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ABSTRACT
Threatened pond endemicity on an oceanic island: the presence of an exotic fish

The EU Water Framework Directive (WFD) prioritises the importance of freshwater conservation areas in the Macaronesian
Islands (Azores, Madeira, Canarias and Cape Verde). However, few studies have investigated these freshwater areas.
Therefore, research must focus on establishing reference sites for aquatic conservation. We analyse the potential effects of
water characteristics and the presence of an exotic predator fish, Gambusia holbrooki (Girard, 1859), on the abundance of an
endemic aquatic beetle, Hydroporus guernei (Régimbart, 1891), on an oceanic island. During ten successive months, we
sampled the abundance of H. guernei using a protocol that targeted macroinvertebrates in three temporary and two permanent
ponds on Terceira Island, Azores archipelago. We also recorded the abundance of G. holbrooki, which was observed for the
first time on the island, as well as the environmental characteristics of these ponds. H. guernei contributes a high degree of
endemicity to the temporary ponds, while the exotic species only occurred in one permanent pond. The results of multiple
regressions suggest that the abundance of H. guernei can be mainly explained by the conductivity (19.1%) and the abundance
of G. holbrooki (14.5%). These results suggest that H. guernei is a species with a narrow tolerance to environmental changes.
In addition, its abundance may be affected by the presence of G. holbrooki. We suggest that urgent monitoring actions be
taken to control the abundance of this exotic fish in these ponds, thereby guaranteeing the conservation of endemic H. guernei
populations.

Key words: Acidic waters, Azores, endemic species, Gambusia holbrooki, Hydroporus guernei, aquatic macroinvertebrates,
temporary ponds.

RESUMEN
Amenazada la endemicidad de las lagunas en una isla ocednica: la presencia de un pez exotico

La Directiva Marco del Agua (WFD) de la UE destaca la importancia para la conservacion de los humedales en las
islas macaronésicas (Azores, Madeira, Canarias y Cabo Verde). Sin embargo, solo unos pocos estudios han considerado
estos humedales, siendo esencial llevar a cabo estudios enfocados en establecer puntos de referencia para la conservacion
acudtica. En este estudio analizamos el posible efecto de las caracteristicas del agua y de la presencia de un pez exdtico
depredador, Gambusia holbrooki (Girard, 1859), sobre la abundancia de un coledptero acudtico endémico, Hydroporus
guernei (Régimbart, 1891), en una isla ocednica. Durante diez meses sucesivos, muestreamos la abundancia de H. guernei
usando un protocolo dirigido al muestreo de macroinvertebrados, en tres lagunas temporales y dos permanentes, en la isla
Terceira, archipiélago de las Azores. También muestreamos la abundancia de G. holbrooki, observada por primera vez en la
isla de estudio, y las caracteristicas ambientales de estas lagunas. Los individuos de H. guernei atribuyeron un alto grado
de endemicidad a las lagunas temporales, mientras que el pez exdtico solo aparecio en una laguna permanente. Después de
realizar regresiones miiltiples, detectamos que la abundancia de H. guernei fue principalmente explicada por la conductividad
(19.1%) y por la abundancia de G. holbrooki (14.5%). Estos resultados sugieren que H. guernei es una especie con una
estrecha tolerancia ambiental, y que su abundancia se puede ver afectada por la ocurrencia de G. holbrooki. Sugerimos que
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se deberian llevar a cabo acciones urgentes de monitoreo en estas lagunas para controlar la abundancia de este pez exdtico,
y garantizar ast la conservacion de las poblaciones endémicas de H. guernei.

Palabras clave: Aguas dcidas, Azores, especies endémicas, Gambusia holbrooki, Hydroporus guernei, macroinvertebrados

acudticos, lagunas temporales.

INTRODUCTION

The EU Water Framework Directive (WFD) pri-
oritises freshwater conservation areas in the Mac-
aronesian region, which comprises Azores, Ma-
deira, Canarias and Cape Verde Islands. The high
level of endemism associated with the Macarone-
sian macroinvertebrate fauna creates consider-
able conservation value in these aquatic habitats.
However, the lack of information at reference
sites hinders the establishment of proper conser-
vation guidelines (Hughes & Malmgqvist, 2005).
Particularly, temporary ponds, which undergo re-

current inundation and unpredictable desiccation,
are considered priority habitats for conservation
by the European Union (code 3170 of the Habi-
tat Directive). Temporary ponds harbour singular
species. These species must cope with pond des-
iccation by adjusting their life cycles based on the
variable duration of pond inundation (Williams,
2006). In contrast to permanent ponds, tempo-
rary ponds are characterised by the absence of
top-predator fishes, which cannot cope with pond
desiccation (Wellborn et al., 1996). The intro-
duction of exotic species has contributed to de-
clining global biodiversity (Vitousek et al., 1996,
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Figure 1. Map of the Azores archipelago showing the five study ponds on Terceira Island (VF1, VF3 and VF5 are temporary ponds,
and NEG and SER are permanent ponds). The Natural Forest Reserve (NFR) in “Serra de Santa Barbara and Mistérios Negros” (grey
area) and the location of the Terceira Island in the Azores archipelago are also indicated. Localizacion del archipiélago de las Azores
y de las cinco lagunas de estudio en la isla Terceira (VF1, VF3 y VF5 son temporales, y NEG y SER son permanentes); también se
indica la Reserva Natural Forestal (NFR) de “Serra de Santa Bdrbara e Mistérios Negros” (drea gris) y la localizacion de la isla

Terceira en el archipiélago de las Azores.
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1997; Cassey et al., 2005). This biodiversity loss
has extended to aquatic ecosystems, resulting in
changes to biodiversity patterns (Hermoso et al.,
2012) and habitat quality degradation (Arribas et
al., 2014). Specifically, the introduction of exotic
species at high trophic levels may promote ac-
centuated changes on oceanic islands where na-
tive biotas have often evolved without predators
(Whittaker & Ferndndez-Palacios, 2007).

In our study, we analysed the abundance of the
aquatic beetle Hydroporus guernei (Régimbart,
1891), which has been described as an endemic
species of the Azores archipelago by Alluaud
(1891), in three temporary and two permanent
ponds on Terceira Island. We analysed the ef-
fects of an exotic predator fish, Gambusia hol-
brooki (Girard, 1859), observed for the first time
on the study island, versus other environmental
pond characteristics. We hypothesised that the
predator fish would strongly affect the abundance
of the endemic beetle in permanent ponds com-
pared to temporary ponds, which would be less
susceptible to the introduction of the exotic fish.

METHODS

Study site

The Azores archipelago is located between 36°
45" —39°43’ N and 24°45" — 31°17" W. It com-
prises nine islands separated in three groups: the
western group (Flores and Corvo), the central
group (Faial, Pico, S. Jorge, Terceira and Gra-
ciosa) and the eastern group (S. Miguel and S.
Maria), in addition to small islets. The temper-
ate oceanic climate is characterised by stable
temperatures, substantial precipitation and high
relative atmospheric humidity, which can reach
more than 95% in high-altitude native forests.
This study was conducted between November
2013 and August 2014 in three temporary ponds,
VF1, VF3 and VF5, and two permanent ponds,
Negro (NEG) and Serreta (SER) (Fig. 1; the
UTM geographical coordinates X, Y in zone 26S
are 475712, 4287838 for VF1; 475605, 4287864
for VF3; 475505, 4287935 for VF5; 476639,
4287739 for NEG; and 471127, 4289052 for

SER). Among the temporary ponds, VF1 was dry
in June, VF5 was dry in July and VF5 contained
water throughout the sampling period; although,
it was dry in October before the study began.
The ponds were all located in the Natural Forest
Reserve (NFR) created under Portuguese law
n°® 27/88/A within the Natural Park of Terceira
in Serra de Santa Bdrbara and Mistérios Negros.
This NFR encompasses the majority of the native
forest area on Terceira Island (Fig. 1), currently
accounting for 6% of the island area.

Pond characteristics and sampling procedures

Study sites were sampled monthly. Electrical
conductivity at 20°C (Multi-range Conductiv-
ity meter HANNA HI 98127), pH (pH meter
HANNA HI 98311), dissolved O, concentration
and temperature (°C) (Oxi 3151 WTW) were
measured in situ in the water column. We ob-
tained two replicates of each measurement per
pond and per month. An average value was used
given the homogeneity of the measures. We col-
lected 330 ml of surface water to measure the
total P concentration in the water column (TP)
using acid digestion in the laboratory (Golter-
man, 2004). We sampled individuals of Hydro-
porus guernei (adults and larvae) using a sam-
pling procedure that targets macroinvertebrates.
The method utilized a 40 X 25 cm dip net with a
1 mm mesh size. Approximately 1.5 m stretches
of water were netted in each sampling unit. We
sampled all available microhabitats in each pond
based on differences in aquatic plant cover and
depth (Heyer et al., 1994), extending from the lit-
toral zone to the deepest point of the pond when
accessible. The dip netting efficiency was gener-
ally better in small ponds (Heyer et al., 1994).
Therefore, we assigned a specific number of sam-
pling units to each pond, with larger numbers
given to larger ponds (Florencio et al., 2009).
The study consisted of 557 total sampling units,
ranging from 5 to 19 sampling units per pond.
Species sorting was performed in the field. Most
adult individuals of H. guernei were released
back into the pond. Only unidentified larvae were
preserved in 70% ethanol for subsequent iden-
tification in the laboratory. Using the described
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sampling procedure that targets macroinverte-
brates, we also captured individuals of Gambusia
holbrooki, which were identified and quantified.

Data analyses

We pooled adults and larvae together as indi-
viduals of H. guernei. We then calculated the
average number of individuals captured per pond
and per month (hereafter called “abundance of
H. guernei” for simplicity). The average number
of individuals of G. holbrooki per pond and
per month was also calculated (hereafter called
“abundance of G. holbrooki” for simplicity).
Because we could not record the dissolved O,
concentration in February and March, we re-
placed missing values with the pond-based mean
of that variable (e.g., Leps & Smilauer, 2003).
The abundance of H. guernei was log, (x + 1)
transformed to obtain normality. This parameter
was then used as a response variable in the
statistical analyses. We then used the abundance
of G. holbrooki and the pond characteristics as
predictors using general linear models for mul-
tiple regressions (Legendre & Legendre, 1998;
Statistica v. 8). To avoid collinearity, we ex-
cluded pH from the statistical analysis due to the
correlation with the abundance of G. holbroo-
ki (Spearman correlation =0.76). Type III sums
of squares were used and standardised f3-coef-
ficients were estimated to measure both the
relative contribution of each variable (electrical
conductivity, dissolved O, concentration, total P
concentration in the water column and the abun-
dance of G. holbrooki) and their relationships to
the abundance of H. guernei.

RESULTS AND DISCUSSION

Pond and biological characteristics

The ponds were characterised as well-oxyge-
nated waters (Table 1). Low water conductivities
(<109 uS/cm) indicate that the ponds were pri-
marily flooded with rainwater. A reduced TP was
detected in the water column, likely due to water
dilution as a consequence of persistent rainfall.

TP only peaked in a permanent pond (NEG)
during June. This result may have been due to the
combination of a low water level and windy days
(pers. observation), which favour the suspension
of particles from the sediment. Rainfall may ha-
ve also contributed to the acidic waters detected
in all ponds across the sampling months, resul-
ting in a pH of <4.2 intemporary ponds (Table 1).
However, other factors may have contributed to
such low pH values in the study ponds, e.g., the
presence of basalt deposits of volcanic origin
(Timperley & Vigor-Brown, 1986; Delmelle &
Bernard, 1994; Bernard et al., 2004), humic sub-
stances washed from upland soils into the study
ponds (Florencio et al., 2013) and secretions
by the organic acidic molecules in Sphagnum
(Clymo, 1964; Mendes & Dias, 2001).

Adults and larvae of H. guernei were observed
simultaneously during the sampling period, peak-
ing in abundances during three different months
(Table 1). The abundance variations are likely as-
sociated with annual rainfall patterns. In Novem-
ber, the temporary ponds had recently been
inundated; however, precipitation was still low
compared to December. In February, after two
successive months with little rainfall, the water
level reduction may have concentrated high
abundances of H. guernei. In May, ponds also
exhibited reduced water levels due to mini-
mal rainfall, followed by desiccation in two
temporary ponds in the successive months.

Pond endemicity

In total, we detected 266 individuals (176 adults
and 90 larvae) of H. guernei in the ten months
of sampling (Table 1), highlighting the high en-
demicity of the Azorean ponds (e.g., Raposeiro et
al., 2012). In temporary ponds, we recorded 0.9
(1.9 SD) individuals of H. guernei on average
per pond and per month, while only 0.1 (+0.3
SD) individuals on average were detected in the
permanent ponds. This result suggests that H.
guernei contributes a high degree of endemicity
to the temporary ponds. In this study, we have
reported the introduction of the mosquitofish
Gambusia holbrooki (Girard 1859) for the first
time on Terceira Island. This invasive species
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Average number of H. guernei individuals per pond based on adults and larvae. The average number of Gambusia holbrooki

individuals per pond and the environmental characteristics of the temporary and the permanent ponds are also indicated (the blanks
indicate the dissolved oxygen concentration values that were not measured; NEG and SER are the permanent ponds; VF1, VF3 and
VES5 are the temporary ponds; VF1 was dry in June; VF1 and VF5 were dry in July and August). Niimero medio de individuos de
H. guernei por laguna de adultos y de larvas. También se indica el niimero medio de individuos de Gambusia holbrooki por laguna
y las caracteristicas ambientales de las lagunas temporales y permanentes (los espacios en blanco indican aquellos valores de la
concentracion de oxigeno disuelto que no se midieron; NEG y SER son las lagunas permanentes 'y VF1, VF3 'y VF5 son las lagunas
temporales; VF1 aparece seca en Junio, y VF1'y VF5 también en Julio y Agosto).

H. guernei  H. guernei  Averaged abundance of a b Conductivity
Month Pond Adult Larvae Gambusia TP (ug/l) O (mg/L) pH (uS/cm)
November
NEG 0 0 2.57 66.90 4.23 6.55 44.50
SER 0.08 0.08 0 10.46 4.58 5.68 45.38
VF1 1.13 1.38 0 36.00 5.08 5.08 55.25
VF3 0.22 0.11 0 10.22 4.00 4.85 49.25
VF5 0.60 0.70 0 19.70 5.08 4.23 40.75
December
NEG 0 0 1.00 23.11 5.60 6.00 18.00
SER 0 0 0 5.60 5.08 5.10 29.50
VF1 0.57 0 0 21.16 4.83 5.00 31.00
VF3 0 0.22 0 5.11 4.98 4.70 27.00
VF5 0.20 0 0 12.41 5.53 4.45 26.50
January
NEG 0 0 4.61 15.57 6.23 5.90 44.25
SER 0.07 0 0 20.92 5.83 5.23 40.50
VF1 0.13 1.00 0 19.70 6.25 5.03 56.00
VF3 0 0 0 10.95 6.20 4.53 51.25
VF5 0.50 0 0 9.24 6.23 4.15 55.75
Febreruary
NEG 0.21 0 3.42 18.00 6.05 63.00
SER 0 0 0 14.60 5.13 59.50
VF1 2.00 1.55 0 17.27 4.90 108.00
VF3 0.63 0.38 0 4.87 4.45 74.75
VF5 0.60 0.20 0 9.73 4.10 83.25
March
NEG 0 0 2.19 23.84 6.25 36.00
SER 0.06 0.00 0 19.22 5.15 54.50
VF1 1.21 0.21 0 27.49 5.08 37.25
VF3 0 0 0 11.68 4.70 48.00
VF5 0.58 0.08 0 27.25 4.40 39.75
April
NEG 0 0 2.82 27.49 7.60 6.30 40.50
SER 0.19 0.06 0 13.14 7.05 5.15 56.00
VF1 0.80 0 0 18.73 6.68 5.20 45.75
VF3 0.08 0.15 0 13.38 7.05 4.83 43.75
VF5 0.45 0.09 0 25.54 7.78 4.55 37.00
May
NEG 0.06 0 4.83 29.37 7.00 6.95 37.75
SER 0.35 0 0 29.13 7.58 5.50 47.75
VF1 2.50 2.00 0 36.41 8.25 5.10 36.75
VF3 0.17 0 0 25.49 6.85 4.90 41.00
VF5 1.18 0.09 0 26.94 7.93 4.33 68.50
June
NEG 0 0 3.08 85.14 5.90 6.90 43.00
SER 0 0.07 0 1.46 6.80 5.73 45.75
VF1
VF3 0 0 0 12.89 6.20 5.20 37.00
VF5 1.00 0 0 23.60 9.50 4.45 79.00
July
NEG 0.08 0 5.67 14.84 7.03 6.50 46.00
SER 0 0 0 5.60 6.95 5.60 43.00
VF1
VF3 0 0 0 13.87 6.35 5.45 38.00
VF5
August
NEG 0 0 5.20 11.19 7.15 6.30 30.50
SER 0 0 0 5.35 6.90 5.70 36.25
VF1
VF3 0 0 0 10.46 5.20 5.55 26.50
VF5

4 is the total P concentration in the water column; ? is the dissolved oxygen concentration in the water column.
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Table 2. Variability (Var %) in the abundance of H. guernei
due to electrical conductivity (EC), dissolved O, concentration
(0,), the total P concentration in the water column (TP) and the
abundance of G. holbrooki (Gambusia). Beta-coefficients (f3),
which indicate the sign of the effect (positive or negative), the
standard errors of the Beta-coefficients (SE (f3)), the statistical
values (F), the degrees of freedom (Df.) and the P-values are
also indicated. Variabilidad pura (Var %) de la abundancia de
H. guernei explicada por la conductividad eléctrica (EC), la
concentracion de O, disuelto (0;), la concentracion del P total
en la columna de agua (TP) y la abundancia de G. holbrooki
(Gambusia). Se indican los Beta-coeficientes (3 ), indicando el
signo de cada efecto (positivo o negativo), el error estdndar de
los Beta-coeficientes (SE (f3)), el valor del estadistico (F), los
grados de libertad (D.f.) y los P-valores.

Df. F Var %  P-value B SE (8)
EC 1 1.18 19.1 0.004 0.41 0.13
02 1 0.10 1.9 0.381 0.12 0.13
TP 1 0.44 8.1 0.067 0.25 0.13
Gambusia 1 0.84 14.5 0.013 -0.35 0.13

had only been previously recorded in the Azores
archipelago on Sdo Miguel Island (according to
Borges et al., 2010). This fish is native to North
America and was introduced as an exotic preda-
tor in freshwater habitats on all the continents
around the world, excluding Antarctica (Pyke,
2005). This small exotic fish is a voracious preda-
tor of not only small prey such as invertebrates
(Walters & Legner, 1980) but also large prey such
as tadpoles (e.g., Morgan & Buttemer, 1996) and
other small fishes (e.g., Ivantsoff, 1999). A mul-
tiple regression analysis revealed that the electri-
cal conductivity and abundance of G. holbrooki
exerted significant positive and negative effects,
respectively, on the abundance of H. guernei,
accounting for 19.1% and 14.5% of the vari-
ability, respectively (Table 2). Although we de-
tected low values of conductivity in compari-
son with other Mediterranean temporary ponds
(e.g., Florencio et al., 2013), the significant ef-
fects of these predictors on the abundance of H.
guernei suggest a narrow species tolerance to en-
vironmental changes. Species of the genera Hy-
droporus typically occur in restrictive environ-
ments, such as acidic waters with low nutrient
concentrations and Sphagnum-dominated vege-
tation (Verberk et al., 2001). However, we also
demonstrate that the exotic fish G. holbrooki can
influence the occurrence and abundance of H.
guernei in certain ponds (NEG pond, Table 1). G.

holbrooki generally feeds on aquatic beetle larvae
and adults (Sokolov & Chvaliova, 1936; Ozturk
& Ikiz, 2003; Erguden, 2013; Kalogianni et al.,
2014), particularly those in the family Dytisci-
dae (Gkenas et al., 2012; Kalogianni et al., 2014).
Thus, we suggest that the voracious behaviour of
this exotic predator fish can potentially threaten
pond endemicity on these oceanic islands. How-
ever, this affirmation must be confirmed by pe-
riodic monitoring in these ponds in the future.
Although we detected the exotic fish in a perma-
nent pond, the biodiversity of temporary ponds is
not exempt from risks associated with mosquito-
fish invasion, as the species may eventually co-
lonise these ponds during heavy rainfalls, when
waterways may form that connect temporary and
permanent ponds (e.g., Fahd et al., 2007).

Implications for conservation

In our study, we demonstrate the roles of tem-
porary ponds in the context of pond endemicity
on an oceanic island. These temporary ponds are
free of fish, while both permanent ponds show
evidence of fish. G. holbrooki was only recorded
in the NEG pond. Although the study included
a small number of ponds, we demonstrate that
permanent ponds are likely more vulnerable to
predator fish invasions. Such invasions require
urgent monitoring actions, including control
strategies for mosquitofish. These ponds require
official recognition by conservation programmes,
such as the Ramsar Convention. Studies encom-
passing freshwaters in the Macaronesian region
are scarce; thus, further research should focus
on temporal and spatial dynamics in freshwa-
ter systems to establish proper guidelines for
conservation (Hughes & Malmqvist, 2005).
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