (Uehlinger et
al., 2003), ambas obtenidas de la regresion lineal
de la temperatura media diaria en el periodo de
tiempo 21 septiembre-21 diciembre y 21 marzo-
21 junio, respectivamente. Paralelamente, se de-
terming la cantidad de horas que cada sitio recibe
de radiacion solar directa, a partir de la relacion
entre el angulo cenital y el efecto de sombra ge-
nerado por las altas montafias, siguiendo la me-
todologia propuesta por Tung et al. (2006).

Se utilizd el andlisis de varianza de un fac-
tor (ANOVA) con test de Tuckey post hoc para
establecer diferencias en las variables térmicas
(temperatura media diaria y rango térmico) y la
estacionalidad entre los sitios y épocas de estu-
dio. Las correlaciones y modelos de regresion se
consideraron significativos cuando p <0.05. Co-
mo una medida de asociacion entre la temperatu-
ra del aire y la del agua, se estimd la correlacién
de Pearson (r) para cada sitio de estudio. Final-
mente, se determinaron los grados-dia para el pe-
riodo julio 2010-junio 2011 (Arscott et al., 2001).
Este parametro fue calculado a escala mensual y
anual a partir de la suma de las temperaturas me-
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dias diarias por encima de 0 °C, estableciendo la
influencia de la energia térmica disponible en los
organismos acuaticos.

RESULTADQOS

La temperatura media diaria del aire presentd
un patrén sinusoidal con una media diaria ma-
xima, ocurrida el 23 de enero, que fluctud entre
21.52°C (rio Quepuca) y 26.47 °C (rio Queuco),
y una minima, el 22 de julio, que fluctué entre

—6.32 °C (rio Chaquilvin) y 0.88 °C (rio Queuco)
(Fig. 2). La variabilidad media anual de la tempe-
ratura del aire entre los sitios con mayor y menor
altitud fluctu6 entre 9.36 y 12.49 °C, respectiva-
mente. La comparacion en esta microescala tem-
poral (julio de 2010 a junio de 2011) revel6 que a
altitudes bajas las temperaturas son mas célidas,
mientras que a altitudes media-altas los patrones
térmicos del aire son més frios y similares entre si.

La temperatura del agua muestra un patron
sinusoidal similar al registrado en la temperatu-
ra del aire (véanse Fig. 2 y Tabla 2). En gene-
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Figura 2. Temperatura media diaria del aire (linea clara) y agua (linea oscura) durante un ciclo anual de los rios (a) Lomin, (b)
Chagquilvin, (c) Quepuca, (d) Pangue y (e) Queuco. Daily mean air (light line) and water (dark line) temperature during an annual
cycle in the (a) Lomin, (b) Chaquilvin, (c) Quepuca, (d) Pangue, (e) Queuco streams.



92

Tabla 2.

Pedreros et al.

Caracteristicas térmicas del agua (°C) y horas de radiacion directa (% RD) reportadas durante el ciclo anual julio de 2010

a junio de 2011, en rios mediterraneos alto-andinos del centro-sur de Chile. Thermal characteristics of water (°C) and hours of direct
radiation (% DR) reported during an annual cycle, from July 20120 to June 2011, in Andean Mediterranean rivers in South-Central

Chile.

Rio Altitud Trmedia anual

Tmedia mensual

Tmedia diaria

Amedia diaria

Tméx

Mes

Tml’n

Mes

Grados-dia

% RD

Lomin 936
Chaquilvin 882
Quepuca 750
Pangue 475
Queuco 370

8.07
7.53
7.96
8.85
11.87

5.01-12.16
2.82-13.65
3.96-12.95
4.93-13.88
5.43-21.49

3.78-14.04
0.97-16.32
2.14-15.56
3.52-15.91
6.84-18.20

0.51-7.08
0.73-9.63
0.51-8.49
0.40-8.60
0.20-6.78

16.90
19.28
19.28
20.04
24.54

Enero
Enero
Enero
Enero
Enero

241
0.12
1.00
2.73
1.87

2976
2822
2716
3234
3763

Agosto
Julio
Agosto
Julio
Julio

40.02
46.63
42.85
45.78
40.30

ral, los registros térmicos de los cinco rios alto-
andinos estuvieron caracterizados por un incre-
mento relativamente rapido de la temperatura a
mediados de diciembre, manteniéndose en enero
y febrero, para disminuir rapidamente a princi-
pio de marzo y abril. Llama la atencion que el
rio Pangue (475 msnm) presenté un patron tér-
mico similar a los rios de mayor altitud, Lomin
(936 msnm) y Chaquilvin (882 msnm), y distin-
to al del rio Queuco (370 msnm), de menor alti-
tud. Esto podria deberse a que el rio Pangue tiene
afluentes importantes de origen glaciar, mientras
gue el Queuco se nutre de la escorrentia superfi-
cial y aportes subterraneos. Las temperaturas fue-
ron maximas en enero para todos los sitios de
estudio, mientras que las minimas fueron en ju-
lio (Chaquilvin, Pangue y Queuco) y agosto (Lo-
min y Quepuca). En cuanto al rango térmico, es-
te tuvo su mayor amplitud en el rio Chaquilvin,
con valores entre 0.73-9.63 °C, mientras que el
rio Queuco present6 la menor amplitud, con va-
lores entre 0.20-6.78 °C. En todos los sitios de
estudio se evidencié que la temperatura alcan-
206 los valores mas altos durante la época estival,
cuando los caudales son minimos, lo cual que-
da reflejado en las mediciones de profundidad y
ancho de la llanura de inundacion, presentando
una mayor variabilidad en el rio Queuco y me-
nor en el rio Quepuca (véase Tabla 1). En este
sentido, la variabilidad en la temperatura media
diaria del agua puede ser estimada a partir de la
temperatura media diaria del aire (h = 311-360;
p<0.001) y las horas de radiacion directa en ca-
da sitio de estudio. A este respecto se observd
que la temperatura media anual aumento de 7.53
a 11.87°C a medida que disminuia la altitud (de
936 a 370 msnm). Estas diferencias en variabi-
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Figura 3. Grados-dia acumulados durante el ciclo anual de
estudio de julio de 2010 a junio de 2011, (a) grados-dia acu-
mulados y (b) grados-dia mensuales para cada uno de los rios
andinos. Cumulative degree-days during the annual cycle of
the study period, from July 2010 to June 2011, (a) cumulati-
ve and (b) monthly average degree-days for each of the Andean
streams.

lidad espacio-temporal de la temperatura media
diaria también se reflejaron en los patrones de

grados-dia mensual y anual (Figs. 3a 'y 3b). La
variacion de grados-dia anual registro valores en-
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tre 2716 y 3763, alcanzando valores mas altos a
medida gque disminuia la altitud. La mayor varia-
bilidad en los patrones de grados-dia esta en fun-
cién de las temperaturas de verano (Fig. 3b). Sin
embargo, las temperaturas de invierno son impor-
tantes para los grados-dia en cada sitio, siendo
reconocidas por el aumento relativamente lineal
entre julio y septiembre.

Los efectos de la estacionalidad sobre la tem-
peratura media diaria y rango medio diario fue-
ron significativos en todos los sitios de estudio
(p <0.001). Estas interacciones se condicen con
el aumento de la temperatura del aire y una dismi-
nucion en la profundidad y ancho de la llanura de
inundacién en época estival. Mientras que la tasa
de calentamiento de los rios fluctu6 en primave-
ra desde 0.0624 (rio Queuco) a 0.0395°C dia™!
(rio Chaquilvin), y la tasa de enfriamiento de
otofio registré valores entre —0.0525 (rio Lomin)
y —0.0902°C dia! (rio Queuco). En ambos ca-
sos las tasas de cambio incrementaron significa-
tivamente (modelo de regresion lineal, p< 0.001)
con la distancia al origen.

Finalmente, la heterogeneidad térmica de los
rios a mayor altitud respecto al rio ubicado a me-
nor altitud se muestra en la figura 4. La diferencia
altitudinal en la temperatura media diaria fluc-
tda entre 0.50-7.65 °C, con una media de 3.15°C

Diferencia de temperatura (°C)

Ago Sep Oct Nov Dic Ene Feb Mar Abr May Jun Ago
Mes

Figura 4. Discontinuidad térmica a través del gradiente alti-
tudinal. Diferencias entre los rios Queuco-Lomin (linea oscu-
ra) y Queco-Chaquilvin (linea clara) durante el periodo agosto
de 2010 a junio de 2011. Thermal discontinuity through altitu-
dinal gradient. Differences among Queuco-Lomin (dark line),
and Queco-Chagquilvin (light line) streams from August 2010 to
June 2011.

(Queuco-Lomin), y 1.46-5.74 °C, con una media
de 3.42°C (Queuco-Chaquilvin). En época esti-
val (21 diciembre-21 marzo) se presenta la ma-
yor heterogeneidad térmica con variaciones entre
2.54-7.65 °C, con una media de 5.63 °C (Queuco-
Lomin, y 2.59-5.74 °C, con una media de 4.39°C
(Queuco-Chaquilvin). En ambos casos la rela-
cién fue positiva, debido a que los rios de alti-
tudes mayores siempre presentaron temperaturas
mas frias que los tramos mas bajos.

DISCUSION

La variabilidad espacio-temporal de la tempera-
tura es compleja y expresa la influencia local y
regional (Uehlinger et al., 2003). En este con-
texto, la resolucién de los registradores de datos
(15 min) reveld claras diferencias espacio-
temporales en la temperatura del agua de los cin-
co rios estudiados. La variabilidad inter-sitio en
la temperatura media diaria del agua fue mas evi-
dente durante la época estival. Esto se relaciona
con los resultados obtenidos por Webb & Zhang
(1997) y Evans et al. (1998) en rios del Hemis-
ferio Norte, y en Chile Link et al. (2012) para
los rios Vergara e Itata, quienes lo atribuyen a
la radiacion neta dominada por la entrada de
energia solar durante los meses de verano. Esto
fue observado en el rio Quepuca, que presentd
bajas temperaturas, lo cual estaria asociado
al desarrollo de una amplia densidad arbdrea,
abrupta topografia del canal y una baja relacion
ancho-profundidad. Dichos factores se asocian a
la reduccion en la cantidad de radiacion solar di-
recta y al area disponible para el intercambio de
energia desde la atmédsfera al rio (Hawkins et al.,
1997; Webb & Zhang, 1997; Arscott et al., 2001;
Poole & Berman, 2001; Malcolm et al., 2004). A
pesar de que presenta aproximadamente un 43 %
de horas con radiacion solar directa, la secuen-
cia de sombra generada por el dosel arbéreo y las
altas montafas serian los condicionantes a la hora
de absorber o reflejar la radiacion de onda corta.

Contrariamente, los patrones térmicos encon-
trados en los rios Lomin y Chaquilvin responden
mas a la dindmica meteoroldgica temporal local,
debido a que los sitios se encuentran localiza-
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dos en una zona de valle con escasa secuencia
de sombra (matorral y estepa alto-andina), pero
con un area disponible mayor para el intercam-
bio de energia (véase en Tabla 1 ancho y profun-
didad del rio), lo cual lleva a que estos sistemas
tengan una capacidad térmica relativamente ba-
ja. Esta condicion concuerda con lo reportado por
Isaak & Hubert (2001), donde el régimen térmico
de estos sistemas esta mas ligado a la radiacion
solar y a la temperatura del aire. Si bien ambos
sistemas se encuentran a una altitud similar, la
amplitud térmica entre los sitios es diferente; una
situacion similar se registrd con las temperaturas
minimas y maximas. Estas diferencias inter-sitio
se atribuyen a que la relacién ancho-profundidad,
orientacion del rio y las horas de radiacion di-
recta son distintas, asi, Chaquilvin presenta una
orientacion noreste con un area mayor para inter-
cambio recibiendo en promedio anual 46.6 % de
radicacion directa, que no solo facilita la canti-
dad e intensidad de luz que recibe el rio durante
el dia, sino también la capacidad de absorcion de
energia (Johnson & Jones, 2000).

Nuestros resultados concuerdan con la rela-
cion altitud-temperatura para los habitats alto-
andinos de zonas templadas (Nagy & Grabherr,
2009). Estas diferencias en los patrones térmi-
cos pueden atribuirse primariamente a la altitud y
secundariamente a la combinacion de distintos
factores que se interrelacionan entre si para in-
fluenciar el régimen térmico de estos sistemas
fluviales. Asi, en el rio Queuco, la topografia del
canal, la relacion ancho-profundidad, la vegeta-
cion de ribera, el tipo de sustrato (mayor porcen-
taje de roca sedimentaria), un mayor aporte de
temperatura desde rios tributarios y el volumen
de agua, condicionarian dichos patrones. Mien-
tras que la similitud de los patrones térmicos en-
tre el rio Pangue y los rios de mayor altitud, se
asocia a que en su cabecera recibe un aporte im-
portante de alimentacién glacial, que estaria de-
terminando la heterogeneidad térmica, debido a
lainclusién de temperaturas bajas, en algunos ca-
sos cercanas a 0°C. Sin embargo, se requieren
mas estudios para estimar la influencia glacial so-
bre los rios mediterraneos alto-andinos.

Las fluctuaciones térmicas de invierno no
presentaron una variacion diaria significativa,

pero a mediados de marzo y abril se produce un
rapido decaimiento de los patrones térmicos en
todos los sitios estudiados; esta disminucion se
asocia a la intensidad de las primeras lluvias oto-
fAales, que determinaron la naturaleza de la res-
puesta hidrologica. La respuesta de la temperatu-
ra a las condiciones climéticas ha sido reportada
como condicionante en la dinamica térmica
(Brown et al., 2006). La heterogeneidad en la
temperatura del agua entre los sitios de estudio
también se ve reflejada en las tasas de cambio
y los grados dia acumulados durante un ciclo
anual; ambos patrones se asocian a la capacidad
de buffer de cada rio individualmente.

En este trabajo hemos relacionado las diferen-
cias térmicas entre rios con factores locales como
altitud, insolacién y presencia de vegetacion. A
partir de estos datos serd necesario a posteriori
estimar un balance térmico de cada uno de los
rios considerando datos de caudal e intercambio
con el hiporreos; este ultimo puede ser impor-
tante como regulador de la temperatura del agua
(Evans et al., 1998), y como refugio térmico para
los organismos (Acufia & Tockner, 2009; Wood
et al., 2010). Ademas, los patrones térmicos en-
contrados podrian ser fuertemente alterados co-
mo consecuencia del calentamiento global (Cais-
sie, 2006). En el caso particular de Chile, los
registros de temperatura en la zona andina mues-
tran un incremento en la temperatura media dia-
ria del aire de aproximadamente +0.25 °C/década
entre 1979-2006 (Conama, 2006; Falvey & Ga-
rreaud, 2009). Por lo que un conocimiento deta-
Ilado de la dindmica de la temperatura de los rios
es esencial para la gestion, proteccion y conser-
vacion futura de los sistemas acuaticos, asi co-
mo para direccionar la mitigacion de los impac-
tos asociados al calentamiento global.
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ABSTRACT
Freshwater food web studies: a plea for multiple tracer approach

Food webs are complex systems of interactions between ecosystem species. Beyond the direct analysis of stomach contents,
stable isotopes of carbon (6%3C) and nitrogen (5'°N) have been used widely to evaluate these trophic relationships and
calculate the relative contribution of food sources to a consumer’s diet using mixing models. However, there are still some
constraints on the use of these traditional tracers that limit their output. Here, we briefly comment on the potential of using
multiple tracers (i.e., stable isotopes of C, N and H; trace metals), and applying recent numerical approaches (i.e. Bayesian
mixing models) to advance the understanding of complex aguatic food webs. Stable isotopes of hydrogen (§2H), normally
used to examine large-scale migration patterns of terrestrial animals, have been recently proposed as a complementary trophic
tracer in aquatic ecosystems. The principle for this application is the large isotopic difference in 52H among food items
that can be found in some aquatic systems. Other potential trophic indicators are such substances that accumulate through
diet (e.g., trace metals). These substances are traditionally studied from bioaccumulation or toxicological perspectives, but
there are indications that encourage their use for tracing food web interactions. Bayesian mixing models, which are able
to incorporate several sources of variability and multiple food sources in the model, can help to solve puzzling results. In
summary, we suggest that the simultaneous use of multiple tracers will provide more reliable results than any of them
in isolation. The challenge is to develop methods to combine them enhancing their strengths and minimizing uncertainty.

Key words: Stable isotopes, food webs, deuterium, trace metals, Bayesian mixing models.

RESUMEN
Estudio de redes tréficas acuaticas: una llamada al uso de maltiples marcadores

Las redes tréficas son sistemas complejos de interacciones entre las especies del ecosistema. Mas alla del analisis directo de
los contenidos estomacales, los isGtopos estables del carbono (6%3C) y nitrégeno (5°N) se han utilizado con frecuencia para
evaluar las conexiones troficas y calcular la contribucion relativa de cada alimento en la dieta de los consumidores mediante
modelos de mezcla. Sin embargo, todavia hay algunas restricciones en el uso de estos marcadores tradicionales que limitan su
rendimiento. En este articulo comentamos brevemente la posibilidad de utilizar varios marcadores (i.e., los is6topos estables
del C, Ny H; metales traza), y aplicar nuevos métodos numéricos (i.e., modelos de mezcla bayesianos) para avanzar en la
comprensién de las complejas redes tréficas acuaticas. Los isotopos estables del hidrégeno (62H), que normalmente se usan
para examinar patrones de migracion de los animales terrestres a grandes escalas, se han propuesto recientemente como un
trazador trofico complementario en los ecosistemas acuaticos. Su aplicacion se basa en la gran variabilidad de 52H entre
las fuentes de alimento que se puede encontrar en algunos sistemas acuaticos. Otros posibles indicadores tréficos son tales
sustancias que se acumulan a través de la dieta (por ejemplo, metales traza). Estas sustancias han sido tradicionalmente
estudiadas desde perspectivas de bioacumulacion o toxicoldgicas, pero hay indicios que estimulan su aplicacion en el estudio
de las interacciones tréficas. Los modelos bayesianos de mezcla, que son capaces de incorporar varias fuentes de variabilidad
y multiples fuentes de alimentos, pueden ayudar a resolver casos ambiguos. En resumen, sugerimos que el uso simultaneo
de varios marcadores proporcionara resultados mas fiables que cualquiera de ellos de forma individual. El reto estd en
desarrollar métodos para combinarlos aprovechando sus fortalezas y minimizando las incertidumbres.

Palabras clave: Is6topos estables, redes tréficas, deuterio, metales traza, modelos bayesianos de mezcla.
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INTRODUCTION

Ecosystems are organized communities of pro-
ducers, consumers, and decomposers along with
an abiotic environment that influences species
growth, reproduction, and dispersal (Covich,
2001). The early approach to trophic structure was
a simple linear food chain where species
aggregate into discrete trophic levels (plants-
herbivores-carnivores) with declining numbers of
individuals at higher levels (Elton, 1927). Soon,
this simplistic view of ecosystem trophic struc-
ture was revised. Lindeman (1942) introduced
the tropho-dynamics viewpoint in an article
of exceptional significance for ecology. This
paradigm included some basic principles, such
as that energy transfer efficiency between trophic
levels should limit the size and length of the food
chain; and that increase in biomass at higher
trophic levels can only be sustained if biomass
turnover at lower levels is higher. The latter, for
instance, occurs in marine pelagic food webs, in
which short-living algal cells (i.e., phytoplank-
ton) support a large biomass of longer-living
zooplankton, and the biomass of heterotrophs
exceeds that of autotrophs (Odum, 1971; Gasol
et al., 1997). Currently, the food chain view
(Fig. 1a) has been replaced by the more realistic

(a) (b)

food web concept (Fig. 1b), which due to its
complexity is a challenging research topic.
Food webs are networks of trophic interac-
tions within an ecosystem, characterized by the
number of species involved and the nature, num-
ber and intensity of their connections. The static
view of trophic structure of ecosystems has been
substituted by a concept that sees complexity and
dynamism as an intrinsic property of food webs
(Pimm, 1984; Polis & Strong, 1996). However,
how variable trophic links are over space and
time, how we can measure these complex inter-
actions are questions difficult to approach.
Progress in the understanding of this com-
plexity and dynamism requires development
of new theoretical and operative frameworks,
and the eventual merging of them. Here, we
discuss pros and cons of the use of some new
tracers (i.e., 62H, trace metals) and numerical
approaches (i.e., Bayesian mixing models) that
might be helpful to advance the understanding of
the food web structure in aquatic ecosystems.

STABLE ISOTOPE ECOLOGY

Stable isotopes have been used widely in ecolog-
ical research during the last decades (West et al.,
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Figure 1. Rather than ordinary food chains (a), trophic relationships between aquatic organisms constitute complex food webs (b),

which are difficult to disentangle without a set of different tracers. Mas alla de simples cadenas tréficas (a), las relaciones tréficas
entre los organismos acudticos forman complejas redes tréficas (b), las cuales son dificiles de desenmarafiar sin un conjunto diverso
de trazadores.
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2006). Particularly, after the development of
continuous flow methods (CF-IRMS) of isotopic
analyses, which are faster and cheaper tech-
nigues, stable isotope analyses have expanded
to a widespread use in biology. Stable isotopes
are forms of a given element that differ in
atomic mass since they have the same number
of protons, but different number of neutrons.
This mass difference generates a variation in
abundance of the heavier to the lighter isotope
in organism tissues due to the different reaction
and transport rates for molecules. Stable isotope
measurements are generally expressed as the
relative isotope-ratio difference or isotope delta
(6) values. They are usually reported in parts per
thousand (%) deviations from an international
standard, as follows:

6 X = [(Ra/Rst) — 1] (1)

where Ry and Rgq are the isotope ratio of the
heavier and lighter isotope of the element X (e.g.,
13C/*2C, N/*N, and 2H/*H) in the sample and
the international standard (e.g., PDB, AIR, and
VSMOW, respectively).

In ecological studies, stable isotopes of
carbon (6*C) and nitrogen (5*°N) have been
applied to gain insight into food web structures
(e.g., Peterson & Fry, 1987; Cabana & Ras-
mussen, 1994). Basically, the isotope ratio of
a consumer reflects those of its diet with some
trophic isotopic discrimination. The discrimi-
nation factor can vary according to species and
tissues but, usually, average values from meta-
analysis studies are applied in the calculations.
Isotopic differences provide insight for investi-
gating the relative use of food sources, contribu-
tions of different habitats to the entire food web,
general degree of omnivory and other relevant
aspects of the food web structure (France, 1995;
Vander Zanden et al., 1999). Stable isotopes
provide some advantages to assess feeding
relationships compared to traditional approaches
(e.g., stomach content studies). For instance,
they can trace the animal diet over different
time periods, compared to the snapshot that us-
ing stomach content represents. Isotope turnover
rates of each tissue vary and may provide in-

formation of animal diet over different time
intervals (Karasov & Martinez del Rio, 2007).
Tissues with fast turnover rates will achieve
earlier the isotopic equilibrium and will reflect
diet changes at shorter temporal scales.

BAYESIAN MIXING MODELS

Mixing models evaluate the relative contribu-
tion of different food items to consumer’s diet
(Phillips & Gregg, 2003), and their estimation
can be refined incorporating differences in
food stoichiometry (Phillips & Koch, 2002).
Among several existing models, the one-isotope,
two-source model (Boecklen et al., 2011) is
extensively used. It is based on the following
assumptions:

01 =fa(6a + An) + 5 (65 + Ag) 2)
1="fa+"fs 3)

where 61, 64, and & are the isotope value in
the consumer’s tissue, source A and source B,
respectively; fo and fg are the fractional contri-
bution for each source; and A is the diet-tissue
trophic discrimination.

Trophic discrimination factors (e.g., A®N and
ABC) must be assigned a priori to each dietary
food component to build mixing models. There
are some aspects that require attention before
applying these models. For example, consumers
may lie outside the mixing polygon delimited
by all the potential sources because some key
end-member source is lacking or there are large
differences in stoichiometry among food sources.

Recent stable-isotope mixing models (e.g.,
SIAR and MixSIR; Moore & Semmens, 2008;
Parnell et al., 2010) implement the Bayesian ap-
proach that may enable more accurate estimates
to track trophic links in complex food webs than
traditional approaches. The advantages of these
models to previous approaches are the possibility
to incorporate the variation in diet-tissue trophic
discriminations (McCutchan et al., 2003; Caut
et al., 2009) and prior information. Diet-tissue
trophic discrimination can vary among con-
sumers depending on sampled tissue (Pinnegar
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Figure 2. Hypothetical case illustrating the limitation of us-
ing two isotopic tracers in complex food webs. Three equally
feasible solutions for the diet of a consumer can be estimated
based on the §'3C and 5°N values of its potential food. There
are three combinations of two 50 % food items (illustrated by
different grey broken lines) from distinct trophic levels (TL):
(i) TL1 (pelagic) and TL3 (littoral); (ii) TL3 (pelagic) and TL1
(littoral); and (iii) TL2 (pelagic) and TL2 (littoral). Uncertain-
ties of the isotopic values were estimated as standard deviations
(SDs) from 1,000 bootstrap iterations of the mixing model. New
values of model parameters were drawn from normal distribu-
tions described by the estimated means and SDs for each itera-
tion. No trophic discrimination was assumed. Caso hipotético
que ilustra la limitacion del uso de dos trazadores en redes
troficas complejas. Se dan tres soluciones igualmente plausi-
bles para la dieta de un consumidor estimadas a partir de
los valores de 5'3C y 6*°N de su comida potencial. Hay tres
combinaciones de dos fuentes de comida con una contribucion
del 50 % (ilustradas por distintas lineas segmentadas grises)
procedentes de distintos niveles tréficos (TL): (i) TL1 (pelé-
gica) y TL3 (litoral); (ii) TL3 (pelagica) y TL1 (litoral); y (iii)
TL2 (pelagica) y TL2 (litoral). La variabilidad de los valores
isotdpicos se estimé como desviaciones estandar (DS) de 1000
iteraciones de remuestreo del modelo de mezcla. Nuevos va-
lores de los parametros del modelo se extrajeron de distribu-
ciones normales determinadas por las medias y DS para cada
iteracion. Se asumio6 que no hay discriminacion tréfica.

& Polunin, 1999), protein composition and pro-
portion in the diet (Kelly & Martinez del Rio,
2010; Robbins et al., 2010), food nitrogen con-
tent (Adams & Sterner, 2000), an animal growth
and ingestion rates (Gaye-Siessegger et al., 2004;
Martinez del Rio et al., 2009). The uncertainty of
model estimates increases when consumers po-
tentially feed on many sources (Phillips & Gregg,
2003). This uncertainty may be reduced using
stomach content analysis to disregard some food
sources (Catalan et al., 2004), or introducing it
in the Bayesian mixing models as prior informa-

tion. In any case, stomach content is always useful
to examine unexpected associations between food
and consumers. However, it is necessary to keep in
mind that stable isotopes and stomach contents are
techniques that can refer to different time scales.

When using only two isotope tracers (e.g.,
61BC and 6¥N), consumers that potentially
feed on totally different food sources can lie
in the same isotopic niche (Fig. 2). Despite the
advances of Bayesian mixing models, there is no
way to disentangle the correct food composition.
Figure 2 illustrates such case with a hypothetic
example: the isotope values of a unique con-
sumer in the 5*C-5%°N space could be feasibly
interpreted by three completely different diet
compositions within a complex food web. In
addition to this complex case, limited power
for discerning source contributions also occurs
when there is little isotopic differentiation among
sources or high variation in the diet-tissue trophic
discrimination (Phillips & Gregg, 2003; Moore
& Semmens, 2008; Bond & Diamond, 2011). In
complex food webs, additional constraints might
be useful to simplify the mixing models; for
instance, gut contents could be used to discard
certain sources and, in cases where the isotopic
values of some sources are not statistically
different, these sources can be pooled to reduce
their number. However, increasing the number of
tracers, which increase the degrees of freedom
for the estimation of trophic links, may be more
powerful for solving misleading cases.

STABLE ISOTOPES OF HYDROGEN

Stable hydrogen isotope ratios (52H) have been
used for tracking large-scale terrestrial migra-
tion movements and wildlife provenance. This
approach is based on the well-known spatial
isotope landscapes (or isoscapes) and the strong
correlation between &2H values in precipitation
and those in tissues from a given location (Hob-
son et al., 2012). Hydrogen isotopes have also
been used to distinguish between allochthonous
and autochthonous sources (leaf litter versus
primary producers) in a consumer diet (Doucett
et al., 2007). Aside from these applications, the
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large 62H differences among the basal carbon
sources of the food web in aquatic systems
indicate that there is potential for distinguishing
food web pathways. This means high 6&°H
variability among food web components and,
thus, increased interaction resolution if used in
combination with the traditional stable isotopes.
The use of 62H as a dietary tracer in aquatic
ecosystems is promising. However, previously,
the mechanisms and processes that determine the
variation of H isotopes in aquatic systems must
be understood sufficiently in order to build a the-
oretical 62H framework for food web studies.
Recent applications of 62H as an aquatic food
web tracer assume a trophic compounding effect
of water rather than trophic isotope discrimina-
tion (Solomon et al., 2009; Soto et al., 2011b), as
an explanation to the trophic 62H patterns found
by Birchall et al. (2005). This apparent trophic
discrimination is caused by the H isotopic ex-
change with water in vivo during protein syn-
thesis (Soto et al., 2013). Controlled experiments
have shown that the water contribution to tissue
H varies with the type of organism. Therefore, in
contrast with C and N, H in the consumer’s tis-
sues is derived both from diet and environmental
water. The contribution of ambient water to tis-
sue H at each trophic step through the food web
determines the 2H enrichment in consumers com-
pared to their diet. Furthermore, there are other
mechanisms of variation for H isotopes in organ-
isms; for instance, the effect of the metabolic wa-
ter derived from the metabolism of lipids. Ideally,
in a given location, researchers should be able to
determine diet 52H values for a consumer knowing
the stable isotopic composition of the environmen-
tal water and that of metabolic water from ingested
food components using mass-balance models.
Analytically, there are other factors that do not
make trivial the 5%H application for trophic pur-
poses. (i) The isotopic exchangeability of H in or-
ganic samples with ambient vapour adds uncon-
trolled uncertainty to 52H measurements. This
can make 52H results not comparable among lab-
oratories unless they use some method to correct
for the exchangeable H, such as the Compara-
tive Equilibration method (Wassenaar & Hobson,
2000, 2003). (i) Variation in the lipid content

of tissues induces uncertainty because lipids are
highly depleted in 2H compared to the protein of
the same animal tissue (Hobson et al., 1999; Soto
et al., 2013). In addition, lipids do not have ex-
changeable H with ambient water vapour in the
laboratory (Wassenaar & Hobson, 2000), in con-
trast with the calibrated standards used with the
Comparative Equilibration method. Thus, lipids
should be removed from samples before 52H mea-
surements to avoid uncertainties in the evaluation
of trophic relationships (Jardine et al., 2009).

TRACE METAL BIOACCUMULATION

Trace metal bioaccumulation in aquatic organ-
isms has been studied widely during last decades,
being a major concern due to the impacts in hu-
man health (Luoma & Rainbow, 2008). However,
trace metals have been seldom used to trace di-
etary sources (Stewart et al., 2004) compared
with their potential. Trace metals are ubiquitous
elements whose environment concentrations
depend on the natural background and con-
tamination spills due to industrial production
and agricultural treatments. Trace metal bioac-
cumulation in aquatic organisms results from
exposure to medium and diet and involves com-
plex mechanisms such as assimilation, storage,
metabolism, and elimination of contaminants.
Comparative studies considering several food
web components for distinct contaminants are
rare but hold a great potential for environmental
biomonitoring and food web considerations
(Soto et al., 2011a). Food web components
showed differences in trace metal concentrations
among aquatic species with the same apparent
trace metal exposure (Soto et al., 2011a) and
the difference in biomonitoring capacity is also
the basis for the proposal that trace metals can
complement stable isotopes in unveiling aquatic
food web structure.

Concentrations of chemical elements that
bioaccumulate in an organism should correlate
to some degree to concentrations in its diet.
Similarly to stable isotopes and according to
trace metal bioaccumulation models, the trace
metal concentrations in aquatic species are
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affected by physiological characteristics of the bioaccumulation was related to the trophic posi-
species (e.g., growth, elimination rates, ingestion tion (6'°N) and that the knowledge of the degree
rates), which usually are related to animal size of omnivory could predict realistically the Hg
(Trudel & Rasmussen, 1997; Trudel et al., 2000). biomagnification. Biomagnification of trace met-
Therefore, the relative differences of trace metal als along food chains occurs because uptake from
bioaccumulation among organisms can provide the diet is higher than elimination. On the con-
insights into species trophic relationships, and trary, As concentrations are biodiminished along
also the species metabolic requirements. Trace food chains (Chen & Folt, 2000). The same ex-
metals may become particularly useful when i)  planation applies to 5°N in which organisms re-
studying species with similar rates of key phys-  tain °*N preferentially over *N. There are cases

iological processes (e.g., ingestion, trace me- in which trace metal discriminate better among
tal elimination), and ii) the variation of trace trophic levels than stable isotopes. An example is
metal concentration in food sources is high. shown in figure 3, corresponding to the macroin-

Combining trace metals and stable isotopes vertebrate food web of Flix reservoir. Predators
for evaluating trophic links appears promising. and consumers (collector/scrapers) can scarcely
Cabana & Rasmussen (1994) showed that Hg be differentiated using C and N stable isotopes.
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Figure 3. A case study example showing a situation in which trace metals discriminate better among trophic groups than stable
isotopes. Data correspond to macroinvertebrates from the Flix reservoir (Ebro River, Spain) sampled in 2006. (a) The 5**C and
515N values (Soto et al., 2011b). (b) Principal component biplot of trace metal concentrations (trace metal data from Soto et al.,
2011a). The principal components (PC1 and PC2, respectively) explained 50 % and 17 % of the variation, respectively. Predators
are clearly discriminated from consumers by the biodiminished arsenic (As) concentrations. Only the peculiar case of Turbellaria
(Dugesia sp.) does not follow the pattern. Predator taxa include: Dugesia sp. (Turbellaria), Hydrophilidae adults (Coleoptera, Insecta),
Coenagrionidae (Odonata, Insecta), and Naucoris sp. (Naucoridae, Heteroptera, Insecta); and collectors/scrapers include: Physa sp.
(Gastropoda, Mollusca), Cloéon sp. (Baetidae, Ephemeroptera, Insecta), and Hydrophilidae larvae (Coleoptera, Insecta). Un caso de
estudio que ilustra una situacion en que los metales traza discriminan mejor entre grupos troéficos que los is6topos estables. Los datos
corresponden a macroinvertebrados del embalse de Flix (rio Ebro, Espafia) muestreados durante el 2006. (a) Valores de 53C y 51°N
(Soto et al., 2011b). (b) Biplot de un analisis de componentes principales de las concentraciones de metales traza (datos de metales
traza de Soto et al., 2011a). Las componentes principales (PC1y PC2) explican un 50 %y un 17 % de la variacion, respectivamente.
Los depredadores se discriminan claramente de los consumidores por el efecto de biodisminucién del arsénico (As). Sélo el caso
peculiar de los Turbelarios (i.e., Dugesia, sp.) no sigue la pauta. Los depredadores incluyen: Dugesia sp. (Turbellaria), adultos
de Hydrophilidae (Coleoptera, Insecta), Coenagrionidae (Odonata, Insecta), y Naucoris sp. (Naucoridae, Heteroptera, Insecta); y
los consumidores: Physa sp. (Gastropoda, Mollusca), Cloéon sp. (Baetidae, Ephemeroptera, Insecta), y larvas de Hydrophilidae
(Coleoptera, Insecta).
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However, the trace metal signatures clearly dif-
ferentiate between the two trophic groups. More
research regarding the consistency of the multi-
variate trace metal patterns should be undertaken.

There are already some studies that point
towards a use of multiple tracers. Soto et al.,
(2011b) found that Hg and As concentrations
in fish from a reservoir were positively and
negatively correlated, respectively, with trophic
indicators based on C and N stable isotopes. The
combination of trace metals and stable isotopes
(6%3C and 6°N) were also useful to show a po-
tential trophic meaning of 52H values which was
unclear only using 6**C and 6'°N (Soto et al.,
2011b). A case study from San Francisco Bay,
organisms feeding on bivalves had much higher
selenium concentrations than those species that
fed on crustaceans because of the lower loss rate
constant of selenium in bivalves (Stewart et al.,
2004). Organochlorine contaminants have also
been occasionally used in feeding ecology, in
cases where the interpretation of trophic position
with only stable isotopes as indicators could be
imprecise (Fisk et al., 2002).

In summary, we suggest that increasing the
number of tracers by combining trace metals (or
other bioaccumulated contaminants) and stable
isotopes can be a powerful technique in systems
where the isotope values of consumers result in-
sufficient to separate feeding modes.

FINAL REMARKS

The use of 613C and 6N is helpful for reveal-
ing the food web structure of aquatic ecosys-
tems, but usually insufficient for disentangling
complex food webs. It cannot be expected that
only two tracers solve the myriad of possible in-
teractions that occur in food webs. Complemen-
tary trophic tracers of considerable potential are
other stable isotopes (i.e., 52H) and substances
that bioaccumulate through food webs (i.e., trace
metals, organic pollutants).

For a confident use of 62H in aquatic food
web studies, the potential confounding effect of
seasonal and spatial hydrogen isotopic variation
of environmental water should be taken into ac-

count along with other mechanisms that drive the
hydrogen isotopic variability.

Differential trace metal accumulation patterns
occur among food web organisms. This diversity
is the basis to suggest trace metal use for study-
ing food webs. Any increase in understanding the
bioaccumulation process will serve also the ap-
plication of trace metals as food web tracers. The
combined use of both techniques (stable isotopes
and trace metals) can be highly complementary,
particularly, when values in the potential food
sources show little variability for one of them.

In addition to using more tracers, the numer-
ical estimations can also be improved. Bayesian
mixing models are a powerful tool to obtain reli-
able results because can take into account sources
of variability in the data interpretation. These
models can be performed at both population
and individual levels to trace the links of com-
plex food webs. Quantitative estimation of tro-
phic food webs may have applications that range
from theoretical (e.g., food web stability) to ap-
plied investigations (e.g., invasive species diet).
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ABSTRACT

Filtration rates of the non-native Chinese mystery snail (Bellamya chinensis) and potential impacts on microbial
communities

Invasive species in the phylum Mollusca, including gastropods and bivalves, have caused substantial impacts in freshwater
ecosystems. The Chinese mystery snail, Bellamya chinensis, is a large viviparid snail native to Southeastern Asia and widely
introduced throughout United States and parts of Canada and Europe. B. chinensis is a facultative filter-feeding detritivore that
can both graze epiphytic diatoms using its radula and filter-feed its breathing water. Despite mounting concern associated with
the expanding range and increasing abundance of B. chinensis in many parts of its invaded range, the potential ecological
impacts of this non-native species remain largely unknown. Here, we used a series of laboratory experiments to assess
filtration rates of B. chinensis and quantify its effects on microbial communities. According to both microcosm (24-hour,
4-L suspension) and mesocosm (5-day, 90-L suspension) experimental trials, B. chinensis exhibited an average filtration rate
of 106-113 mL snail~*h~ (1.45 mL mg DW-*h) and an individual maximum of 471 mL snail*h~* (6.15 mL mg DWh1).
These values are comparable to reported filtration rates for high-profile invasive, freshwater bivalves. Relationships between
snail size and filtration rate relationship suggests that B. chinensis display an ontogenetic shift in feeding behavior from
primarily radular grazing to increased filter-feeding at threshold size of approximately 44 mm shell height. Our experiments
also revealed that high snail densities can result in small, significant shifts in bacterial community composition. These results
suggest that B. chinensis may influence microbial communities either directly by using bacteria as a food source or indirectly
by producing sufficiently large quantities of fecal and pseudo-fecal material to affect bacterial activity and growth. The overall
ecological effects and importance of B. chinensis filtration behavior remain unclear, but our experimental results suggest that
these impacts may be large and should be further investigated to better understand its potential role in coupling benthic and
pelagic food webs in lake ecosystems.

Key words: Invasive species, chlorophyll-a, Dreissena polymorpha, Corbicula fluminea, Potamopyrgus antipodarum, Po-
macea canaliculata.

RESUMEN
Tasas de filtracion de la especie introducida Bellamya chinensis y su potencial impacto en las comunidades microbianas

Las especies invasoras del phyllum Mollusca, incluyendo los gaster6podos y bivalvos, han causado impactos importantes en
los ecosistemas dulceacuicolas. Bellamya chinensis, es un viviparo de gran tamafio, nativo del sureste de Asia y ampliamente
introducido a lo largo de los Estados Unidos y parte de Canada y Europa. B. chinensis es una especie detritivora- filtradora
facultativa, que puede tanto ramonear diatomeas epifitas usando su radula como filtrar el agua que respiran. A pesar de
la creciente preocupacion asociada al incremento en la abundancia y rango de distribucion de B. chinensis en las regiones
ya colonizadas, el potencial impacto ecoldgico de esta especie introducida permanece ampliamente desconocido. En este
estudio, usamos series de experimentos de laboratorio para evaluar las tasas de filtracion de B. chinensis y cuantificar su
efecto en las comunidades microbianas. De acuerdo con los experimentos realizados tanto en los microcosmos (24-hour,
4-L suspensién) como en los mesocosmos (5-day, 90-L suspensidn), B. chinensis mostrd una tasa promedio de filtracion de
106-113 mL caracol™*h™! (1.45 mL mg peso seco*ht) y un méaximo por individuo de 471 mL caracol~*h (6.15 mL mg peso
secoth?). Estos valores son comparables a otros reportados para especies de bivalvos dulceacuicolas altamente invasivas.
La relacion entre el tamafio de los caracoles y las tasas de filtracion sugieren que B. chinensis muestra un cambio ontogénico
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en la manera de alimentarse, de ramoneo a una mayor alimentacién por filtracién, a partir de un umbral de tamafio de la
concha de aproximadamente 44 mm de altura. Nuestros experimentos también revelan que altas densidades de caracoles
generan pequefios cambios pero significativos en las comunidades microbianas. Estos resultados sugieren que B. chinensis
afectaria las comunidades microbianas de forma directa usando las bacterias como fuente de alimentacién o indirectamente
al producir una cantidad de materia fecal o seudo-fecal, suficiente para afectar la actividad y crecimiento bacteriano. El
impacto ecoldgico global y el comportamiento como filtrador de B. chinensis ain no son claros, pero nuestros resultados
experimentales sugieren que estos impactos pueden ser importantes y se deben investigar mejor para entender mas su papel
potencial en el acoplamiento de las redes tréficas bentonicas y pelagicas en los sistemas lacustres.

Palabras clave: Especies invasoras, clorofila-a, Dreissena polymorpha, Corbicula fluminea, Potamopyrgus antipodarum,

Pomacea canaliculata.

INTRODUCTION

Invasive species in the phylum Mollusca, in-
cluding gastropods and bivalves, have caused
substantial impacts in freshwater ecosystems,
including alteration of water biogeochemistry,
extirpation of native species, and modification
of entire food webs (Strayer, 1999; Sousa et
al. 2009). Notable examples range from the
widespread invasion of zebra mussel (Dreissena
polymorpha) and quagga mussel (Dreissena bu-
gensis) throughout North America (Strayer,
2009; Higgins & Vander Zanden, 2010) to the
numerous introductions of Asian clam (Corbi-
cula fluminea: Hakenkamp et al., 2001; Vaughn
& Spooner, 2006), golden mussel (Limnoperna
fortunei: Ricciardi, 1998; Boltovskoy et al.,
2009), New Zealand mudsnail (Potamopyrgus
antipodarum: Hall et al., 2003; Kerans et al.,
2005) and golden apple snail (Pomacea canalicu-
lata: Carlsson et al., 2004; Rawlings et al. 2007)
in recent decades. In one such example, the
invasion of golden apple snails in Southeast Asia
drove wetlands from a macrophyte-dominated,
clear water state to a turbid, phytoplankton-
dominated state with concomitant shifts in the
biological communities (Carlsson, et al. 2004).
Although the ecosystem consequences of the
aforementioned invaders have garnered signifi-
cant scientific attention, we know very little of the
ecology and potential ecological impacts of nu-
merous other non-native mollusks (Strayer, 2012).

The Chinese mystery snail, Bellamya [= Ci-
pangopaludina] chinensis (Gray, 1834), is a
viviparid snail native to southeastern Asia and
first documented in the United States over a
century ago in Chinese markets of San Francisco
(Wood, 1892). Bellamya chinensis (hereafter
“Bellamya™) is the second largest snail in North
America (approaching 70 mm maximum shell
height), and its thick outer shell and a hard
operculum flap covering the aperture (shell
opening) provide a high degree of protection
from predators and unfavorable environmental
conditions. Bellamya was likely introduced to the
United States multiple times through the aquarium
trade and water gardening industry or for culinary
purposes (Mackie, 1999), and it is now widely
distributed in lakes and slow-moving rivers across
North America. Recent evidence also suggests
that Bellamya is highly resistant to desiccation
leading to the potential for overland transport via
boats (Havel, 2011). Bellamya’s invaded range
includes at least 37 states in the United States,
several provinces of southern Canada (Jokinen,
1982; Bury et al., 2007), and parts of Europe (Soes
et al., 2011). During the 1960s, Bellamya were
reportedly removed from the Laurentian Great
Lakes by the metric ton (Mills et al., 1993).

Despite mounting concern associated with
the expanding range and increasing abundance
of Bellamya in many parts of its invaded range
(Bury et al., 2007; Karatayev et al., 2009;
Solomon et al., 2010; Chaine et al., 2012), the
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potential ecological impacts of this non-native
species remain speculative. Johnson et al. (2009)
found that the presence of Bellamya caused
substantial declines in the growth and abundance
of two native snails in an experimental setting,
reduced algal biomass, and increased the N:P
ratio in the water column. Similarly, Clark (2009)
found that Bellamya caused decreased growth
rates in a native Physa snail. Results from a
field survey by Solomon et al. (2010) revealed
no difference in snail assemblage structure
associated with Bellamya presence or abundance
at the scale of an entire lake, although some
native snail species tended not to occur at sites
where Bellamya was abundant. With the excep-
tion of these studies, little else is known about
the potential ecological effects of this species,
including its degree of reliance on benthic vs.
pelagic resources and/or its effects on microbial
communities. However, these impacts may be
substantial because Bellamya is unique in that it
is a facultative filter-feeding detritivore that
switches between grazing benthic and epiphytic
diatoms using its radula and filter-feeding the
water column (Plinski et al., 1978; Dillon, 2000).
Indeed, the popularity of using Bellamya to clar-
ify water in the pet aquarium and water garden
trades attests to their efficiency as filter-feeders.

Bacteria are critical in freshwater ecosys-
tems because they cycle essential nutrients and
remove harmful toxins or chemicals from the
water (Newton et al., 2011). To date, little is
known about impacts of species invasions on
microbial communities (Ehrenfeld, 2010) and
how these changes may alter nutrient cycles
in invaded ecosystems (van der Putten et al.,
2007). Bellamya may interact either directly with
microbial populations by utilizing bacteria as
a food source or indirectly by influencing the
composition, activity, and growth of microbial
communities via production of large quantities of
fecal and pseudo-fecal material. Previous studies
of invasive zebra mussel have shown direct
effects on the abundance of major groups of
microbes (e.g., Frischer et al., 2000; Lavrentyev
etal., 2000; Lohner et al., 2007) and a significant
increase in the abundance of sediment-associated
bacteria (Higgins et al., 2010).

In the present study, we provide the first quan-
tification of filtration rates by Bellayma and in-
vestigate its potential effects on the diversity and
composition of freshwater microbial communi-
ties. Given the vast diversity of microbial cells in
the environment, the characterization of micro-
bial community structure has been a challenge.
Here, we used a ribosomal DNA fingerprinting
technique (specifically, automated rRNA inter-
genic spacer analysis) to examine shifts in the
whole bacterial community (including both rare
and abundant taxa) in response to increasing den-
sities of Bellamya in an experimental setting.

METHODS

Experimental design

We evaluated the filter feeding capacity of Bella-
mya using an indoor microcosm experiment during
February 2009 in the School of Aquatic and
Fishery Science’s hatchery at the University of
Washington. Glass microcosms (4-L volume) were
filled with water directly from Lake Washington
and experienced ambient photo-period (L:D =
12:12 hours) and water temperatures (16.8°C
+0.3 °C). Natural seston was kept suspended using
an aeration (bubbling) device. To each of 72
microcosms we added either none (control, n = 18)
or one snail (collected from the wild) from each
of three size ranges: 30-40 mm (n = 18), 40-50
mm (n =18), 50-60 mm (n = 18); measured
according to shell height. At time zero (initial)
and 24 hours (final) of the experiment we si-
phoned water samples from two inches below
the surface of the water in the center of the
microcosm for chlorophyll-a analysis. Ash-free
dry weight (DW) of each snail was determined.

We assessed both filtration rates and the ef-
fects of Bellamya on microbial community com-
position using an indoor mesocosm experiment
during August 2009. Mesocosms (90-L volume,
0.18 m? area) were covered with 5 kg of coarse
gravel (0.5-2.0 cm in diameter, 3 cm depth), filled
with water directly from Lake Washington, and
experienced ambient photo-period (L:D = 14:10
hours) and water temperatures (21.5°C +0.5°C).



110 Olden et al.

Natural seston was kept suspended using an aera-
tion (bubbling) device. Four pairs of ceramic tiles
were placed on the bottom surface of each meso-
cosm in each cardinal direction (total of 8 tiles
per mesocosm). After a five-day pre-experiment
period, we added 0 (control), 2 (low) or 4 (high)
snails to each of 6 mesocosms (replicates), rep-
resenting a total of 18 mesocosms. These snail
densities (11 and 22 ind m~2, respectively) are
comparable to those reported in surveys of Wis-
consin, Washington State and European lakes,
which ranged from 1 to 38 ind m=2 (Olden et al.,
2009; Solomon et al., 2010; Sousa et al., 2009).
Snails measured 45-50 mm in shell height and
were collected from the wild one-day prior to the
start of the experiment. On day zero (initial) and
day five (final) of the experiment we (1) collected
water samples from two inches below the surface
of the water in the center of the mesocosm for
chlorophyll-aand microbial assemblage analysis,
and (2) collected periphyton by scraping the top
of one tile in each of the cardinal directions (to-
tal of four tiles per time period).

Chlorophyll-a concentration and filtration
rate

For both the microcosm and mesocosm exper-
iments, chlorophyll a (mg m=%) was measured
by filtering a 500 mL aliquot of water through
a 47 mm Whatman GF/C filter paper and using a
Turner Designs spectrophotometer following
standardized protocols (http://Iter.limnology.wisc.
edu/research/protocols). A large number of stud-
ies have shown that filtration rates can be
reliability measured using the clearance method
and that consumption models based on natu-
ral seston produce more accurate predictions
compared to data based on algal monocultures
(reviewed in Riisgard, 2001). Filtration rates
were estimated following Coughlan (1969) and
many other studies by measuring the decline in
chlorophyll-a over the experimental period:

M (InCinitiar — In Cinar) — (In é{nitm —1In éf/ina|)
X

FR=—
n t

where FR is the filtration rate (volume cleared
per snail per hour: mL snail*h=), M is the

volume of the water suspension (mL), n is the
number of snails, Ci,itia and Ciing are the initial
and final concentrations in the snail treatment,
Cl i @nd Cg , are the mean initial and final
concentrations in control treatments, and t is
elapsed time (hours). In this formulation, the
mean change in control concentrations (without
snails) was subtracted from the change in experi-
mental concentrations (with snails). Reductions
of chlorophyll-a in controls would likely be
attributable to zooplankton grazing and/or pig-
ment degradation. Both experiments involved
relatively long incubation times (24 and 120
hours), therefore small amounts of pseudofecal
material were generated by the snails and could
have been re-suspended in the water column.
Thus, some particulate material may have been
re-filtered, and therefore the measured filtration
rates presented should be considered conser-
vative estimates compared to a situation where
pseudofeces have been removed during the
course of the experiment.

Bacterial community composition

Bacterial community composition was assessed
using automated ribosomal intergenic spacer
analysis (ARISA: Fisher & Triplett, 1999).
ARISA generates fingerprints of the microbial
community based on the length heterogeneity in
the intergenic spacer region between the 16S and
23S rRNA genes, which varies among organ-
isms. Although ARISA has similar limitations
as other PCR-based fingerprinting approaches
(Fisher & Triplett, 1999), it has been shown to
give a robust, high-resolution view of bacterial
assemblages in aquatic ecosystems (Brown et
al., 2005; Yannarell & Triplett, 2005) and can
represent species-level taxonomic resolution (98-
99 % sequence similarity; Brown et al., 2005).
A sample of 500 mL of water was filtered in
duplicate onto a 0.22 u m filter (Supor-200, Pall
Gelman, East Hills, NY), followed with 3 mL
preservation buffer (10 mM Tris pH 8.0, 100 mM
EDTA, 0.5 M NaCl) and frozen at —80° until
analysis. DNA was extracted from replicate fil-
ters using the Qiagen DNEasy Blood and Tissue
Mini-kit (Qiagen, Valencia, CA). The 16S-23S
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intergenic region was amplified using the poly-
merase chain reaction (PCR) from the total
extracted DNA using 6-FAM-labelled universal
1406-F primer (5’-TGYACACACCGCCCGT-3')
and bacterial specific primer 23S-R (5'-GGGTT
BCCCCATTCRG-3') (Fisher & Triplett, 1999;
Yannarell et al., 2003). For each sample, four
independent PCRs were performed, pooled,
ethanol precipitated to remove unincorporated
primers and run on a MegaBace 96 capillary se-
guencer along with ROX labeled size standards
(50-1500 bp ladder, BioVentures, Inc). This
sequencer is routinely used for fragment analysis
and can resolve differences of 2 bp in fragments
in the 300-400 bp range and differences of 10 bp
for larger fragments (1000-1500 bp).

Fragment lengths were sized using DAX
software (http://www.dax.nl/dax.htm) and a
signal to noise cutoff was used to verify presence
of peaks. Operational taxonomic units (OTUs)
were generated by binning ARISA fragments
into successively larger length bins based on
their size and eliminating fragments that were
<150 and >1300 bp (Brown et al., 2005). Al-
though OTUs are arbitrarily numbered groups
of taxa and are not traceable to phylogenetic or
functional groups, the ARISA approach provides
a rapid and affordable way to assess changes in
taxonomic composition of bacterial communi-
ties. We used both peak area and maximum peak
area to estimate relative abundance of OTUs in
our samples (Yannarell & Triplett, 2005), as well
as examined OTU presence-absence.

Data analysis

Results from the microcosm experiments were
used to assess the relationship between snail
size (shell height, mm) and filtration rate (mL
snail~th-1). Initial data exploration revealed that
a linear model was not appropriate for the entire
range of values and that a non-linear function
was also insufficient. This prompted the compar-
ison of three models: linear regression, quadratic
regression and piecewise regression. Piecewise
or segmented regression recognizes that different
linear relationships may occur over different ran-
ges of the independent variable (in this case,

snail size). Breakpoints are values on the x-axis
where a change in the slope of the different linear
relationships can be defined; these breaks may
or may not be known before the analysis (Toms
& Lesperance, 2003). Although this method is
flexible enough to include segments (e.g., linear,
polynomial) and breakpoints (e.g., sharp, smooth)
of different forms, we estimated one sharp
breakpoint and two linear, continuous functions.

Results from the mesocosm experiment
were analyzed using univariate and multivariate
statistics to assess the effects of Bellamya on
algal biomass (water column and substrate)
and to quantify impacts on microbial (OTU)
community composition. Student’s t-tests tested
for differences in chlorophyll-a between initial
and final conditions for the low (n = 2) and high
(n = 4) snail density treatments (after controlling
for changes in the control treatment).

Multivariate analyses of microbial commu-
nity composition included Mantel’s tests, anal-
ysis of multivariate similarity (ANOSIM) and
non-metric multidimensional scaling (NMDS).
We used Sgrensen’s similarity index (OTU
presence-absence) and Bray-Curtis similarity
index (OTU abundance according to area and
peak height assignments) to summarize compo-
sitional similarity between treatment-replicate
samples (3 treatment levels x 6 replicates = 18
observations). Sgrensen index was used because
it represents the complement to the Bray—Curtis
index when using presence—absence data (Legen-
dre & Legendre, 1998), thus allowing for a direct
comparison of the multivariate results based on
OTU presence-absence and abundance (peak
height, maximum area). Similarity matrices
were calculated separately for each for treatment
(control, low, high) to allow for a comparison
between the initial and final conditions.

Deep sequencing of microbial assemblages
using 454 sequencing allows for the detection of
extremely low abundance taxa. These extremely
low abundance or unique taxa may influence the
results from multivariate analyses and make data
interpretation less clear (Rudi et al., 2007; Gobet
etal., 2010). To assess how the occurrence of rare
taxa might affect the results, Mantel tests were
performed to assess the relationships between
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dissimilarity matrices of the entire OTU dataset
and two reduced datasets where OTUs that
occurred in < 2 % or < 5 % of the samples were
removed. Gastropods can often hosts their own
unique microbial assemblages, therefore OTUs
that were only present in the Bellamya treatments
(i.e. were unique to snails) were removed from all
datasets. We found statistically significant pair-
wise correlations between all datasets (Mantel
R = 0.82-0.99, all P < 0.001), indicating that the
choice of OTU occurrence vs. abundance and the ef-
fect of rare OTUs did not heavily influence the
results from the multivariate analysis. Conse-
guently, we used the full dataset (not excluding
“rare” OTU) containing OTU presence-absence.

We assessed the effects of Bellamya on bacterial
community composition using the complementar-
ily approaches of multivariate ordination (NMDS)
and analyses of variance (ANOSIM). NMDS is an
ordination method that preserves the rank ordered
distances between observations in ordination space;
here it was used to visualize differences in mi-
crobial composition between the initial and final
time periods in each of the snail treatments (con-
trol, low, high). NMDS is an iterative approach
that rearranges observations in ordination space
to minimize a measure of disagreement (referred
to as stress) between the compositional dissim-
ilarities and the distance between points in the
ordination diagram (Kruskal, 1964). We used a
distance matrix based on Sgrensen’s similarity
index to ordinate the observations (replicates) in
2 dimensions with 100 random starts and tested
the significance of the stress value with a Monte
Carlo randomization test.

We used ANOSIM (Clarke, 1993), a nonpara-
metric multivariate procedure analogous to anal-
ysis of variance, to test for differences in micro-
bial community composition between the initial
and final time periods in each of the snail treat-
ments (control, low, high). ANOSIM tests pre-
defined groups against random groups in ordina-
tion space by comparing the average of all rank
similarities among observations within groups to
the average of rank similarities among observa-
tions between groups (expressed as a Ranosim
statistic). We conducted 999 random permuta-
tions to assess the statistical significance of R.

All analyses were conducted in R version 2.15
(R Development Core Team 2012).

RESULTS

Filtration rates

The mean filtration rate in the 24-hour microcosm
experiment (where Bellamya were examined
individually) was 106 mL snail~*h~! (SD = 145)
or 1.45 mL mg DWh-t (SD =2.30); snails
ranged from 30 to 60 mm in size. The individual
maximum filtration rate was 471 mL snail-*h~!
(6.15 mL mg DW-th=1). The mean filtration rate,
based on the 5-day mesocosm experiment where
Bellamya were examined in groups of 2 or 4
individuals, was 113 mL snail-th-! (SD = 158).
Estimated filtration rates were over two times
greater in the high- versus low-density treatment
(159 vs. 66 mL snail~th-1), suggesting that indi-
vidual snails were filtering at a faster rate when
in the presence of more conspecifics. Notably, we
found very similar mean filtration rates for snails
in the 45-50 mm size range based on the 24-hour
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Figure 1. Bellamya filtration rates (mL mussel*h™) as a
function of snail shell height (mm) based on the microcosm ex-
periment. Snails were held in isolation for 24 hours in a 4-L
of water containing natural seston. Negative values reflect
greater declines in chlorophyll-a concentrations in the control
compared to the treatment microcosms. Tasas de filtracion de
Bellamya (mL mejillon~th=t) como funcion de la altura de la
concha (mm) basadas en los experimentos en microcosmos. Los
caracoles fueron aislados durante 24 horas en 4 litros de agua
con seston natural. Valores negativos reflejan mayor reduccion
en la concentracidn de la clorofila-a, en el control que en los
microcosmos tratados.
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microcosm experiment (110 + 145 mL snail-*h1)
and 5-day mesocosm experiments (113 + 158 mL
snail~*h~1) despite differencesin initial chloro-
phyll-a concentrations and water temperatures.

Bellamya filtration rates increased with
snail size (Fig.1). Although statistical sup-
port for a linear (adj. R? = 0.52, Fys, = 56.7,
p <0.001) and quadratic relationship (adj.
R? =055, Fy5 =34.2, p<0.001) was ev-
ident, the strongest model was represented
by the piecewise regression (adj. R? = 0.56,
Fss0 = 34.2, p < 0.001). Based on the piecewise
model there was strong support for an estimated
breakpoint of 43.5 + 4.1 mm (mean + 1 SE)
(t=10.51, p<0.001); snails less than the
threshold size of 43.5 mm showed no evidence
of a relationship with filtration rate (slope = 1.6,
t = 0.20, p = 0.984), whereas snails exceeding
the threshold size demonstrated a strong positive
relationship with filtration rate (slope = 356.4,
t =9.60, p < 0.001).

Water column and benthic algal biomass
(chlorophyll-a)

Water column chlorophyll-a decreased in the
presence of Bellamya during the mesocosm
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experiments, with a 54 % decrease in the low-
density treatment (t = —1.64, p = 0.162) and
a 155 % decrease in the high-density treatment
(t = —=2.92, p = 0.033) (Fig. 2A). Reductions
in chlorophyll-a were three times greater in the
high- compared to the low-density treatments,
despite having only twice the number of snails
(11 vs. 22 snails m=2). By contrast, benthic
chlorophyll-a showed variable responses to
the Bellamya treatments (Fig. 2B). The low-
density treatment resulted in a 64 % reduction in
chlorophyll-a (t = —-2.14, p = 0.085), whereas
the high-density treatment resulted in a 40 %
increase in chlorophyll-a (t = —3.01, p = 0.030).

Bacterial community composition

Bacterial community composition changed signi-
ficantly over the course of the mesocosm
experiment in the high-density treatment
(Ranosiv = 0.132, p =0.049) but showed lit-
tle change in both the low-density treatment
(RANOSIM = 0.147, p:0111) as well as the
control (RANOSIM = 0.075, p= 0176) NMDS
ordination plots showed that differences in com-
munity composition were generally modest, but
distinction between initial and final time peri-
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Figure 2. Change in water column (A) and benthic (B) chlorophyll a (mg m=2) over the course of the mesocosm experiment for low
(grey bar) and high (black bar) snail density treatments. * indicates that mean is statistically different from zero based on a Student’s
t-test and p <0.05. Cambios en la concentracion de clorofila a (mg m=) en la columna de agua (A) y en el bentos (B) durante el
experimento en el mesocosmos, para tratamientos con bajas (barra gris) y altas (barra negra) densidades de caracoles. * significa
que la media es estadisticamente diferente de cero basdndose en el t-test Student y p <0.05.
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Figure 3. NMDS ordinations summarizing patterns in micro-
bial community composition in (A) control, (B) low and (C)
high Bellamya density treatments plots. Patrones de ordenacion
NMDS, de la composicién de la comunidad microbiana en los
tratamientos con las diferentes densidades de Bellamya; con-
trol (A), baja (B) y alta (C).

ods was greater in the presence of Bellamya
(Fig. 3B, C) compared to the control (Fig. 3A).
In addition, high-density snail treatments had
reduced differences in community composition
among replicates (Fig. 3C), as demonstrated by a
higher average rank similarities in the final time

period (86 %) compared to the initial time pe-
riod (61 %). Snail density did not have a signifi-
cant impact on total bacterial abundance over the
course of the experiment (results not shown).

DISCUSSION

Chinese mystery snail, Bellamya chinensis, is a
versatile consumer that switches between graz-
ing microalgae using its radula and filter-feeding
its breathing water (Plinski et al., 1977; Dillon,
2000). Our results showed that Bellamya demon-
strated high rates of water filtration, caused
significant declines in pelagic algal biomass un-
der experimental settings and impacted bacterial
community composition.

According to both microcosm (24-hour) and
mesocosm (5-day) experimental trials, Bellamya
exhibited an average filtration rate of 106-
113 mL snail~*h=! (1.45 mL mg DW~th-!) and
an individual maximum of 471 mL snail-th-!
(6.15 mL mg DW-th=1). A number of difficulties
arise when attempting to compare the filtration
rates of Bellamya to those estimated for non-
native bivalves in past studies. Important factors
such as concentration of suspension, the nature
of the suspension used, and the degree to which
“refiltration” occurs within chambers differ
from one experiment to the next. Despite these
challenges, a qualitative comparison suggests
that that Bellamya filtration rates on natural
seston are reasonably comparable to reported
values for other invasive, freshwater and marine
bivalves, including zebra mussel (Dreissena
polymorpha), quagga mussel (Dreissena bugen-
sis), Asian clam (Corbicula fluminea), golden
mussel (Limnoperna fortunei) blue mussel
(Mytilus edulis) (Table 1). Consequently, in
certain environments, we expect that Bellamya
filtering-feeding behavior may shift primary
production from pelagic to benthic zones.

Across the wide size spectrum of Bellamya
examined in our study we found that filtration
rates were positively, and non-linearly, related
to snail shell height. Bellamya filtration rates
were explained by a quadratic relationship with
snail size, although we found slightly stronger
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statistical support for a marked increase at a
threshold size of 43.5mm; below that size
estimated filtration rates were near zero (and had
no relationship with size), but above that size
filtration rates increased with size. This provides
the first evidence that Bellamya may display
an ontogenetic shift in feeding behavior from
primarily radular grazing to filter-feeding with
increasing size (age). Our results also suggest
that Bellamya may increase their filter-feeding
behavior in the presence of higher densities of
conspecifics. Two lines of evidence support this
statement: (1) estimated filtration rates were over
two times greater in the high- versus low-density
treatment (159 vs. 66 mL snail*h!) and (2)
greater proportional decrease in water column
chlorophyll-a in high vs. low density treatment
were observed. This shift from grazing benthic

Table 1.
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microalgae to filter-feeding at higher densities
may explain the opposing increase (high-density
treatment) vs. decrease (low-density treatment)
in benthic chlorophyll-a. This is likely caused, in
part, by greater total snail excretion leading to
elevated N:P in the water column (Johnson et al.,
2009) that promotes periphyton production.
Knowledge of how invasive species may
affect bacterial diversity, abundance, and asso-
ciated processes are important to understand
potential impacts on ecosystem function. Previ-
ous studies have focused almost exclusively on
invasive bivalves, specifically zebra and quagga
mussel and have revealed shifts in benthic
bacterial communities associated with invasions
(Findlay et al., 1998; Frischer et al., 2000;
Lavrentyev et al., 2000; Viergutz et al., 2007).
For example, Lohner et al. (2007) observed an

Comparison of feeding rates of Bellamya chinensis found in this study with those of other freshwater and marine invasive

bivalves (adult estimates). Comparacion de las tasas de filtracion de Bellamya chinensis encontradas en este estudio con las de otras
especies invasoras de bivalvos dulceacuicolas y marinas (estimaciones en adultos).

Filtration Rate

Filtration Rate

Species (mL ind-th-1) (mL mg DW-*h-1) Reference
Bellamya chinensis 106-113 15 this study
Dreissena polymorpha 16.4 Kondratev (1963)
3.2 Micheev (1966)
16.5 Kryger and Riisgard (1988)
78-170 1.6-3.5 Reeders et al. (1989)
4.3 Reeders and bij de Vaate (1990)
1.9 Aldridge et al. (1995)
16.2 Fanslow et al. (1995)
375 9.1 Sprung (1995)
40 4.1 Berg et al. (1996)
125 21
114-133 Roditi et al. (1996)
22-80 6.1-13.5 Lei et al. (1996)
125-223 4.6-9.1 Horgan and Mills (1997)
110-225 3.1-6.9 Diggins (2001)
60-170 3.8-10.7
Dreissena bugensis 40-200 2.2-10.8 Diggins (2001)
120-310 2.7-7.0
Corbicula fluminea 347 20.5 Buttner and Heidinger (1981)
567 1.9 Way et al. (1990)
490 2.2 Silverman et al. (1997)
Limnoperna fortunei 19-133 11.9-24.5 Riickert et al. (2004)
125-350 9.9-29.5 Sylvester et al. (2005)
100-214 15-3.1 Cataldo et al. (2012)
Mytilus edulis 17-2767 1.1-11.3 Winter (1973)
1.9 Bayne and Scullard (1977)
281-799 Clausen and Riisgard (1996)
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increase in bacterial density, activity, metabolic
diversity and structure in zebra mussel clusters
relative to bare sediment. Here we observed a
shift in bacterial community composition and
decreased community variability in the water col-
umn under high Bellamya filtration rates, but no
change in total abundance.

Bellamya may interact directly with micro-
bial populations by utilizing bacteria as a food
source, resulting in a community shift when
bacteria respond with different growth rates. Al-
ternatively, Bellamya-bacterial interactions may
be indirect, mediated by the production of large
quantities of fecal and pseudo-fecal material that
differentially affect the composition, activity, and
growth of bacterial taxa. Recent observations
made for zebra mussel in the Hudson River,
New York, suggest that there is increased total
bacterial biomass and heterotrophic activity
associated with zebra mussel colonies compared
with surface sediments (Findlay et al., 1998;
Strayer, 1999). Invasive bivalves can directly af-
fect the abundance of major groups of microbes
through feeding and altering resource partition-
ing, but whether those affects are biased towards
particular bacterial functional groups remains
understudied. Frischer et al. (2000) reported that
zebra mussels are likely to promote the enrich-
ment of particular bacteria groups, including
Gammaproteobacteria and Betaproteobacteria
and negatively impact Deltaproteobacteria and
Flavobacteria. Unfortunately, ARISA does not
allow for the identification of particular bac-
terial taxa or groups. However, the reduced
differences in bacterial community composition
among replicates in the high-density Bellamya
treatments suggest that filtering differentially
impacted bacterial taxa.

Changes in microbial abundance can have
cascading ecosystem effects. Our laboratory
experiments revealed that Bellayma are capable
of high filtration rates, thus adding to the small
but growing body of research suggesting that
Bellamya may play an important role in fresh-
water ecosystems. Although we know very little
about the feeding and nutrition of Bellamya,
limited studies from over three decades ago
suggest that Bellamya feeds primarily on peri-

phyton. Stomach content analysis indicated that
diatoms were the largest portion of Bellamya
diet in the Ottawa River, and that radular feeding
showed no selectivity among periphyton taxa
(Stanczykowska et al., 1972; Plinski et al., 1978;
Jokinen, 1982). More recent research examining
carbon stable isotope ratios of Bellamya col-
lected from one Wisconsin lake suggests heavy
reliance on benthic resources (Solomon et al.,
2010), although this has not been rigorously
tested. Given the filter-feeding behavior of
Bellamya (this study) and its effects on N:P
that define ecological stochiometry and control
algal growth (Johnson et al., 2009), additional
experimental and field efforts are needed to
understand the biology and ecology of Bellamya
chinesis. In conclusion, even though Bellamya
are only facultative filter-feeders (compared to
exclusive filter-feeders such as mussels), they
have the potential to serve an important, yet
unexplored role in coupling benthic and pelagic
food webs in lake ecosystems (Vadeboncoeur et
al., 2002; Wagner et al. 2012); this topic requires
more investigation.
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ABSTRACT

The trophic ecology of the red swamp crayfish (Procambarus clarkii) in Mediterranean aquatic ecosystems: a stable
isotope study

The red swamp crayfish (Procambarus clarkii) is an invasive species in most of its current distribution range. As an omnivorous
species that feeds on items of many trophic levels and is eaten by many others, it occupies a key trophic position within the
invaded food webs. This trophic position, in combination with its active physiology, makes P. clarkii a suitable organism for
ecotoxicological studies and, more specifically, a bioindicator of heavy metal pollution. These characteristics also make P.
clarkii a likely vector of contaminants toward higher trophic levels. In this study, we (i) describe aquatic food webs in three
contrasting Mediterranean wetlands in the lower Guadalquivir River Basin, southwestern Spain, each populated by invasive P.
clarkii but having a different heavy metal concentration, (ii) assess the trophic role of crayfish and temporal trends in its diet
using stable isotope analysis (513C and 6°N), and (iii) assess the relationship of crayfish isotopic signatures to the content of
heavy metals (Cu, Zn, Pb, Cd, As) bioaccumulated in crayfish body tissues. We detected significant between-site differences in
carbon and nitrogen isotopic signatures but found significant between-date differences only for nitrogen signatures. Between-
site changes in carbon and nitrogen isotopes were due primarily to variations in the relative contribution of autochthonous
vs. allochthonous primary producers and shifts in crayfish abundance through time, respectively. Isotopic food web models
were used to distinguish between systems driven by a detritus-based energy pathway and systems supported by detritus and
primary producers. The trophic positions estimated for crayfish and other invertebrates at each site were low, suggesting the
prevalence of omnivory and the occurrence of a trophic continuum rather than discrete levels. Isotopically, crayfish occupy a
predator position in the observed food webs, which is consistent with the predominance of animal food sources in the species’
diet. No significant changes were found between crayfish ontogenetic stages using isotopic ratios. The site with the highest
concentration of heavy metals showed the highest 513C and 51°N values, and a significant correlation was found between five
heavy metal elements (As, Cd, Zn. Cu, Pb) measured in crayfish and their nitrogen isotope signatures (r = 0.72, p <0.0001),
thus reinforcing its contamination biomarker role.

Key words: Food webs, 63C, 5'°N, crayfish, stable isotopes, Mediterranean wetlands, heavy metals.

RESUMEN

Ecologia tréfica del cangrejo rojo (Procambarus clarkii) en ecosistemas acuaticos mediterraneos: un estudio sobre is6topos
estables

El cangrejo rojo (Procambarus clarkii) es una especie invasora en la mayor parte de su area de distribucioén actual. Ocupa un
estatus trdfico clave dentro de las redes troficas invadidas al ser una especie omnivora que se alimenta de muchos recursos
tréficos, ademéas de ser presa de otros consumidores. Tal posicion de especie clave, junto con su activa fisiologia, hace
que sea un vector potencial de contaminantes a posiciones superiores en las redes troficas, y por lo tanto, un excelente
bioindicador de contaminacion por metales pesados que ha sido muy utilizado en estudios ecotoxicoldgicos. En este estudio
describimos las redes tréficas de tres humedales mediterraneos de la cuenca del Bajo Guadalquivir (SO, Espafia), que poseen
densas poblaciones de P. clarkii y que muestran diferentes grados de afeccion por contaminacién de metales pesados, usando
is6topos estables (51°C and 6°N). Ademas, se explora la relacion que existe entre las sefiales isotopicas y las concentraciones
de metales pesados (Cu, Zn, Pb, Cd, As) bioacumuladas en sus tejidos. Se detectaron diferencias significativas en las sefiales
isotopicas de carbono y nitrégeno entre las diferentes localidades, mientras que las diferencias temporales s6lo fueron
reflejadas por la sefial del nitrégeno. Los cambios medios que se dan en las sefiales del carbono y nitrégeno en cada localidad,
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son debidas a la contribucién relativa de los productores primarios autdctonos respecto a la de los al6ctonos y cambios en
la abundancia de cangrejos a lo largo del tiempo, respectivamente. La descripcion de las redes troficas realizada a través
de los is6topos estables distingue entre los sistemas con flujos energéticos basados en detritus, y los basados en productores
primarios junto con detritus. Las posiciones troficas estimadas para los cangrejos e invertebrados en cada localidad fueron
bajas, sugiriendo que existe un predominio de la omnivoria y la existencia de un ““continuo tréfico” mas que la existencia de
niveles discretos. Isotopicamente, los cangrejos ocupan una posicién de depredador en las redes tréficas que concuerda con
el predominio de recursos de origen animal en su dieta. No se encontraron cambios ontogenéticos en la dieta de los distintos
estadios de cangrejo segun las sefiales isotdpicas. La localidad con una mayor contaminacion de metales pesados mostrd una
relacion directamente proporcional significativa con las sefiales isotopicas de 53Cy 6°N (r = 0.72, p <0.0001), reforzando

asi su papel como biomarcador.

Palabras clave: Redes tréficas, 53C, 5°N, cangrejo, is6topos estables, humedales mediterraneos, metales pesados.

INTRODUCTION

Among the several alien species of freshwater
crayfish that have been introduced in Spain
during recent decades, the red swamp cray-
fish (Procambarus clarkii Girard) has been
the most successful and therefore the most
environmentally threatening of them all (Gu-
tiérrez-Yurrita, et al., 1999). P. clarkii was
introduced in 1973 at two aquaculture installa-
tions in Sevilla and Badajoz, southwestern Spain
(Habsburgo-Lorena, 1983) and spread through-
out the Mediterranean region and central Europe
during the subsequent three decades (Alonso et
al., 2000). Its broad ecological tolerance, rapid
growth, high fecundity and resistance to diseases
explain such achievement (Montes et al., 1993;
Gherardi & Barbaresi, 2000).

The establishment of red swamp crayfish
populations in Mediterranean wetlands and
rivers in southwestern Spain was so successful
because of the similar environmental conditions
with P. clarkii’s homeland aquatic systems (the
southeastern areas of the USA) (Geiger et al.,
2005). The species’ establishment in Spain
was also greatly promoted by intentional and
repeated translocations by humans for economic
or recreational purposes (Montes et al., 1993).
The presence of this alien species has significant
impacts on the structure and functioning of the
invaded aquatic ecosystems. An example of
such an impact is the physical alteration of the
habitat structure, primarily through shredding

of macrophytes during feeding and indirectly
through bioturbation of sediments (Geiger et al.,
2005). These mechanisms are considered to be
responsible for the change observed in many
invaded ecosystems from a natural, macrophyte-
dominated, transparent water equilibrium state
to a turbid, eutrophic, phytoplankton-dominated
equilibrium state (Anastacio & Marques 1995;
Angeler et al., 2001; Rodriguez et al., 2003). Be-
cause P. clarkii is an opportunistic, omnivorous
feeder with high assimilation efficiencies that
rapidly develops dense populations (Gutiérrez-
Yurrita et al., 1999), it is expected to have strong
effects on aquatic food webs and to impact
trophic levels both below (llhéu & Bernardo,
1993, 1995; Gutiérrez-Yurrita et al., 1998) and
above its own (Geiger et al., 2005; Tablado et al.,
2010). Despite P. clarkii’s major role in struc-
turing aquatic food webs, information regarding
the species’ diet in natural habitats is scarce
(Feminella & Resh, 1986, 1989; D’Abramo &
Robinson, 1989; Ilhéu & Bernardo, 1993, 1995;
Gutiérrez-Yurrita et al., 1998; Alcorlo et al.,
2004). Studies of food webs have traditionally
been based on stomach content analyses for the
placement of species at their proper trophic po-
sition (Hobson & Welch, 1992). This approach,
however, often relies on data gathered on a casual
rather than on a regular basis making trophic
models particularly susceptible to both the tem-
poral and the spatial scales used (Paine, 1988).
In recent years, the biological interpretation of
changes in the relative abundance of naturally
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occurring stable isotopes of nitrogen (6%°N)
and carbon (6%3C) has provided an alternative
method for characterising food web structures
and dynamics (Peterson et al., 1985; Peterson &
Fry, 1987; Lajtha & Michener, 1994; Hershey
& Peterson, 1996; Gannes et al., 1998; Inger &
Bearhop 2008; Martinez del Rio et al., 2009).
This approach is based on the fact that stable-iso-
tope ratios of nitrogen and carbon in the tissues of
consumers reflect those in their prey ina predictable
manner (DeNiro & Epstein, 1978, 1981).

In addition, the polytrophic character of
crayfish has important consequences for ecosys-
tem management because of the role that these
animals play in the transport of Xxenobiotic
substances throughout the food web. P. clarkii
can ingest and eventually store large amounts
of heavy metals in its tissues (Maranhao et
al., 1995) and is able to adjust, using complex
physiological mechanisms, to survive in polluted
environments (Naqvi & Flagge, 1990; Naqvi and
Howel, 1993; Allison et al., 2000). P. clarkii has
therefore been widely used as a biomarker (De-
pledge & Fossi, 1994; Anderson et al., 19973,
1997b; Schilderman et al., 1999; Schlenk, 1999;
Anton et al., 2000; Alcorlo et al., 2006; Martin-
Diaz et al., 2006; Vioque-Fernandez et al., 2007;
Vioque-Ferndndez et al., 2009; Faria et al.,
2010; Suérez-Serrano et al., 2010) to efficiently
trace the relocation of heavy metals from non-
biological (primarily sediments) to biological
compartments (food webs) in the ecosystem.

The estimation of the amount of pollutants
that P. clarkii mobilises and stores as biomass
is ecologically relevant because this species is
now the major prey item for many endangered
and legally protected vertebrate species in the
Lower Guadalquivir Basin (Adrian & Delibes,
1987; Palomares & Delibes, 1991; Senra & Alés,
1992; Correia, 2001; Tablado et al., 2010). Pol-
lution effects can potentially travel far from the
source area through the trophic relationships that
link crayfish with wide-ranging predator species
(e.g., herons, spoonbills, storks, otters).

The general aim of the present study is to de-
scribe the trophic position of P. clarkii and its role
as a heavy metal bioindicator in three Mediter-
ranean wetlands exposed to different land-uses

(one in a natural protected area, one surrounded
by agricultural land and one affected by a toxic
mine spill). Our specific aims are as follows:
1) to describe the food webs using carbon and ni-
trogen stable isotopes, with emphasis on tempo-
ral and habitat variations in the diet of P. clarkii;
2) to determine whether P. clarkii occupies the
same trophic position in each of the three envi-
ronments; 3) to investigate whether isotopic sig-
natures describe changes in diet in relation to
crayfish ontogeny; and 4) to analyse the rela-
tionship between nitrogen isotopic signatures and
heavy metal bioaccumulation in P. clarkii tissues.
Our hypothesis is that the isotopic descrip-
tions of the assembled food webs in three types of
aquatic ecosystem will reflect the differing struc-
tures of the food web patterns developed. Ac-
cording to this hypothesis, 1) the isotopic signals
of crayfish will reveal distinct positions in each
system depending on the unequal contribution of
the exploited food resources and the ontogenetic
shifts in diet, and 2) the nitrogen isotopic signa-
ture of P. clarkii will be correlated with the levels
of heavy metal contamination because of the dis-
similar communities developed at each site.

METHODS

Study area

The study was conducted in three tributaries of
the Lower Guadalquivir River (SW Spain) close
to the northern boundary of Dofiana National
Park (Fig.1). The three sampling sites are
subject to differing land-use and anthropogenic
pressures and have contrasting morphological
features in terms of the nature and grain size
of stream bed sediments and of the channel
shape (Montes et al., 1998).

Site 1 (Brazo del Este, UTM: 29SQB633117)
is located in a section of a stream that collects
water runoff with a high content of pesticides
and fertilisers from the surrounding rice fields
(Cano & Ocete, 1997; Vioque-Fernandez et al.,
2009). The agricultural activity in this area has
resulted in the discharge of pesticides with lead
(Pb), copper (Cu) and arsenic (As) (http://npic.
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Figure 1. Schematic map of the studied area, sampling sta-
tions and mine location. 1.-Brazo del Este, 2.-Puente de los
Vaqueros, 3.-Charco de la Boca. Mapa de la zona de estu-
dio, donde se muestran las estaciones de muestreo y la mina.
1.-Brazo del Este, 2.-Puente de los Vaqueros, 3.-Charco de la
Boca.

orst.edu/ingred/aifact.html) into the surrounding
aquatic ecosystems for many years (Vioque—
Fernandez et al., 2009). The riverbanks are
covered by well-developed cattail (Typha sp.)
stands. The sediment is muddy and rich in clay and
siltand has a thick, organic-rich, black layer on top.

Site 2 (Puente de los Vaqueros, UTM:
29SQB495168) is located in the lower wa-
tercourse of the Guadiamar Basin (Fig. 1).
Although the Guadiamar River was formerly one
of the main tributaries of both the Guadalquivir
River and its associated marshland, it is nowa-
days dramatically transformed in a multitude
of channels that distribute and collect irrigation
water to and from the surrounding rice fields.
In April 1998, the entire basin was severely af-
fected by a toxic spill from the Aznalcéllar mine
that released 5 Hm?® of acid water and metal-
rich sludge (As-0.6 %; Pb-1.2%; Zn-0.8%
dry weight, and other metals) (Meharg et al.,
1999). In addition to mining activity, the stream
also receives sewage dumping from the nearby
urban areas (Prat et al., 1999). In the sampling
area, the emergent vegetation on the banks has

been reduced to small patches of common reed
(Phragmites australis) and cattail (Typha sp.).
The riverbed sediments are very rich in silt, which
causes the water to be turbid most of the time.

Site 3 (Charco de la Boca, UTM: 29SQB
227121) is located in a wetland within the bound-
aries of Dofiana National Park (Fig. 1). The entire
area is covered by pines (Pinus pinea) growing
on sandy soils. The littoral zone of the wetland is
rich in silt and clay and is occupied by belts of
Phragmites australis and cattail Typha sp., which
provide shelter and food to many waterfowl and
other bird species (Montes et al., 1998).

Field data collection

Samples were collected during periods when
crayfish were very abundant and their popula-
tions included individuals of varying sizes and
developmental stages: autumn (November 2000-
date 1 and 2001-date 3; the end of the growing
season for crayfish), and mid-Spring (April
2001-date 2; which is the growing season). Three
replicate samples for each of the categories used
in the food web (i.e., fish, crayfish, invertebrates
-zooplankton and zoobenthos-, aquatic flora,
detritus and sediments) were taken on each date.
Limnological descriptors [depth (cm), turbidity
(cm, Secchi disk depth), water temperature (°C)
and dissolved oxygen (mg I* and %, WTW-
oxymeter), conductivity (uS cm=, WTW LF96-
conductivimeter), and pH (Merck- indicators
paper)] were measured in situ. Sediment samples
were obtained with a core-sampler (54 mm
inner diameter, 50 cm height). The upper layer
(5 cm deep), where most of the detritus is stored,
was sliced out and kept in a polyethylene bag
hermetically closed. This fraction containing
the organic matter in the sediment will be
referred to hereafter as detritus. The so-called
phytoplanktonic fraction, a mixture of true algae
plus particulate organic matter (0.45-100 um),
was collected on a pre-ashed (500°C for 4 h)
glass fibre filter (Whatman, CF/C) and stored in
a hermetic polyethylene bag kept in darkness.
Helophyte samples were obtained from emergent
plant species (Phragmites australis in sites 2 and
3, and Typha in all sites). Samples of submerged
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vegetation were restricted to the terrestrial grass
Cynodon dactylon in sites 2 and 3. Healthy green
leaves and stems were handpicked from various
stands and put in hermetic polyethylene bags.
A hand net (250 um mesh size) was used for
collecting invertebrates. Samples were obtained
by filtering water along 50 m long transects for
five to ten minutes. Material collected in this
way was placed in polyethylene bottles (500 ml).
Fish, crayfish and shrimp were collected at each
site using 10 shrimp traps (‘hasa camaronera’).
The traps were checked after 24 h. When cap-
tures were too small (e.g., n < 10 individuals),
the traps were left in the field for a second day.
Captured animals were individually placed in
hermetic plastic bags.

All sediment and biological samples were
kept refrigerated (4°C) until freezing on the
same day of collection. The samples remained
frozen until they were prepared for stable isotope
analysis. Crayfish selected for the analysis of
heavy metal contents (ten individuals from each
site) were measured in situ for body length
(distance from the edge of the rostrum to the
telson, expressed in cm) and mass (using a
portable Scaltec balance and expressed in g with
an accuracy of 0.1 g). An additional sample
of zooplankton and benthos was taken and
fixed (4 % neutralised formaldehyde) for further
taxonomic identification.

Stable isotope analysis

For the isotopic analysis of sediments, 30-50 mg
of each frozen sample was thawed, placed in a
250 ml Erlenmeyer flask, and suspended in
100 ml of 0.2 N HCI for 24 h at room temperature
to remove carbonates. The sediments were then
rinsed thoroughly with deionised water and dried
at 60 °C until no further water loss occurred (Ci-
fuentes et al., 1988; Bernasconi et al., 1997). The
samples were then homogenised using a mortar and
pestle and stored dry in 15 ml vials until analysed.

Filters of phytoplankton samples were dried
at 60°C until no water loss was recorded and
stored dry in vials until analysed (Gearing et al.,
1984). Macrophyte and helophyte samples were
thawed, epiphytic material was removed from

leaves and stems by gentle wiping and washed
with deionised water, and all of these materials
were dried at 60 °C (LaZerte & Szalados, 1982;
Boon & Bunn, 1994). The dried periphyton ma-
terial was homogenised using a mortar and pes-
tle and stored dry in 15 ml vials until analysed
(France, 1999). The aquatic plant tissues were
milled using an analytical mill (model IKA-A10).

The dominant planktonic and benthic taxa
were sorted by hand from the thawed samples. In
several cases, insects and microcrustaceans had
to be pooled by taxonomic groups (i.e., Order) to
obtain sufficient material for isotopic analysis.
Ostracods (crustaceans with a calcareous cara-
pace) were suspended in a solution of 0.2 N HCI
for 24 h at room temperature to remove carbon-
ates. The samples were then rinsed thoroughly
with deionised water, dried at 60°C until no
water loss was recorded, homogenised with a
mortar and pestle and stored dry in 15 ml vials
until analysed (Gearing et al., 1984).

The abdominal muscles of crayfish (France,
1996a) and muscle samples above the lateral line
of fish (Kwak & Zedler, 1997) were dissected
after thawing of the samples. The samples were
rinsed thoroughly with deionised water, dried,
powdered, and stored at room temperature (20 to
25 °C) until isotope analysis.

Stable carbon and nitrogen analyses were
performed on 1 mg subsamples of homogenised
materials by loading them into tin cups and
combusting at 1800°C in a Carbo Erba 1108-
CHNS elemental analyser. The resultant CO,
and N, gases were analysed using a Micromass
Isochrom continuous-flow isotope ratio mass
spectrometer (CFIRMS) with every 9 unknowns
separated by two or three laboratory standards
(NBS22, sucrose, atropine, benzoic).

Stable isotope abundances were expressed in
6 notation as the deviation from standards in
parts per thousand (%) according to the follow-
ing equation:

oX = [(Rsample/Rstandard) - 1] x 1000

were X is the isotope °N or °C, and R is the cor-
responding ratio **N/*N or BC/*?C. The Rgandard
for N is that for atmospheric N, (air) and the
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Rstandarg TOr 13C is that for Pee Bee Belemmnite
(PDB) limestone formation. Based on numerous
measurements of organic and inorganic standards
by the lab that performed the analyses, the precision
of these measurements was estimated to be +0.1
and +0.2 %o for carbon and nitrogen, respectively.

Isotopic models

The trophic position of food web items at
each site was estimated assuming a constant
enrichment value of 3.4 %o in the nitrogen stable
isotope, in accordance with previous studies
performed in other aquatic ecosystems (Mina-
gawa & Wada, 1984; DeNiro & Epstein, 1981;
Whitledge & Rabeni, 1997; Ponsard & Ardi-
ti, 2001). Accordingly, the trophic level was
computed by the following equation:

(Dp - Db)

TL=1
T3z

where TL is the trophic level of a consumer and
D, is the 6*°N value of the whole body tissues of
consumers in the case of insects and microcrus-
taceans or the 5°N value of the consumer’s mus-
cle tissue in the case of fish and crayfish (%o). Dy,
is the baseline 6°N value; i.e., the isotopic value
of the main food sources of the consumer. Detri-
tus was assumed to be the main food source for
all of the consumers in the food web except the
microcrustaceans, for which phytoplankton were
assumed to be the main food source.

The above approach is a simplistic way to
summarise the various enrichment factors that
might occur between different food web items.
Further studies are required to identify more pre-
cisely the 6°N enrichment factors between con-
secutive trophic levels. Alternatively, the use of
an average enrichment factor of 3.4 %o, as actu-
ally found in several aquatic food webs, appears
to provide a good estimate of the trophic interac-
tions that we are trying to elucidate.

We used a concentration—weighted linear
mixing model of 6'°N and 6**C values (Phillips
& Koch 2002; http://lwww.epa.gov.wed/pages/
models.htm) to estimate the proportion of the
crayfish diet allocated to each of the major

food items (invertebrates, vegetative material or
detritus) as determined in previous conventional
crayfish dietary studies that analysed stom-
ach contents and were performed at the same
sites (Gutiérrez Yurrita et al. 1998, Alcorlo et
al., 2004) and in other studies (Brown, 1990;
Whitledge & Rabeni, 1997; Evans-White et
al., 2001). This model assumes that for each
element, the contribution of a source is pro-
portional to the contributed mass times the
elemental concentration in that source. Isotopic
values for food sources must be adjusted by the
appropriate fractionation values to account for
trophic fractionation (Phillips & Koch, 2002). In
this study, we used 3.4 and 0.8 %o fractionation
factors for nitrogen and carbon isotopes, respec-
tively (Ponsard & Arditi, 2001). The elementary
compositions of C and N of the food web items
determined were analysed with an elemental
analyser (Carbo Erba 1108-CHNS) during the
isotopic determinations.

Such models have both mathematical and bi-
ological limitations (Ben-David & Shell, 2001;
Phillips, 2001; Phillips & Gregg, 2001). An over-
estimation of the contribution to the diet may oc-
cur if one source has a signal similar to that of
the sink, and exact solutions are not possible un-
less all of the end members are included. The
ranges of source contributions can be determined.
The breadth of these ranges depends on the ge-
ometry of the mixing space (e.g., mixing trian-
gles) and the similarity of the source and mixture
isotopic signatures. When the mixture lies near
the periphery of the convex polygon connecting
the sources, the sources on that side of the mix-
ing diagram predominate and the ranges of the
possible contributions from each source are well
constrained. We followed the suggestion of Ben-
David & Shell (2001) and the procedure of Jones
& Waldron (2003),and used these models as a
heuristic tool to investigate the patterns of our data.

Heavy metal analysis

Heavy metal analyses of arsenic (As), copper
(Cu), zinc (Zn), cadmium (Cd) and lead (Pb)
were performed for the crayfish sampled in
November 2001. Because P. clarkii is exploited
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for commercial use in the study area and the legal
limits for human consumption are expressed in
fresh weight, we expressed the heavy metal
concentrations as u g - g~* fresh weight.

The entire body of each crayfish was pow-
dered and homogenised, and a 2-g subsample
was digested in 10 ml of nitric acid (65 %) for
at least 30 min. A posterior microwave diges-
tion was performed using a CEM Microwave Di-
gestion System 2100 and following the proto-
col App. Note BI-7 “EPA 3052”. The samples
were then cooled, filtered (Whatman fiber glass
filters, 47 mm diameter), brought to a volume
of 100 ml with deionised water, and each heavy
metal item was analysed following the appropri-
ate procedure. As and Pb were measured using
Electrothermal Atomic Absorption Spectrometry
with a graphite furnace. Cd, Zn and Cu were mea-
sured using Inductively Coupled Plasma Emis-
sion Spectroscopy (EPA 6010 B).

Statistical analyses

The 6%3C and &'°N values estimated in each
biological compartment of the food web were
compared simultaneously between sites, dates
and their interaction (date x site), using a
multi-way analysis of variance (MANOVA) with
the Wilks’ lambda statistic. Certain samples in
which only one of the 6 values was available
were excluded from the analysis. When post-hoc
comparisons were required, we used Tukey’s
Honestly Significant Difference test (HSD). The

normality of distributions was assessed by the
inspection of normal plots. Departures from
homogeneity of variances were assessed by
Levene’s test. Log-transformation of dependent
variable was performed when necessary after
exploring the correction of the heteroscedasticity
of the transformed data.

A two-sample t test for a two-tailed hypothe-
sis was performed to assess the variation in mean
6N values resulting from ontogenetic changes
between young and adult crayfish.

Multiple correlation and regression analyses
were performed to determine whether crayfish ni-
trogen stable isotope abundances were influenced
by the heavy metal contents measured at all sites
pooled together and at each site separately.

RESULTS

Limnological parameters and community
composition

The three aquatic ecosystems sampled are char-
acterised by their shallowness and a slightly
saline character (Table 1). Sites 1 and 2 have
conductivity and pH values that are higher than
those of site 3. This finding is most likely due to
the nature of the underlying geological materials,
which are sandier and more acid in the area of site 3.

The community composition in the studied
sites is shown in APPENDIX 1 (www.limne-
tica.net/internet). Crustaceans, particularly cla-

Table 1. Ranges of variation of physico-chemical parameters of water at the three sampling sites. Rangos de variacion de los
parametros fisico-quimicos del agua en las tres estaciones de muestro.

Sampling site z Secchi T Conductivity oH 0, 0,
(cm) (cm) 9] (wS-cm™) (mg-17) (%)

Site 1
mean 40.58 10.50 19.10 3296.20 8.02 5.84 90.60
range 24.5-57 6-15 7.3-26.5 2600-4711 7.5-8.5 1.9-10.31 78-103.2
Site 2
mean 41.00 9.53 20.05 1859.88 7.91 10.05 119.25
range 24-67 7-12 11.2-28.9 1173-3334 7-8.5 6.08-17.6 58.5-184
Site 3
mean 24.25 11.00 15.08 584.25 6.91 5.16 56.40
range 7-37.5 7-15 11-16.9 425-730 6.5-8 3.8-7.48 39-73
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docerans and copepods, and aquatic bugs (In-
secta: Heteroptera) were the most species-rich
animal groups. For certain rare taxa (ostracods
and mayflies) it was not possible to obtain
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sufficient biomass for the stable isotope analyses,
and these taxa were therefore excluded from the
statistical analysis. Rotifers and ciliates were also
excluded because of their low sampled biomass.
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Figure 2. Stable isotope ratios for carbon (5'°C, %o, mean + S.D.) and nitrogen (8'°N, %o, mean + S.D.) for food web
components at each of the sampling sites (upper: November 2000, middle: April 2001, lower: November 2001). Trophic items
are as follows: 1.-detritus, 2.-phytoplankton, 3.-helophytes, 4.-periphyton, 5.-submersed macrophytes, 6.-Gambusia holbrooki,
7.-Anguilla anguilla, 8.-Liza ramada, 9.-Cyprinus carpio, 10.-Barbus sclateri, 11.-crayfish (<3 cm), 12.-crayfish (<7 cm), 13.-
crayfish (>7 cm), 14.-Palaemon serratus (shrimp), 15.-heteroptera, 16.-odonata, 17.-coleoptera, 18.-ephemeroptera, 19.-gastropoda,
20.-diptera, 21.-copepoda, 22.-cladocera, 23.-microcrustaceans (copepoda and cladocera). Trophic categories are symbolised as: ©
primary producers, ® invertebrate herbivores (ephemeroptera and gastropoda), A invertivores (heteroptera and odonata), omnivores
(fish, shrimp and crayfish), A detritivores (diptera), filter feeders (copepoda and cladocera). Razones isotopicas de carbono (5§3C, %o,
media + D.E.) y nitrdgeno (6*°N, %o, media + D.E.) para los componentes de la red tréfica de las tres estaciones (arriba: noviembre
2000, en el medio: abril 2001, debajo: noviembre 2001). Los recursos troficos son los siguientes: 1.-detritus, 2.-fitoplancton,
3.-heldfitos, 4.-perifiton, 5.-macroéfitos sumergidos, 6.-Gambusia holbrooki, 7.-Anguilla anguilla, 8.-Liza ramada, 9.-Cyprinus carpio,
10.-Barbus sclateri, 11.-cangrejos (<3 cm), 12.-cangrejos (<7 cm), 13.-cangrejos (>7 cm), 14.-Palaemon serratus (camarones),
15.-heterépteros, 16.-odonatos, 17.-coledpteros, 18.-efemerdpteros, 19.-gasterépodos, 20.-dipteros, 21.-copépodos, 22.-claddceros,
23.-microcrustéaceos (copépodos + claddceros). Categorias tréficas simbolizadas como: © productores primarios, ® invertebrados
herbivoros (efemerdpteros y gasterépodos), A invertivoros (heterépteros y odonatos), omnivoros (peces, camarones y cangrejos), A
detritivoros (dipteros), fitradores (copépodos y claddceros).
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Food web structure revealed through the use
of stable isotopes

MANOVA showed no significant interac-
tion (date x site) (A Wilks’ = 0.97, Rao’s
Regsoe) = 1.03, p = 0.4) but did show significant
differences between dates (A Wilks® = 0.64,
Rao’s R4y = 36.13, p < 0.0001) and sites (A
Wilks” = 0.96, Rao’s Rys0sy = 2.67, p = 0.03)
for 63C and 5N values, suggesting that the
space and time factors have independent effects

on the isotope values. Indeed, significant differ-
ences on 6N (Fpae = 3.72, p = 0.02) were
observed only for dates 2 and 3 (Tukey’s HSD
test; p = 0.025 and p = 0.018, respectively),
but no significant differences were observed
for 513C. The 6N values for site 2 increased
through time, as follows: November 2000 < April
2001 <November 2001. In regard to carbon iso-
topes, no significant differences in 6°C were
observed, except for the last date on site 3
(Tukey’s HSD test, p = 0.026).
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Figure 3. Stable nitrogen and carbon isotope concentration in food web components of the three sites during the sampling period.
Sample sizes are given in parentheses following the names of species. Circle (®): primary producers; triangle (A) : invertebrates;
square (m): vertebrates. Concentracion de is6topos estables de carbono y nitrégeno de los componentes de las redes tréficas de las
tres estaciones durante el periodo de muestreo. Circulos: productores primarios, triangulos: invertebrados, cuadrados: vertebrados.
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The average whole system content of §3C
and 6N was highest for site 2 (which was
affected by the heavy metals from the toxic
spill), intermediate for site 3, and lowest for
site 1 (513C: F(g,zgg) = 15.48, p <0.0001; S51°N:
F(z’zgg) = 58, p< 00001) (Flg 2)

Detritus and periphyton drove the food webs
in the habitats with soft and muddy bottom, i.e.,
sites 1 and 2, whereas the trophic dynamics in
site 3 (which had a sandy bottom) were driven
primarily by detritus and submersed vegetation
(Fig. 2). The higher trophic positions in all of the
systems were occupied by fish and crayfish, with
crustaceans and insects at intermediate positions.

Natural abundance of §3C and §1°N

The range values of §'3C for the three sites
differed mainly in their basal components. For
site 1, the lowest and highest mean values
corresponded to copepods and periphyton, re-
spectively (-34.3 +1.2; —19.3 + 0.5 %o, APPEN-
DIX 2, www.limnetica.net/internet). Similarly,
copepods at site 2 had the lowest 5'°C value
(=29.9 + 1.7 %0) while detritus had the highest
value (-13.4 + 0.4 %) (APPENDIX 3, www.
limnetica.net/internet). For Site 3, the lowest
value was found for cladocerans (—33.9 + 1.4 %)
and the highest value was found for the sub-
mersed grass Cynodon dactylon (—16.2 + 5.2 %)
(APPENDIX 4, www.limnetica.net/internet).

The 6N values for the three systems fluc-
tuated in a variable manner. For sites 1 and 2,
the lowest 6°N values were found for periphy-
ton (3.4+0.5 %o and 8.4+3.2 Y%orespectively) and
the highest values were found for eels, Anguilla
anguilla (13.7 £ 3.6 %o and 17.2 +£0.2 %o, respec-
tively) (APPENDIX 2 and 3). Finally, 5*°N val-
ues in site 3 fluctuate between 6.61 + 1.42 %, for
detritus to 14.3 + 0.9 %o for the all-fish sample
(APPENDIX 4).

The trophic positions were very close to-
gether, and very short trophic distances were
found between species. The lowest crayfish val-
ues were found for site 1 (APPENDIX 2-4). For
a better understanding of these variations in the
513C and 6N ratios, we constructed an isotope
scaling for the different compartments analysed

for each system over the entire sampling pe-
riod (Fig. 3). Adult crayfish always appeared
in higher trophic positions than juveniles. No
significant differences were found between the
5N values of juvenile and adult crayfish, except
for site 3 (ty00s) = —2.68, p = 0.016) (APPEN-
DIX 2-4; Figs. 3 and 4).

Trophic role of red swamp crayfish: applying
a mixed model

We estimated the resources most frequently used
by crayfish using two sources: stable isotopes and
traditional diet studies that were performed in the
same geographic area (Gutiérrez-Yurrita et al.,
1998; Alcorlo et al., 2004). The results of the ap-
plication of the concentration-weighted mixing
model using the equations proposed by Phillips
and Koch (2002) were inconsistent with the iso-
topic data for site 1 but fit well with the isotopic
data from the other sampling sites (Table 2).

Nitrogen stable isotope ratios and heavy metals

The highest concentrations of heavy metals in
crayfish were found for site 2, except for As
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Figure 4. Stable nitrogen and carbon isotope concentration
for juvenile and adult crayfish at the three sites (site 1, n =9, 15;
site 2, n = 9, 15; site 3, n = 6, 15). Concentracién de is6topos
estables de carbono y nitrogeno de los cangrejos juveniles y
adultos de las tres estaciones (Estacion 1, n = 9, 15; estacion
2,n =9, 15; estacion 3, n = 6, 15).
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which was higher at site 1 (Fig. 5). The Cu and
Pb concentrations were well above the legal lim-
its for heavy metal content in crustacean food-
stuffs included in the Spanish law and EC Reg-
ulation No. 1881/2006 (20 ppm and 0.3 ppm for
Cu and Pb, respectively). Arsenic (As) concen-
trations were high at each of the sites (0.56-0.98,
0.36-2.04 and 0.79-1.02 ug g~* or ppm for sites
1,2, and 3, respectively) when compared with the
provisional tolerable daily intake suggested by
the European Food Safety Authority (2 ug kg
body weight) (EFSA, 2009).

The contribution of heavy metals to the 5°N
signatures in crayfish was estimated through a
multiple regression analysis of the five heavy
metals analysed over the &'°N signatures of
crayfish (pooled individuals of the three sites)
as the dependent variable and explained 51 %
of the total variation of crayfish 6°N (r = 0.72,

r? = 051, Fgasy = 7.35, p <0.0001). Further
multiple regression analyses were performed for
each site. Only site 3 showed significant results,
with 93 % of the variance in 5N explained by
the heavy metal contents of crayfish and with
Cu (r = -0.79, p <0.05) and Cd (r = -0.78,
p <0.05) as the elements that accounted for most
of this relationship.

DISCUSSION

In this study, the spatial variability (between-site
differences) was significant for both 6'C and
5N isotope signatures, whereas the temporal
variability (between-date differences) was signif-
icant only for average 5*°N signatures. The pat-
tern of variation of 5C values was related to
the variability of the basal food sources (mainly

240 80.0 45,
As Cu o 50 Zn
i 70.0 -
1.80 60.0 3%6.0 5 R
=0 : 27.0 T
1.20 40.0 e Tlssusdamnss |
l" o ] 30.0 o . 18.0 . ote °
= . I
0.60 s — ) DO sairban — e
= f —— 90| -
10.0 = —
— 1
0.00 R 0.0
1 2 3 1 2 3 eo 1 2 3
0.28 1.20
cd Pb
el 1.00
-
0.20 e
0.16 g |rreeees o
0.60 ——
0.12
bioé . 0.40
]
0.04 -1 " Min-Max
= = 3 — 0.0 [ 25%-75%
0.00 - 2 3 ' 1 2 3 o Median vale
Figure 5. Patterns of variability of five heavy metals analysed in whole body crayfish from the three studied ecosystems, expressed

as ug - g* fresh weight. Sample sizes of each crayfish sample are given in parentheses for each site. Site 1 (n = 10); site 2 (n = 20); site
3 (n = 10). Patrones de variabilidad de los metales pesados analizados en los cuerpos enteros de cangrejos en los tres ecosistemas
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detritus and primary producers) at each site. The
amount of detritus for each sampling site varied
depending on the underlying lithology and or-
ganic matter inputs from biological communities
within the area or nearby (autochthonous or al-
lochthonous inputs, respectively). The §3C val-
ues for detritus from sites 1 and 2 (the muddy
sites) indicated that the sites were both enriched
in carbon and had very similar ranges but dif-
fered markedly from the value for sandy site 3.
These values are similar to those found in highly
productive freshwater ecosystems that store large
amounts of detritus, such as Laguna Madre of
Texas (=16 %o) (Fry & Sherr, 1984). The 6°C
value for site 3 was lower and more similar to
the average values of terrestrial organic matter
(=26 %0) and estuaries (—25.8 %) inthe Delaware
estuary, Philadelphia (Cifuentes et al., 1988) or of
littoral areas (—29.9 %o in Wards Creek, Virginian
Atlantic Coast) (Garman & Macko, 1998).
Helophytes and macrophytes showed smaller
51BC values compared with detritus. This
effect can be used to estimate the relative
importance of these primary producers to her-
bivores. Allochthonous (Cynodon dactylon)
and autochthonous (phytoplankton, periphyton,
helophytes) food sources can be easily identified
according to their &'3C signatures. Because
C. dactylon is a gramineous plant with a C-4
photosynthetic pathway, it is expected to have
higher 6°C values (LaZerte & Szalados, 1982).
This species, which is associated with areas of
groundwater discharge, is the only terrestrial
plant that remains green throughout the dry
season and is an important food source for nume-
rous waterfowl species that live in the area

(Gonzalez-Bernaldez, 1997). Our isotopic food
web models (Figs. 2 and 3, Table 2) are consis-
tent with systems driven by a detritus-based energy
pathway (sites 1 and 2) and with a system based
on both primary producers and detritus (site 3).
The mean 6°N values for detritus fell within
the range observed for other aquatic ecosystems
at many sites (3.93-15.70 % in Lake Lugano,
Switzerland [Bernasconi et al., 1997]; 5.5-
18.7 %o in the Delaware estuary [Cifuentes et
al., 1988]), suggesting that nitrate is not limiting
to primary producers. At each site, the primary
producers and consumers showed changes in
their 6'°N signatures that are consistent with
species replacement within the communities that
inhabit these ecosystems (see APPENDIX 1).
Whereas the 6'°N values of species varied
significantly between sites, the isotopic signa-
tures of consumers fit well within the ranges of
potential food sources at each site. Invertebrates
displayed a broad range of trophic strategies
including suspension feeders (e.g., copepods or
cladocerans), detritivores or ’collectors’ (sensu
(Merrit and Cummins 1996)) (e.g., dipterans and
ostracods), herbivores or ‘macrophyte piercers’
(Merritt and Cummins, op. cit.) (e.g., mayflies),
carnivores (e.g., many heteroptera, coleoptera
and odonata), and omnivores (e.g., fish and
crayfish). Detritivores and grazers appear to be
primarily omnivorous, as indicated by their high
SN values, which are similar to those of preda-
tors. At all sites, the variation in 6N within
trophic levels was low, and trophic levels were
not easy to discriminate. The high variation and
overlap observed in isotopic signatures (Figs. 2
and 3) showed a group effect for different trophic

Table 2. Contribution of food items to crayfish of the three study sites determined by the concentration—weighted linear mixing
model. Contribucion de los distintos recursos alimenticios de los tres casos de estudio al cangrejo calculados segtin un modelo lineal

de mezcla ponderado.

Site  Detritus  Primary producers  Invertebrates

Food items included in the model

1 0.515 —-0.259 0.744
2 0.637 0.020 0.343
3 0.737 0.246 0.017

detritus, periphyton, shrimps, heteroptera, odonata and
diptera

detritus, periphyton, submersed macrophytes, shrimps,
heteroptera and diptera

detritus, periphyton, submersed macrophytes, copepoda,
cladocera, shrimps, heteroptera and diptera
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species in the same taxonomic category, which
suggests that animals act as opportunistic feeders
that focus on food sources according to their
availability, as reported in other field studies
(Zah et al., 2001).

The gradual enrichment in &®N values
between species in our simplified model sug-
gested that the concept of trophic levels with
discrete jumps in trophic position along a food
chain is inappropriate. Co-existing species ap-
peared to feed along a continuum of trophic
levels, as has been observed in other systems
(Hobson et al., 1994; France & Peters, 1997;
Vander Zanden et al., 1999).

The omnivore trophic role of crayfish is
particularly relevant in these ecosystems. Gut
content studies and stable isotopes analyses
have revealed detritus as a major component
of the diet of many crayfish species (Creed,
1994; Whitledge & Rabeni, 1997; Gutiérrez-
Yurrita et al., 1998; Alcorlo et al., 2004). Our
concentration-weighed mixing isotopic model
estimated that the proportions of detritus in
crayfish tissues were 63 % and 73 % for sites 2
and 3, respectively. The fact that crayfish from
site 1 did not fall in the mixing triangle (Table 2)
suggests that the chosen fractionation factors
should be corrected because of the sensitivity of
this type of model to the discrimination factors
used, as suggested by Bond & Antony (2011),
or that there are no substantial differences in iso-
topic composition among sources, as suggested
by Phillips & Gregg (2001). There was also a
small contribution from other invertebrates, as
revealed by their 6'°N signatures, which fall
within the expected enrichment range of 3.4 %
(APPENDIX 2-4). The estimated contribution
of primary producers to the crayfish 6*°N signal
seems to be very small. The 63C signatures
of P. clarkii revealed that the animals used
primary producer food sources in each of the
three sites, both autochthonous sources (detritus
and the primary producers of the system [phy-
toplankton, periphyton and helophytes]) and
the allochthonous sources (terrestrial submersed
vegetation) (Table 2).

In regard to the changes in diet corresponding
to the ontogeny of crayfish, it has long been

recognised that juveniles of many species feed
predominantly on invertebrate prey, whereas
adults shift their food requirements to vegetation
and detritus (Goddard, 1988; France, 1996b).
The stable isotope analysis in the present study
did not identify differences in nutritional path-
ways between crayfish of different sizes (Fig. 4).
The ontogenetic shift in diet detected in gut
analyses may indicate that lower volumes of
invertebrates are able to satisfy the energetic
requirements for adult growth (Parkyn et al.,
2001). Gut content analyses identify crayfish
as omnivores that process detritus and vegeta-
tion and prey upon other invertebrates, such as
chironomids, water bugs, cladocerans, snails
and mayflies (Alcorlo et al.,, 2004). On the
other hand, isotopic signatures indicated that
crayfish tend toward a predator position (Figs. 2
and 3). These findings suggest that, despite
the use of several food sources, crayfish feed
predominantly on animal prey and that these
prey are more important in terms of assimilation
and incorporation into crayfish biomass. Similar
results have been found in studies of other cray-
fish species, such as Paranephrops planifrons
in New Zealand streams (Parkyn et al., 2001;
Hollows et al. 2002) and Orconectes nais and O.
neglectus in a tallgrass prairie stream in Kansas
(Evans-White et al., 2001).

We observed a consistent relationship be-
tween the concentrations of heavy metals (As,
Cd, Zn, Cu, Pb) bioaccumulated in crayfish
tissues and their nitrogen isotope signatures.
This relationship, however, became weak when
it was estimated site by site. The metals that have
the greatest influence on 6'°N are Cu and Cd,
whose accumulation has been found to be dose
(i.e., Cd)- and time (i.e., Cu)-dependent in other
studies performed in the area (Alcorlo et al.,
2006). The bioaccumulation of different metals
by crayfish depends on their environmental
concentration and the nature and/or possible role
of these metals as essential elements for crayfish
metabolism. Cu is an essential metal whose
levels are regulated and controlled within certain
limits because it forms part of active enzyme
centres and respiratory pigments (Rainbow,
1995), whereas Cd is a non-essential metal



134 Alcorlo & Baltanas

(Rainbow, 1997) and tend to be detoxified by
metallothionein proteins located in the digestive
glands of P. clarkii (Del Ramo et al., 1989).
These results are related to the different metal
assimilation routes used by crayfish, i.e., direct
uptake from water or indirect uptake from food.

Given that crayfish behave as polytrophic
species (omnivorous) in the systems where they
occur establishing a high number of trophic
interactions with other biological compartments
of the systems; its trophic role has important con-
sequences for the management of the ecosystems
where crayfish is present. For example, crayfish
can efficiently transport xenobiotic substances
throughout the trophic web in polluted areas,
such as the one described in this study (Gonzalez
et al., 1985; Hernandez et al., 1992). Because
crayfish constitute an important food source
for vertebrate predators, such as fish (Anguilla
anguilla), birds (e.g., Ciconia ciconia in Correia,
2001) and mammals (e.g., Lutra lutra in Delibes
& Adrian, 1987; Palomares & Delibes, 1991;
Beja, 1996) we strongly recommend a long-term
monitoring programme to keep track of the
transfer of pollutants to higher order food web
levels mediated by crayfish.

Finally, we conclude that our isotopic food
web models are consistent with systems driven
by a detritus-based energy pathway (sites 1 and 2)
and with a system based on both primary produc-
ers and detritus. The trophic positions estimated
for crayfish and other invertebrates at each site
were low, suggesting the prevalence of omnivory
and the occurrence of a trophic continuum rather
than discrete levels. Isotopically, crayfish occu-
pied a predator position in the food webs, con-
sistently with a predominance of animal sources
in their diet. However, no significant changes be-
tween crayfish ontogenetic stages were found us-
ing isotopic ratios in this study. The site with
the highest concentration of heavy metals showed
6%3C and 6N ratios, and we found a signif-
icant correlation between five heavy metal ele-
ments (As, Cd, Zn. Cu, Pb) measured in crayfish
and their nitrogen isotope signatures (r = 0.72,
p <0.0001). These findings support the role of P.
clarkii as a pollution biomarker.
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ABSTRACT

Spectrophotometric methods for the determination of photosynthetic pigments in stratified lakes: a critical analysis
based on comparisons with HPLC determinations in a model lake

High-performance liquid chromatography (HPLC) is an accurate method for photosynthetic pigment analysis; however,
spectrophotometric equations are also frequently used for pigment quantification in aquatic systems. Here, we present a
critical analysis of the most-used spectrophotometric equations by comparing the results obtained using these equations
with unambiguous HPLC determinations. The study was performed in Lake La Cruz (central Spain). In this meromictic
lake with strong thermal stratification, photosynthetic populations occur in different, vertically stratified layers. Eukaryotic
algae and picocyanobacteria are mostly located in oxic layers, whereas purple sulphur bacteria grow at the oxic-anoxic
interface and below, and green sulphur bacteria occur primarily in deeper anoxic layers. This broad diversity of photosynthetic
microorganisms involves a complex mixture of photosynthetic pigments that often exhibit overlapping absorption spectra. We
tested spectrophotometric equations using samples that represented the entire range of spatial and temporal variability of the
lake. For chlorophyll-a, the best correlations with all tested equations were observed for oxic layers. Regardless of where
the sample was obtained, the best fit for chlorophyll-a was produced by the equation of Overmann & Tilzer, which is
specifically designed to handle mixtures of chlorophyll-a and bacteriochlorophyll-d from green sulphur bacteria. Trichromatic
equations for determining chlorophyll-b and -c exhibited strong interferences in anoxic waters, whereas in the upper layers of
the lake, concentrations of these pigments were usually below the detection limit, restricting the use of these equations.
The equations of Takahashi & Ichimura for bacterial pigments slightly overestimated both bacteriochlorophyll-a and -d
by approximately 10 % and underestimated bacteriochlorophyll-c by nearly 23 %, although for bacteriochlorophyll-d, the
correlation was better than those obtained using the dichromatic equations of Parkin & Brock and Overmann & Tilzer,
respectively. Total carotenoid abundance can be assessed with the equation designed for this purpose by Strickland & Parsons
(1972); however, the accuracy of the results differs with depth and is strongly biased by the presence of the bacterial carotenoid
okenone. On the other hand, dual-wavelength carotenoid-to-chlorophyll-a ratios (430/665 and 480/665) only produced
acceptable results in the epilimnion, with the occurrence of the bacterial carotenoid okenone in the microaerobic and anoxic
layers again producing significant interference. Additionally, the wide variation with depth of the carotenoid composition
undermined the validity of these dual-wavelength ratios. In conclusion, our findings indicate that a complete and unambiguous
study of photosynthetic pigments in highly stratified lakes with overlapping populations of phototrophic microorganisms
requires the use of HPLC techniques. Anyway, our results demonstrate that chlorophyll-a and bacteriochlorophyll-a and -d
can be directly measured in oxic and anoxic layers, respectively, using spectrophotometric methods with an error lower than
10 %. However, according to our results, chlorophyll-b and -c and bacteriochlorophyll-c cannot be accurately estimated by
spectrophotometric methods in stratified lakes.

Key words: Stratified lakes, photosynthetic pigments, chlorophylls, bacteriochlorophylls, spectrophotometry, high perfor-
mance liquid chromatography (HPLC), phytoplankton, photosynthetic bacteria.
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RESUMEN

Determinacion de pigmentos fotosintéticos por métodos espectrofotométricos en lagos estratificados: un andlisis critico
basado en la comparacion con determinaciones por HPLC en un lago modelo

La cromatografia liquida de alta eficacia (HPLC) es un método preciso para el analisis de pigmentos fotosintéticos, sin em-
bargo las ecuaciones espectrofotométricas todavia se usan frecuentemente en sistemas acuaticos. En este trabajo mostramos
un andlisis critico de algunas de estas ecuaciones comparando los resultados obtenidos con las determinaciones mas precisas
realizadas por HPLC. El estudio se realiz6 tomando como modelo la Laguna de La Cruz (centro de Espafia). En este lago
meromictico, que ademas presenta una fuerte estratificacion térmica estival, las poblaciones de microorganismos fotosintéti-
cos se sitGan verticalmente estratificadas en diferentes capas. Mientras que las algas eucariotas y las picocianobacterias se
localizan en las capas O6xicas, las bacterias purpuras del azufre crecen en la interfase 6xico-anoxica y por debajo de esta 'y
las bacterias verdes del azufre se localizan en capas anoxicas mas profundas. Esta amplia diversidad de microorganismos
fotosintéticos implica una compleja mezcla de pigmentos fotosintéticos en los extractos, los cuales a menudo muestran espec-
tros de absorcion que se superponen. Hemos ensayado las ecuaciones espectrofotométricas con muestras que abarcan toda
la variabilidad espacial y temporal del lago. Para la clorofila-a encontramos buenas correlaciones en las capas oxicas pa-
ra la mayoria de las ecuaciones ensayadas. Sin embargo, la ecuacion que mejor funciona en general para la determinacién
de la concentracion de clorofila-a, independientemente del origen de la muestra, es la dada por Overmann & Tilzer, que esta
disefiada especificamente para mezclas de clorofila-a con bacterioclorofila-d de bacterias verdes del azufre. Las ecuaciones
tricromaticas para la determinacion de clorofila-b y ¢ presentaron fuertes interferencias en aguas andxicas, mientras que
en las capas superiores del lago las concentraciones se encontraron normalmente por debajo del limite de deteccidn, lo
que restringia la posibilidad de uso de estas ecuaciones. Las ecuaciones de Takahashi & Ichimura (1970) para pigmentos
bacterianos sobreestimaban tanto la concentracion de bacterioclorofila-a como la d, aproximadamente en un 10 %, y subes-
timaban la concentracion de bacterioclorofila-c casi en un 23 %; si bien para la determinacion de bacterioclorofila-d la
correlacion fue mejor que la obtenida por las ecuaciones dicromaticas de Parkin & Brock y de Overmann & Tilzer. La abun-
dancia de carotenos totales puede ser estimada por la ecuacion de Strickland & Parsons (1972) disefiada para este propdsito,
sin embargo la precisién en los resultados difiere con la profundidad y se ve tremendamente sesgada por la presencia del
caroteno bacteriano okenona. Por otro lado, las relaciones caroteno/clorofila-a basada en medidas a doble longitud de onda
(430/665 y 480/665) solo mostraban resultados aceptables en el epilimnion, ya que en otras capas la aparicion de carotenos
bacterianos como la okenona produce interferencias significativas. Ademas, la gran variacion en profundidad de la composi-
cién de carotenos socava la validez de estas relaciones fundamentadas en medidas a doble longitud de onda. En conclusion,
nuestros resultados indican que el estudio de los pigmentos fotosintéticos completo y sin ambigliedades en lagos fuertemente
estratificados y con solapamiento de sus poblaciones de organismos fototroficos requiere del uso de HPLC. Sin embargo, nues-
tros resultados también demuestran que las concentraciones de clorofila-a y bacterioclorofila-a y d pueden ser directamente
medidas, tanto en profundidades 6xicas como anoxicas, usando ecuaciones espectrofotométricas con un error inferior a un
10 %. Por el contrario, de acuerdo con nuestros resultados ni la concentracion de clorofila-b y c, ni la de bacterioclorofila-c
pueden ser estimadas con precision por métodos espectrofotométricos en lagos estratificados.

Palabras clave: Lagos estratificados, pigmentos fotosintéticos, clorofilas, bacterioclorofilas, espectrofotometria, cro-
matografia liquida de alta eficacia (HPLC), fitoplancton, bacterias fotosintéticas.

INTRODUCTION

Since the early days of research in limnology, the
correct quantification of photosynthetic pigments
has been a topic of great interest. For many
years, spectrophotometric methods were the only
methods available for pigment quantification
and were an important concern in limnology.
Despite the more recent appearance of chro-
matographic techniques (High Performance
Liquid Chromatography-HPLC) for quantify-
ing pigments, it seems advisable to continue
using spectroscopic techniques and use chro-

matographic techniques to calibrate previously
obtained results. Questions related to the best
methods for quantifying pigments have been
raised for a long time, primarily in seawater and
in non-stratified systems (Murray et al., 1986;
Salinas, 1988; Pinckney et al., 1994; Latasa et
al., 1996; Mantoura et al., 1997; Dos Santos
et al., 2003; Ritchie, 2008; Jodtowska & Latata,
2011). However, there is a lack of information
for highly stratified systems with a complex
mixture of photosynthetic organisms in the
vertical profile and marked seasonal changes in
those organisms’ relative abundances.
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Conventionally, limnological studies use chlo-
rophyll-a concentration, the analysis of which
is faster than cell counting procedures, to es-
timate phytoplankton biomass and/or primary
productivity. Chlorophyll-a concentration is also
a common and reliable indicator of water quality
and trophic status used in management routines.
The analytical differentiation of photosynthetic
pigments is valuable for elucidating the compo-
sition of phytoplankton communities because
some pigments are chemotaxonomic biomark-
ers (Wright & Jeffrey, 2006). In this context,
chlorophyll-a is a universal marker of phyto-
plankton abundance, but chlorophyll-b and -c can
be good indicators of the abundance of specific
algal groups such as chlorophytes or bacillario-
phytes/chrysophytes, respectively. Accordingly,
chlorophyll b/a and c/a ratios have been sug-
gested as proxies of the relative dominance of
these algal groups (MacLulich, 1986). In anoxic
waters such as the anoxic hypolimnion of stratified
lakes and reservoirs or the monimolimnion of
meromictic lakes, it is also possible to assess the

biomass and structure of the photosynthetic bac-
terial community through the quantification of
the different bacteriochlorophylls. Furthermore,
the total or relative concentration of carotenoids has
long been used to investigate the physiological
condition of phytoplankton populations, which
may vary depending on light conditions (Jodtowska
& Latata, 2011) or nutrient availability (Shimu-
ra & Fujita, 1975). In this context, the carotenoid-
to-chlorophyll-a ratio has been proposed as a
measure of the accumulation of fatty acids in
freshwater microalgae, which co-occurs with ni-
trogen starvation or light stress (Solovchenko et
al., 2009). These simple relationships among pig-
ments can thus be considered as tentative proxies
of the physiological status of algal populations,
with results that are more practical than those
of more complex and expensive approaches.
The spectrophotometric methods for quan-
tifying photosynthetic pigments in samples
containing pigments from different sources
are based on conventional visible absorbance
measurements of organic extracts. In this case,

Jeffrey & Humphrey 1975
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Figure 1. Summary of citations, by year of publication, of the most-used equations in the spectrophotometric determination of the
photosynthetic pigments that were tested in our study (source: 1SI -Thomson Reuters, Web of Knowledge). The equations proposed
by Parsons & Strickland (1963) are most commonly cited as Strickland & Parsons (1972) from their Seawater Analysis Manual,
and consequently, the number of citations in ISI-WOK under represents their usage. Note the differences in scale for the number of
citations. Informe de citas, por afio de publicacién, de los métodos de calculo mas utilizados en la determinacién espectrofotométrica
de pigmentos fotosintéticos y analizados en este estudio (fuente: I1SI-Thomson Reuters, Web of Knowledge). Las ecuaciones de Parsons
& Strickland (1963) se citan normalmente refiriendo el manual de andlisis de aguas marinas de Strickland & Parsons (1972), por lo
que los datos de la cita del articulo de 1963 obtenido del 1SI-WOK estarian subestimando el uso real de estas ecuaciones. Notese las

diferentes escalas para el nimero de citaciones.
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pigments can be extracted from cells using differ-
ent organic solvents such as acetone, methanol,
ethanol, diethyl ether, dimethyl sulfoxide
(DMSO) or dimethyl formamide (DMF). Ace-
tone is probably the most-used solvent (Ritchie,
2006), as it produces sharper absorption peaks
compared to other solvents. On the other hand,
it is more volatile and flammable than other
solvents. Acetone is also considered to be less
efficient at extracting pigments compared to
other solvents (Ritchie, 2006); however, pigment
recovery can be improved in different ways, such
as by using sonication (Schagerl & Kiinzl, 2007).

The methods used for pigment gquantification
vary in accuracy and cost-effectiveness. Quan-
tification by HPLC allows the discrimination
of chlorophyll, its derivatives and carotenoids
(Mantoura & Llewellyn, 1983). HPLC further

improves the pigment detection limit in com-
parison to other methods, but also requires the
use of expensive instruments and the need for
certain technical capabilities for data process-
ing. By contrast, the direct spectrophotometric
guantification of samples containing a mixture
of pigments is more affordable and widely used
today (Fig.1). A standardised HPLC protocol
for photosynthetic pigment determination has
already been compiled in the 21st edition of
the APHA Standard Methods (2005). However, the
management agencies responsible for controlling
water quality, such as the US EPA in its Method
447.0 (Arar, 1997), still recommend spectropho-
tometric methods, for instance, that of Jeffrey
& Humphrey (1975). The direct spectrophoto-
metric quantification of a mixture of pigments
requires the use of equations that utilise molar

Table 1. The most-used equations for the spectrophotometric determination of the photosynthetic pigments that were tested in
this study. (v: acetone volume added for extraction, V: Total water volume filtered for pigment extraction). (TC: Total number of
citations, ACI: Average Citations per Item, SPU: Specified plant pigments units). Ecuaciones més usadas para la determinacion
espectrofotométrica de los pigmentos fotosintéticos testados en este estudio. (v: Volumen de acetona afiadido para la extraccion,
V: Volumen total de agua filtrado para la extraccion). (TC: Numero total de citas, ACI: Media de citas por item, SPU: Unidades de

pigmentos especificos).

Monochromatic TC ACI
Marker 1972 Chla (ng 1Y) 13.14*D0O665*(V/V) 5359 33.08
Dichromatic (Chl a-Bchl d)
Parkin & Brock 1981 chla (ug I"Y)  11.9*D0663*((D0O663/D0O654*0.93)-0.33*(v/V) 593 21.18
Bchl d (ng 1Y) 10.2*D654((DO663/D0O654*(-0.99)+1.55)*(v/V)
Overmann & Tilzer 1989 chla (ug IY)  (1.315*D0663-0.643*D0O651+0.005)*v*10%/(V*d*84) 684 23.59
Bchld +e (ug I'Y)  (1.315*D0651-0.643*D0663+0.005)*v*10%/(V*d*98)
Trichromatic
Strickland & Parsons 1972 Chla (ug I"Y)  11.6*D0665-1.3*D0O645-0.14*D0O630*(v/V) 13441 34.91
Chlb (ng 1Y) 20.7*D0645-4.34*D0665-4.42*D0O630*(v/V)
Chlc (ug IY)  55*D0630-4.64*D0665-16.3*D0O645*(v/V)
Jeffrey & Humphrey 1975 Chla (ug IY)  11.85*D0664-1.54*D0647-0.08*D0O630*(v/V) 66647 29.53
Chlb (ug I"Y)  -5.47*D0664+21.03*D0O647-2.66*DO630*(v/V)
Chlc (ug I"Y)  -1.67*D0664-7.60*D0647+24.52*D0O630*(v/V)
Bacterioclorophylls
Takahashi & Ichimura 1970 Bchl a (ug I"Y)  25.2*DO772*(v/V) 1489 21.58
Bchlc (ug 1Y) 10.8*D0O662*(v/V)
Bchl d (ug 1Y) 10.2*DO654*(v/V)
Bchl e (ng I"Y)  10.2*D0O652*(v/V)

Carotenoids

Strickland & Parsons 1972
Index 430/480
Index 480/665

Car/chl-a ratio —
Car/chl-a ratio —

Carotenoids  (uSPU I7%) 4*D0480*(v/V) — —
D0430/D0665 - —
D0480/D0O665 - —
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extinction coefficients for each specific pigment
(Table 1). These equations may use only one
extinction coefficient (i.e., monochromatic) or
include several coefficients to minimise the
interference produced by overlapping absorption
spectra (i.e., trichromatic). Spectrophotometric
analyses may yield divergent results depending on
which equation is used (Mantoura et al., 1997).

Stratified lakes and reservoirs presenting
oxic-anoxic interfaces support plankton commu-
nities whose composition can notably differ in
its content of photosynthetic pigments (Steen-
bergen & Korthals 1982). Furthermore, the
spatial distributions of different groups of these
diverse phototrophs usually overlap within the
water column (Miracle et al., 1992, Camacho
et al., 2001). In deeper water, anoxia and the
characteristics of the light that penetrates to
greater depths in these lakes allow the devel-
opment of photosynthetic bacterial populations
(Takahashi & Ichimura, 1970), which coexist
with settled senescent epilimnetic phytoplankton
and unicellular picocyanobacteria, forming deep

Hypolimnion 17 m

Epilimnion 6 m

Metalimnion 13 m

Arbitrary units
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chlorophyll maxima. All of these factors increase
the pigment complexity of samples, thus intensi-
fying the previously addressed impreciseness of
spectrophotometric measures (Stal et al., 1984).

The strength and suitability of some spec-
trophotometric algorithms in stratified lakes are
considered in this study by challenging the re-
sults obtained with spectrophotometric equations
with reliable quantifications performed on chro-
matographically isolated pigments. The study
was conducted with samples from meromic-
tic Lake La Cruz, situated in central Spain,
which was selected as a model lake because
it presents the most possible combinations of
overlapping microorganisms within its different
vertical gradients. In addition to its permanent
monimolimnion, this lake annually develops
a strong thermal stratification and a relatively
complex distribution of different photosynthetic
microorganisms along its vertical profile. From
the results of this analysis, we provide recom-
mendations to be considered before undertaking
limnological studies in this type of multi-layered
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Figure 2. A) Spectrophotometric absorption spectra of the pigment extracts from samples collected from different depths (epil-
imnion, metalimnion and hypolimnion) of Lake La Cruz in June 2006. B) HPLC profile of a sample from the metalimnetic waters of
Lake La Cruz collected in June 2006. C and D) Individual absorption spectra of the most abundant photosynthetic pigments in oxic
waters of Lake La Cruz. E and F) Individual absorption spectra of the most abundant photosynthetic pigments in anoxic waters of
Lake La Cruz. (All individual data spectra from HPLC profiles, samples collected June 2006). A) Espectros de absorcién espectrofo-
tométricos de los pigmentos extraidos a diferentes profundidades (epilimnion, metalimnion e hipolimnion) en la Laguna de La Cruz,
junio 2006. B) Perfiles por cromatografia liquida (HPLC) de una muestra de aguas metalimnéticas de la Laguna de La Cruz, junio
2006. C y D) Espectros de absorcion individuales de los pigmentos fotosintéticos mas abundantes en las aguas 6xicas de la Laguna
de La Cruz. E y F) Espectros de absorcion individuales de los pigmentos fotosintéticos mas abundantes en las aguas andxicas de la
Laguna de La Cruz. (Todos los datos de los espectros individuales provienen de los perfiles de HPLC, en muestras de junio de 2006).
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and complex freshwater environment, attempting
to establish the particular trade-offs that can
occur when using these equations. In this sense,
our study aims to facilitate the selection of
simple spectrophotometric methods in stratified
water columns when the application of more ex-
pensive procedures such as HPLC is not suitable,
primarily by considering that spectrophotomet-
ric methods are the most common means of
obtaining certain key limnological data.

METHODS

Study site

Samples for pigment analysis were collected
from Lake La Cruz, a meromictic karstic lake
situated in a doline in Cafiada del Hoyo (Cuenca,
central Spain) (UTM 30 X596163 Y4427009,
datum WGS84) with a surface area of 10,100 m?
and a maximum depth of 21 meters. This lake
exhibits a strong thermal stratification that
develops each year between April and Octo-
ber (Camacho et al. 2003) and a permanently
anoxic monimolimnion (Vicente & Miracle,
1988; Rodrigo et al., 2000, 2001). The water
samples were obtained following the procedures
described in Miracle et al. (1992). The samples
used for the study correspond to 12 limnological
surveys conducted between December 2005 and
January 2007 and include a total of 235 samples
obtained throughout the vertical profile, 144 and 91
from oxic and anoxic layers, respectively (Fig. 2).

Pigment extraction procedure

For pigment extraction, the seston was recovered
by filtering water from each depth layer through
GF/F filters (Whatman 47 mm). After that, the
filters were placed on corning tubes containing
5 ml of 90 % acetone (modified from Strick-
land & Parsons 1972). To facilitate the extrac-
tion, samples were sonicated several times. Sam-
ples were later stored at —20°C in the dark for
at least 8 hours. After this, the tubes were cen-
trifuged (3000x g for 10 min) and the pellet dis-
carded. The supernatant was then filtered onto

PTFE 0.2 um filters (VWR) and processed within
the following 3 hours. The spectrophotometric
and HPLC determinations were made in parallel
with two aliquots from the same extract.

Pigment determination by
VIS-spectrophotometry

Spectrophotometric measurements were per-
formed with 2 ml of filtered extract in 1 cm
quartz cuvettes using a Beckman DU-7 UV-
Visible spectrophotometer. The scan spectra
from 350 to 900 nm, with a resolution of
0.5 nm, were digitally recorded and processed.
The concentrations of different photosynthetic
pigments were obtained using the algorithms
compiled in Table 1.

Pigment determination via high-performance
liquid chromatography (HPLC)

To analyse pigment composition using HPLC, a
150 ul aliquot of each extract was injected into
a Waters HPLC system with a Waters 996 pho-
todiode Array Detector. To improve the separa-
tion of pigments, before injection, the aliquots
were mixed with a volume of ammonium ac-
etate (ion pairing agent) to reach a final con-
centration of 0.1 mM. The system was equipped
with two columns (Spherisorb S5 ODS2) work-
ing in series and running for 95 min at 35°C in
a methanol/ammonium acetate/acetone gradient
modified from Pinckney et al. 1996 to improve
separation (see gradient in Table 2). Eluted pig-
ments were detected by a photodiode array de-
tector at a range of absorbance of 380-800 nm.
The peak identities were determined by compar-
ing the retention times and spectra with either
pure standards purchased from DHI®) or chro-
matograms acquired from pure algal or sulphur
bacterial cultures. The pigment concentrations
were obtained from the curves made with the
standards by integrating the area under the cross-
section at the wavelength of maximum absorp-
tion of each pigment. In all cases, linear correla-
tions were measured with the intercept forced to
zero. For some algae carotenoids and all bacte-
rial pigments, concentrations were calculated us-



HPLC vs. spectrophotometric pigment determinations

145

Table 2. Solvent gradient applied for HPLC measurements (after Pinckney et al., 1996). Gradientes de los diferentes solventes
aplicados en las medidas por HPLC (segun Pinckney et al., 1996).

Time (min) Flow (ml min™t) % Methanol % Ammonium acetate (0.1 M) % Acetone
0 0.8 80 20 0
5 0.8 80 10 10
45 1.25 80 5 15
50 15 80 0 20
65 0.8 80 0 20
67 0.8 80 20 0
95 0.8 80 20 0

ing specific extinction coefficients (Foppen, 1971
& Jeffrey et al., 1997).

Data analyses

For each studied pigment, the Pearson correlation
coefficient was used to evaluate the agreement

1000

between measures performed by spectrophotom-
etry and HPLC. Student t-tests were performed to
determine whether the Pearson correlation coef-
ficients were statistically significant, establishing
a confidence value of p < 0.05. The slopes of the
correlations indicated whether the equations un-
derestimated or overestimated pigment concen-
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Figure 3. Box-plot distribution (log of concentration, ug %)) of the most abundant photosynthetic pigments found in Lake La Cruz.
The statistical parameters of the raw data set used in this study are shown. A) Chlorophyll-a, plus derivatives, b and ¢ in all of the
samples. B) Bacteriochlorophyll-a, ¢ and d in the samples from anoxic waters. C) Primary algae or cyanobacterial carotenoids in all
of the samples (Zea: Zeaxanthin, Fuc: Fucoxanthin, Alo: Alloxanthin, Lut: Lutein, Per: Peridinin). D) Primary bacterial carotenoids
in samples from anoxic waters (Oke: Okenone, Iso: Isorenieratene, Chloro: Chlorobactene). Diagrama de cajas de la distribucién
(logaritmo de la concentracion (ug 1)) de los pigmentos fotosintéticos mas abundantes encontrados en la laguna de La Cruz.
Se muestran los datos estadisticos en bruto usados en el presente estudio. A) Clorofila-a y derivados, b y ¢ en todas las muestras
B) Bacterioclorofilas-a, ¢ y d en muestras de aguas andxicas. C) Principales carotenos de algas y cianobacterias en todas las
muestras (Zea: Zeaxantina, Fuc: Fucoxantina, Alo: Alloxantina, Lut: Luteina, Per: Peridinina). D) Principales carotenos bacterianos

en muestras de aguas andxicas (Oke: Okenona, Iso: Isorrenierateno, Chloro: Clorobacteno).
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trations. All of the data correlations and statisti-
cal analyses were performed using University of
Valencia-licensed SPSS 17.0 software.

RESULTS

During the studied period, the concentrations
of all of the analysed photosynthetic pigments
showed high variability (Fig. 3). In the entire
water column, the concentration of chlorophyll-a
varied from 0.5 to 85 ug - I™! and its deriva-
tives (primarily chlorophyllide and pheophytin)
represented between 3 and 60 % of the total
chlorophyll-a concentration, with a high degree of
variability within the vertical profile and over time.
We observed pigment concentrations below the
detection limit of the spectrophotometric method
(i.e., 0.5 ug - 1I") in 89 % of the samples for
chlorophyll-b and in 61 % for chlorophyll-c. The
highest measured concentrations of chlorophyll-
b and -c were 3.2 and 15.7 ug - I7%, respectively.
In the anoxic layers, bacteriochlorophylls also
varied widely, with an average of 20 ug - I*
and maximum values of approximately 200 ug -
I-1 in a narrow layer of the lake just around the
deep chlorophyll maximum (DCM). Figure 3C
presents the most abundant taxon-specific
carotenoids observed in the lake. More than
15 different carotenoids were recovered in the
chromatographic analysis for Lake La Cruz. The
more relevant carotenoids detected from chloro-
phytes were zeaxanthin, lutein, violaxanthin, and
antheroxanthin. Other relevant carotenoids were
zeaxanthin and myxoxantophyll in cyanobacteria,
alloxanthin from cryptophytes and fucoxanthin
and diatoxanthin from bacillariophytes. Other
ubiquitous carotenoids, such as [3-carotene,
were also regularly observed in samples. Among
bacterial carotenoids, okenone was the most
abundant; this carotenoid is characteristic of
some purple sulphur bacteria (PSB), with Lam-
procystis purpurea being the dominant species in
Lake La Cruz. Also observed in the samples were
the signature carotenoids of green sulphur bac-
teria (GSB), isorenieratene and chlorobactene.

The relationships between the chlorophyll-a
concentrations measured using HPLC and the

estimates made with different spectrophotomet-
ric equations are shown in figure 4 and Table 3.
The HPLC data are expressed as either the total
amount of native chlorophyll-a (Fig. 4, plots on
left column) or the sum of the native form and
derivatives (plots on right column), which were
primarily chlorophyllide-a and pheophytin-a,
although small amounts of pheophorbides we-
re also present and taken into account. There
were important differences in the responses of the
equations studied in relation to the depth of
the lake, which implies an important component
of spatial variability in the water column that
yields different accuracies depending on whether
samples are from oxic or anoxic water.

The correlations between the spectrophoto-
metric determinations of chlorophyll-a (native
plus derivate forms) and the HPLC measure-
ments (Table 3), made for all data in the vertical
profile (oxic and anoxic samples), showed that
the overall monochromatic and trichromatic
equations (Marker, 1972; Strickland & Parsons
1972; Jeffrey & Humphrey 1975), although
significantly correlated, had low Pearson values
and high errors (approximately 25 %) with
slopes that strongly underestimate the concen-
tration of chlorophyll-a (with respect to HPLC)
when all samples were jointly considered. The
spectrophotometric equations with a correction
for bacteriochlorophyll (Parkin & Brock, 1981
and Overmann & Tilzer, 1989) showed better
correlations (higher Pearson values). However,
the equation of Parkin & Brock (1981) had a
similar % error than the monochromatic and
trichromatic equations but, in this case, a high
overestimation of chlorophyll-a concentration
(slope 1.235). Overall, the equation whose pre-
dictions best fit all of the data was that given by
Overmann & Tilzer (1989), showing a low error
(1.9 %) and no considerable deviation of the esti-
mated chlorophyll-a concentration (slope 1.019).

For oxic samples, all equations overestimated
the spectrophotometric chlorophyll-a concen-
tration with respect to the native chlorophyll-a
values (Figs.4 A, C, E, G, I) measured by
HPLC. However, when derivative forms are
also considered, as all equations do, monochro-
matic and trichromatic equations (Marker, 1972;
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Tilzer (1989). (Solid line: correlation of oxic samples; dotted line: confidence intervals; dash-dot line: prediction intervals; dash line:
correlation of anoxic samples). Relacion entre las concentraciones de clorofila-a (ug I*) obtenidas mediante las diferentes ecuaciones
espectrofotométricas estudiadas respecto a las obtenidas por HPLC. En la columna de la izquierda (A, C, E, G, e I) se muestran las
correlaciones entre las concentraciones estimadas por las ecuaciones espectrofotométricas y la concentracion de clorofila-a nativa
medida por HPLC (sumando su alomero y epimero). En la columna derecha (B, D, F, H, y J) se muestran las correlaciones entre las
concentraciones estimadas por ecuaciones espectrofotométricas y la concentracion total de clorofila-a medida por HPLC (sumando
a la nativa los pigmentos derivados como clorofilida-a, feofitina-a y feoforbido-a). Las muestras andxicas han sido excluidas para
las ecuaciones sin correccién para bacterioclorofilas y mantenidas solo para Parkin & Brock (1981) y Overmann & Tilzer (1989)
(Linea continua: Correlacion de las muestras xicas. Linea de puntos: intervalos de confianza. Linea de rayas y puntos: intervalo de
prediccion. Linea de rayas: correlacién de las muestras de anoxia).
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Figure 5. A to D) Relationships between the chlorophyll-b concentrations (ug 1) obtained using the spectrophotometric equations
proposed by Strickland & Parsons (A and B) and by Jeffrey & Humphrey (C and D) and the concentrations measured using HPLC.
E-H) Relationships between the chlorophyll-c concentrations (ug I*) obtained using the equations of Strickland & Parsons (E and F)
and Jeffrey & Humphrey (G and H) and the concentrations measured using HPLC. Note the change of scale in chlorophyll-b plots
A-B compared to C-D. (Solid line: correlation of oxic samples; dotted line: confidence intervals; dash-dot line: prediction intervals).
No correlation was found when all samples (oxic and anoxic) were included (left plots). The right plots include only oxic samples.
A-D) Relacidn entre las concentraciones (ug 17*) de clorofila-b obtenidas mediante las ecuaciones espectrofotométricas de Strickland
& Parsons (A'y B) y Jeffrey & Humphrey (C y D) respecto a las obtenidas por HPLC. E-H) Relacién entre las concentraciones (ug
I1) de clorofila-c obtenidas mediante las ecuaciones espectrofotométricas de Strickland & Parsons (E y F) y Jeffrey & Humphrey
(G y H) respecto a las obtenidas por HPLC. Nétese el cambio de escala para las figuras de la clorofila-b, A-B, respecto a las C-D,
(Linea continua: Correlacion de las muestras dxicas. Linea de puntos: intervalos de confianza. Linea de rayas y puntos: intervalo
de prediccion). Cuando se incluyeron todas las muestras (6xicas y anoxicas, graficas de la izquierda) no se encontrd ninguna
correlacion, en las gréficas de la derecha se incluyen solo las muestras 6xicas.
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Figure 6. Plots include only the anoxic samples. A) Relationship between the bacteriochlorophyll-a concentrations (ug 171)
obtained by Takahashi & Ichimura’s spectrophotometric equation and those obtained by HPLC. B) Relationship between the
bacteriochlorophyll-c concentrations (ug I*) obtained by Takahashi & Ichimura’s spectrophotometric equation and those obtained
by HPLC. C-D-E) Relationship between the bacteriochlorophyll-d concentrations (ug I™*) obtained using the spectrophotometric
equations of Takahashi & Ichimura (C) Parkin & Brock (D) and Overmann & Tilzer (E) and those obtained using HPLC. (Solid line:
correlation of anoxic samples; dotted line: confidence intervals; dash-dot line: prediction intervals). Incluye solo muestras anéxicas. A)
Relacioén entre las concentraciones de bacterioclorofila-a (ug 1) obtenidas mediante la ecuacion espectrofotométrica de Takahashi
& Ichimura respecto a las obtenidas por HPLC. B) Relacion entre las concentraciones de bacterioclorofila-c (ug 1*) obtenidas
mediante la ecuacion espectrofotométrica de Takahashi & Ichimura respecto a las obtenidas por HPLC. C-D-E) Relacion entre las
concentraciones de bacterioclorofila-d (ug I*) obtenida mediante las ecuaciones espectrofotométricas de Takahashi & Ichimura (C)
Parkin & Brock (D) y Overmann & Tilzer (E) respecto a las obtenidas por HPLC. (Linea continua: Correlacion de las muestras
anoxicas. Linea de puntos: intervalos de confianza; linea de rayas y puntos: intervalo de prediccion).

Strickland & Parsons 1972; Jeffrey & Humphrey
1975) underestimated chlorophyll-a (plus deriva-
tives) concentrations (Figs. 4 B, H, J). Because
spectrophotometric equations include the deter-

mination of all forms (native plus derivatives),
Table 3, which synthesises the results of the
application of the different equations, was
made by considering the correlations of spec-
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trophotometric determinations with the HPLC
concentrations of native plus derivate forms of
chlorophyll-a. Concerning the equations that cor-
rect chlorophyll-a concentration for the presence
of bacteriochlorophyll-d (d + e), that of Parkin
& Brock (1981) exhibited a high error (25.7 %),
overestimating chlorophyll-a. Although for oxic
samples all but Parkin & Brock’s equation for
chlorophyll-a produced relatively low errors (un-
der 10 %), the best values were again provided
by the Overmann & Tilzer (1989) equation,
with an error of 5.6 %, whereas the most-used
Jeffrey & Humphrey (1975) equation produced
an error of 9.0 %.

Concerning the anoxic samples, no significant
correlation was found for the monochromatic
and trichromatic equations that did not include a
bacteriochlorophyll-d correction for chlorophyll-
a concentration (dashed line in Figs. 4 A, C, E,
G, 1), which resulted in large errors (Table 3).
Those equations are thus unsuitable for determin-
ing chlorophyll-a in anoxic waters presenting

green photosynthetic bacteria. For the equa-
tions with a bacteriochlorophyll-d correction
(Figs. 4 D, F), that of Parkin & Brock (1981)
exhibited a low Pearson correlation (r = 0.465),
low slope (0.467), and high error (53 %), with
a strong underestimation with respect to HPLC
values. Again, Overmann & Tilzer’s (1989)
equation showed the best correlation (r = 0.630),
with a good slope (0.952) and low error (4.8 %).

Figure 5 presents the relationship between the
two analytical methods, but in this case for
the measurement of chlorophyll-b and -c, for
which only the trichromatic equations of Strick-
land & Parsons (1972) and Jeffrey & Humphrey
(1975) had previously been proposed. As with
chlorophyll-a, the trichromatic equations were
inadequate in predicting the concentrations
of these pigments in the anoxic layers, where
chlorophyll-b and -c likely represent settling
algae. When all samples were jointly considered
(Fig. 5, plots on left, Table 3), there was again no
correlation between the spectrophotometric and

Figure 7. Relationships between the different carotenoid indices obtained by spectrophotometric formulae (relative or absorbance

units) and the carotenoid concentrations (ug I"*) measured by HPLC. A) Correlation between the Strickland & Parsons (1972)
estimation of carotenoid abundance and the total carotenoid concentration (ug I"*) measured by HPLC for oxic and anoxic samples. B)
Correlation, for oxic samples not presenting okenone, between the absorbance 430/665 index and the ratio of total HPLC-measured
algal carotenoid concentration to total (native plus derivatives) chlorophyll-a concentration. C) Correlation, for oxic samples not
presenting okenone, between the absorbance index 480/665 and the ratio of total HPLC-measured algal carotenoid concentration
to total chlorophyll-a concentration (solid lines in plot A correspond to either the oxic and anoxic samples, whereas in plots B
and C they correspond only to oxic samples not presenting okenone. Dotted line: confidence intervals; dash-dot line: prediction
intervals). Relacion entre los diferentes indices de carotenos obtenidos por espectrofotometria (unidades relativas o de absorbancia)
y las concentraciones de carotenos (ug 1) medidas por HPLC. A) Correlacion entre la estimacion de la abundancia de carotenos
estimada mediante la expresion de Strickland & Parsons (1972) y la concentracion total de carotenos (ug 1) medida por HPLC para
las muestras Oxicas y anoxicas. B) Correlacion, para las muestras éxicas que no presentan okenona, entre el indice de absorbancia
430/665 y el ratio entre las concentraciones de carotenos algales respecto a las concentraciones de clorofila-a total (nativa mas
derivados) medidas por HPLC. C) Correlacién, para las muestras éxicas que no presentan okenona, entre el indice de absorbancia
480/665 y el ratio entre las concentraciones de carotenos algales respecto a las concentraciones de clorofila-a total medidas por
HPLC. (Linea continua: en el gréafico A corresponde a las muestras 6xicas y, por separado, a las muestras andxicas, mientras que en
los gréficos B y C corresponde solo a las muestras dxicas que no presentan okenona, Linea de puntos: intervalos de confianza; linea
de rayas y puntos: intervalo de prediccion).
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HPLC measures. Even when considering only
the oxic samples (Fig. 5, plots on the right, and
Table 3), the accuracy of the spectrophotometric
determinations was very low, as the concentra-
tions of these pigments in the lake were also low.

Concerning bacteriochlorophylls, (Fig. 6), Ta-
kahashi & Ichimura (1970) provided an equa-
tion for the calculation of bacteriochlorophyll-a
that fits well with HPLC determinations,
showing a high correlation coefficient. This
correlation is facilitated by the higher number
of samples for the analysis compared to the
lower number for other bacteriochlorophylls.
The equations of Takahasi & Ichimura (1970),
which are the most extensively used to es-
timate bacterial pigments, slightly overesti-
mated both bacteriochlorophyll-a and bacterio-
chlorophyll-d by approximately 10 %, whereas
bacteriochlorophyll-c was underestimated by
approximately 23 %. A lower accuracy was
observed for the calculation of bacteriochlo-
rophyll-d by means of the Parkin & Brock
(1981) equation, which overestimated concen-
trations by 12 %. By contrast, the equation
of Overmann & Tilzer (1989) greatly underes-
timated bacteriochlorophyll-d concentrations
by more than 50 %.

The comparison between carotenoid quan-
tifications performed on non-purified extracts
using the Strickland & Parsons (1972) equa-
tions and through HPLC determinations are
shown in figure 7. Both direct quantifications
and absorbance ratios were also sensitive to
the samples’ origin. Although a statistically
significant correlation was observed when com-
paring the total carotenoids measured with the
equation of Strickland & Parsons (1972) with
the measures obtained by HPLC, the different
slopes of 1.62 for oxic layers and 3.22 for anoxic
layers indicate that the response of Strickland
& Parsons’ equations is different when bacterial
carotenoids are involved. Thus, these equations
are not suitable to be used indistinctly for oxic
and anoxic samples. On the other hand, the two
dual-wavelength absorbance ratios (i.e., 430/665
and 480/665) (Margalef, 1983) exhibited moder-
ately good correlations for only the epilimnetic
samples, whereas the metalimnetic and hy-

polimnetic samples (that include the bacterial
carotenoid okenone) did not show any significant
relationships with the carotenoid/chlorophyll-a
ratios estimated from the HPLC measures.

DISCUSSION

Although HPLC analyses provide higher pre-
cision and improve pigment characterisation
compared to routine spectrophotometric methods
(Wright & Jeffrey, 2006), the former are also
more expensive and time-consuming. Thus, for
many applications, direct spectrophotometric
measures may offer a high enough level of
precision to obtain optimum results. Our exam-
ination of cited works in the Thomson Reuters
(formerly IS1) Web of Knowledge reveals that
at present, spectrophotometric equations are ex-
tensively used (Fig. 1). The number of citations
is continuously increasing for some of these
equations, such as those proposed by Jeffrey
& Humphrey (1975) and Strickland & Parsons
(1972) in the mid-1970s. This preference for
spectrophotometric methods is evident because
routine spectrophotometric procedures avoid
cost and time compared to HPLC, but the inher-
ent inaccuracies of the method require caution
when applying the different formulae and when
interpreting the results, particularly when the
study involves stratified water columns. Several
studies, including ours, demonstrate that the va-
lidity of some equations depends on the origin of
the samples and that the presence or absence
of certain pigment forms may cause the accu-
racy of the determination to vary. For example,
the absorption characteristics of chlorophyll-a
derivatives introduce some bias into the gquan-
tification of native chlorophyll-a (Salinas, 1988;
Rowan 1989; Jacobsen & Rai, 1990; Pinckney
et al.,, 1994; Ritchie 2008). To explore this
issue, we compared the linear correlations of
quantifications obtained by both considering and
not considering these chlorophyll-a derivatives.
When chlorophyll-a derivatives were excluded
from the HPLC addition of pigment forms
(Fig. 4, left plots), all equations overestimated
the native chlorophyll-a concentrations due to
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the presence of these degradation derivatives,
although the overestimates were generally less
than 10 %. However, upon the consideration of
derivative forms in the HPLC measurements, all
equations other than dichromatic ones (those of
Parkin & Brock, 1981, and Overmann & Tilzer,
1989) underestimated the HPLC measurements.
It has previously been suggested that the use of
spectrophotometric methods can be acceptable if
degraded forms represent less than 5 % of total
chlorophyll-a (Jodtowska & Latata, 2011). The
error of our estimates was commonly less than
10 % (Fig. 4), which could be explained by the
presence of these derivatives, except for the case
of the Parkin & Brock’s equation that consis-
tently and greatly overestimates chlorophyll-a
concentrations.

There are also spectrophotometric protocols,
not tested in this study, that allow the correction
of chlorophyll-a concentrations with respect to
their degraded compounds through a previous
acidification step (Lorenzen, 1967). By means of
this acidification, native chlorophyll-a is trans-
formed into phaeophytin-a. Chlorophyllide-a is
the result of the loss of the phytol chain and
is a common degraded form of chlorophyll-a
whose occurrence has been associated with
cell senescence due to the enzymatic activity
of chlorophyllases (Louda et al., 1998, 2002)
and/or disruption produced by predation (Barlow
et al., 1988). In Lake La Cruz, high concentra-
tions of this pigment are usually associated with
the metalimnetic deep chlorophyll maximum,
which invalidates the use of such methods for the
studied lake, as the presence of high quantities
of chlorophyllide-a in the extracts detracts from
the validity of the results even after acidification
(Plante-Cuny et al., 1993). For that reason, we
did not evaluate such methods.

In highly stratified lakes, additional inter-
ference in the quantification of chlorophyll-a
is generated by spectral overlap with bacteri-
ochlorophylls. These pigments occur primarily
in the anoxic and microaerobic layers, where
photosynthetic sulphur bacteria thrive. This
would explain why neither the monochromatic
(Marker, 1972) nor the trichromatic (Strickland
& Parsons, 1972; Jeffrey & Humphrey, 1975)

equations that we tested produced good estimates
of chlorophyll-a for the anoxic layers of the lake.
In the early 1980s, Parkin & Brock (1981)
proposed a dichromatic equation to estimate
chlorophyll-a concentrations in the presence of
bacteriochlorophyll-d, which is the main source
of interference for chlorophyll-a concentration
estimations. Since then, this equation has been
widely used in these types of lakes. The effec-
tiveness of this equation was later challenged by
Overmann & Tilzer (1989), who proposed an
alternative algorithm. In our study, the equation
of Parkin & Brock (1981) did not correctly
approximate chlorophyll-a concentrations when
bacteriochlorophyll-d was present, and we do not
recommend its use in such cases. The equation of
Overmann & Tilzer (1989), however, offered the
best results in measuring chlorophyll-a concen-
trations regardless of the sample’s origin (oxic or
anoxic water), and it was the only equation that
produced good estimations for anoxic samples.
In contrast, for the oxic samples, no equations
except that of Parkin & Brock (1981) deviated
notably from the linear distribution, thus indi-
cating a high measurement accuracy of these
equations compared to the results of HPLC and
making any of these equations suitable for the
determination of chlorophyll-a in oxic waters.

Trichromatic equations are widely used in
spectrophotometric procedures for the determi-
nation of chlorophyll-b and -c (Jeffrey et al.,
1997), which provide chemotaxonomic infor-
mation concerning phytoplankton community
composition. The two most-used equations were
defined by Parsons & Strickland (1963) (usually
reported by Strickland & Parsons, 1972 and later
almost identically assumed by SCOR-UNESCO,
1966) and by Jeffrey & Humphrey (1975).
The equation of Jeffrey & Humphrey (1975) is
used even more often, most likely because it
is the equation recommended by the US EPA.
However, a critical aspect of these trichromatic
equations is that they are not accurate in estimat-
ing pigments at low concentrations. Unicellular
picocyanobacteria and photosynthetic bacteria
dominate the phytoplankton community of the
meromictic Lake La Cruz (Rodrigo et al., 2001;
Camacho et al., 2003). By contrast, algal groups
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containing chlorophyll-b (i.e., chlorophytes) or
chlorophyll-c (i.e., bacillariophytes and chrys-
ophytes) regularly exhibit lower abundances in
the studied lake, which implies that the possible
use of these equations is complicated by these
pigment concentrations being near or below the
equations’ resolution limit. This appears to par-
ticularly affect the estimation of chlorophyll-b,
which in our case produced the worst statistical
results, contrasting with Ritchie’s (2008) obser-
vations of a lower accuracy of these equations
for the calculation of chlorophyll-c compared to
chlorophyll-b. Moreover, in lake layers where
green photosynthetic bacteria occur, such as the
metalimnion and hypolimnion of Lake La Cruz,
bacteriochlorophylls are likely producing this
bias because of the spectra overlap, which can
be observed in figure 2. In our case, chlorophyll-
b estimation is more sensitive to this bias
compared to chlorophyll-c.

To assess bacteriochlorophyll (a, c and d) con-
centrations, we applied the equations of Taka-
hashi & Ichimura (1970), which are the most
commonly utilised in freshwater ecosystems.
We also assessed the dichromatic equations
of Parkin & Brock (1981) and Overmann &
Tilzer (1989), which were designed for the
calculation of chlorophyll-a concentration
when bacteriochlorophyll-d is present and
also allow for the estimation of the concen-
trations of bacteriochlorophyll-d and -e. Bac-
teriochlorophyll-e was not present in samples
from Lake La Cruz, as confirmed by the HPLC
analysis; under these circumstances, we assume
that the equation of Overmann & Tilzer (1989)
could be used to measure the concentration
of bacteriochlorophyll-d. During the mixing
period, photosynthetic sulphur bacteria in Lake
La Cruz might incidentally occur in oxic layers
due to the lack of control of buoyancy and the
formation of aggregates that can remain for a
long time in the mixolimnion; however, such
bacteria naturally develop in the anoxic mon-
imolimnion and hypolimnion when sufficient
light reaches these sulphide-containing depths
(Casamayor et al., 2011). It is for this reason
that correlations were only explored for the
anoxic layers of the lake (Fig. 6). In contrast

with chlorophyll-a, the derivatives of these
bacterial pigments are present only in very low
amounts, making any correction unnecessary.
Bacteriochlorophyll-a is found in purple sulphur
bacteria (PSB). In Lake La Cruz, Lamprocystis
purpurea dominates among other PSB species
(Casamayor et al., 2011). The correlations
obtained for this pigment between the equa-
tions of Takahashi & Ichimura (1970) and the
HPLC determinations are in our case statistically
satisfactory, indicating an underestimation of
the bacteriochlorophyll-a concentration by only
8 %. Concerning bacteriochlorophyll-c and -d,
which occur in green sulphur bacteria (GSB),
among which Chlorobium clathratiforme is
abundant in Lake La Cruz, the results obtained
with the equations of Takahashi & Ichimura
(1970) show a better fit for bacteriochlorophyll-
d. In this case, bacteriochlorophyll-c was here
underestimated by approximately 23 %. Con-
cerning the other equations, that of Parkin &
Brock (1981) produced a good correlation for
bacteriochlorophyll-d, whereas the equation of
Overmann & Tilzer (1989) appears to notably
underestimate the concentration of this pigment.
For this last result, it should be noted that
Overmann & Tilzer’s equation was designed to
assess mixtures of bacteriochlorophyll-d and -e,
which is not our case.

There are several analytical approaches to
assess the carotenoid-to-chlorophyll ratios in
phytoplankton. These include simple ratios of
absorbance among specific wavelengths (e.g.,
480/665 nm or 430/665 nm) that assess the
carotenoid-to-chlorophyll-a relationship (Marga-
lef, 1983), as well as quantitative methods such
as HPLC determination. The former are rarely
reported in the scientific literature; however,
they are still formally used in management and
technical studies. One of the first attempts to
spectrophotometrically quantify carotenoid con-
centrations was made by Richards & Thomson
(1952), but this produced inadequate results
when diatoms and/or chrysophytes occurred in
samples. Strickland & Parsons (1972) proposed
an equation that partially solved this problem;
however, it assumed that the relationship among
the concentrations of different carotenoids re-
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mains somewhat constant throughout the water
column, which is not true for highly strati-
fied lakes such as Lake La Cruz. Although
the wavelengths used in these equations are
within the ranges of maximum absorption of
all carotenoids, a notable variation in the rel-
ative composition of carotenoids with depth,
such as would be expected for highly stratified
lakes, can introduce an important bias. In any
case, carotenoid-to-chlorophyll-a ratios can be
suitable for qualitative analyses and represent
readily obtainable optical signatures that can be
used as proxies for some phytoplankton com-
munity properties. However, our results indicate
that only epilimnetic waters can be accurately
analysed in this way due to the interference of
some bacterial carotenoids such as okenone in
microaerophilic and anoxic waters.

In summary, our results demonstrate that
in highly stratified aquatic systems, the con-
centrations of only some algal and bacterial
photosynthetic pigments can be estimated with
an appropriate accuracy using spectrophoto-
metric algorithms. Furthermore, the use of only
one of these types of equations is not always
recommended for the entire water column,
but the change from one equation to another
depends on the mixture and relative abundance
of the different photosynthetic microorganisms.
In any case, for chlorophyll-a determinations,
we found the equation by Overmann & Tilzer
(1989) to perform the best under all circum-
stances; thus, we recommend its use for stratified
water columns showing vertical stratification
of photosynthetic microorganisms. Concerning
bacteriochlorophylls, the formulae by Takahahi
& Ichimura perform well in anoxic waters, where
phototrophic bacteria thrive. Similar considera-
tions for other pigments, such as chlorophyll-b
and —c, and carotenoid concentrations or ratios
can be made by reviewing the information
synthesised in Table 3. This table summarises
the strength of each equation when applied to
a stratified system such as our model lake and
could serve as a reference for the selection of
the most appropriate equation when spectropho-
tometric methods are used for photosynthetic
pigment determinations.
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