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== Fish do not use all the thermally suitable habitats

= Fundamental thermal niches don’t determine higher fish densities

= Food availability is a major forcing factor in habitat selection

= Creole Perch will expirence better thermal conditions than
Salmonids for scenarios RCP 4.5 and 8.5

= Multidimensionality of fish habitat selection process implies that
management will have to be highly oportunistic and adaptive

ABSTRACT

Habitat use in relation to the thermal habitat availability and food source as a forcing factor on habitat selection
and use of Percichthys trucha (Creole perch), Oncorhynchus mykiss (rainbow trout), Salmo trutta (brown trout)
and Salvelinus fontinalis (brook trout) were determined as well as future potential thermal habitat availability
for these species under climate change scenarios Representative Concentration Pathways 4.5 and 8.5. This
study was conducted in three interconnected lakes of Northern Patagonia (Moreno Lake system). Data on fish
abundance was obtained through gill netting and hydroacoustics, and thermal profiles and fish thermal habitat
suitability index curves were used to identify current species-specific thermal habitat use. Surface air tempera-
tures from the (NEX GDDP) database for RCP scenarios 4.5 and 8.5 were used to model monthly average temper-
atures of the water column up to the year 2099 for all three lakes, and to determine potential future habitat
availability. In addition, data on fish diet were used to determine whether food could act as a forcing factor in cur-
rent habitat selection. The four species examined do not use all the thermally suitable habitats currently available
to them in the three lakes, and higher fish densities are not necessarily constrained to their “fundamental thermal
niches” sensu Magnuson et al. (1979), as extensive use is made of less suitable habitats. This is apparently
brought about by food availability acting as a major forcing factor in habitat selection and use. Uncertainties re-
lated to the multidimensionality inherent to habitat selection and climate change imply that fish resource
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management in Patagonia will not be feasible through traditional incremental policies and strategic adjustments
based on short-term predictions, but will have to become highly opportunistic and adaptive.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

It is now widely accepted that the atmospheric accumulation of
greenhouse gases such as CO,, CHy, N,0, HFCs, PFCs, SFg, CO and VOCs
due to anthropogenic activities leads to global climate warming
(Schneider, 1989; Meinshausen et al., 2011; Smith et al., 2011). It is
also acknowledged that climate change represents one of the major
threats to biodiversity in the near future on global, regional and local
scales, with 15-37% of terrestrial species and up to 75% of fish riverine
species possibly becoming extinct (Thomas et al., 2004; Xenopoulos
et al., 2005). Furthermore, one must also take into account that “predic-
tions indicate that global climate change will continue even if green-
house gas emissions decrease or cease” (Ficke et al., 2007). In relation
to inland water fish, it is widely acknowledged that climate change,
whether acting as a direct or indirect driver, is and will be responsible
for a variety of responses, ranging from the individual level (Whitney
et al., 2016), to populations, assemblages and aquatic communities
(Lynch et al., 2016). So far, the identified responses of inland fishes in-
clude changes in abundance, growth and recruitment, shifts in migra-
tion timing, hybridization, novel species interactions and shifts in
species distributions (Lynch et al,, 2016). Shifts in species spatial distri-
butions due to temperature change are considered among the most dra-
matic responses documented on continental, regional and local scales
(Alofs et al., 2014; Babaluk et al., 2000; Comte et al., 2013; Comte and
Grenouillet, 2013; Eby et al., 2014; Heino et al., 2009; Johnson and
Evan, 1990; Lynch et al., 2016). So far, it is generally accepted that
warm water species will increase their present distributional ranges as
air temperature continues to rise over the years, whereas cold water
species will experience a decrease in their distributional ranges.

Although one may anticipate that climate change on continental and
regional scales may induce expansion or contraction of a species range,
it is much more difficult to foretell what consequences climate change
will have on a local scale in terms of habitat use. Until now, most
work on lake habitat use and global warming has dealt with the North-
ern hemisphere, and is related to shifts in the extent of available habitat
within the thermal niche of particular species (Jansen and Hesslein,
2004; Magnuson et al., 1990; Cline et al., 2013). However, habitat selec-
tion and use is a multidimensional process that involves species prefer-
ences in relation not only to physico-chemical water characteristics but
also to food and cover availability. Since fish exhibit temperature-
dependent selection, preferred temperatures being at or close to the
physiological optimum (Coutant, 1987; Tonn, 1990), it has been hy-
pothesized that in any given water body, provided that food is available
and competition for resources is not too high, higher species densities
will occur in habitats within their thermal niches (Rudstam and
Magnuson, 1985). Magnuson et al. (1979) defined the “fundamental
thermal niche” as £2 °C of the median preferred temperature, but
warned that under field conditions fish may occupy lower tempera-
tures. In lentic water bodies local climate conditions determine thermal
structure, and therefore for any given species, thermal habitat availabil-
ity (Magnuson et al., 1979). However, as explained earlier, habitat use
will also be dependent on other drivers such as reproduction, competi-
tion, and food and refuge availability. Consequently, even if we can eas-
ily measure the amount of suitable available thermal habitat for any
given species according to its temperature preferences, this does not
imply current thermal habitat use.

In Argentina, most published work considers generalizations regard-
ing overall temperature effects, and consequently possible overall
changes in fish distribution. Gongalves et al. (2010) wrote a comprehen-
sive review on the effects of ultra violet radiation and temperature-

related climate change on both plankton and fishes of freshwater sys-
tems in temperate zones. These authors pointed out that “in the South-
ern Hemisphere, we should distinguish between species limited in their
southward distribution by low temperatures and those limited in their
northward distribution by high temperatures”. In fact, they also pro-
vided evidence suggesting that fish fauna of Neotropical origin has in re-
cent years extended its distribution into Andean and Patagonian
icthiogeographical provinces (“sensu” Lopez et al., 2008) and argue
that introduced salmonids in Patagonia will be adversely affected by cli-
mate change, whereas the native Percichthys trucha (Creole perch) will
benefit. Becker et al. (2017) give a comprehensive analysis of the histor-
ical biogeography of Patagonian freshwater ichthyofauna that allows for
better understanding of present adaptations and associated physiologi-
cal ecology.

The two best-documented cases for Argentina explore the distribu-
tion of Odontesthes bonaerensis (silverside bonaerense) (Gomez et al.,
2004; Gomez and Menni, 2005) and the distribution of native fish and
salmonids in Patagonia (Aigo et al., 2008, 2014; Aigo, 2010). Silverside
bonaerense populations have recently experienced an increase in num-
bers and expansion to formerly dry areas, now flooded due to increased
precipitation runoffs, which allows greater connectivity and new habi-
tat availability. In the second case, starting with Aigo et al. (2008), sev-
eral authors have stated that in Patagonian lakes the relative abundance
of native perch has seen an increase, whereas that of salmonids has ex-
perienced a significant decline. They have also proposed that salmonids
have been excluded from the littoral zone of lakes due to an increase in
water temperatures at the lake shores (Aigo et al., 2008; Aigo, 2010).

In Argentine Patagonia, in addition to future global climate changes,
managers must deal with a complex scenario where two main manage-
ment imperatives exist in relation to freshwater fish fauna. One is re-
lated to the conservation goals of the National Park System and Non-
Governmental Conservation organizations, and the other is fostered
by local, regional and national governments associated with develop-
ment and enhancement of the economic movement based on salmonid
sport fisheries (Rechencq et al., 2017). This has led to a “development vs
conservation management debate” which has been documented by sev-
eral authors (Cussac et al., 2016; Macchi and Vigliano, 2014; Pascual
et al,, 2009; Rechencq et al., 2017; Vigliano and Alonso, 2007), who all
agree that this “debate” has hindered rather than helped current,
sound, management practices. In addition to this complex scenario,
there are other threats to the goals of both these management impera-
tives: the introgression of new exotics from Chilean aquaculture, dam-
ming, and urban development (Habit et al., 2010). These stressors,
more often than not, act synergistically on a local or regional scale
(Cussac et al., 2016; Macchi and Vigliano, 2014; Pascual et al., 2009;
Vigliano and Alonso, 2007). Therefore, management of the fresh water
fish fauna of continental Patagonia has to be viewed as a multidimen-
sional problem extending over multiple spatial, temporal, biological
and sociological scales, and influenced by climate change. Successful fu-
ture management in relation to conservation goals or economic devel-
opment of sport fisheries requires, among other things, knowledge of
the influence of other forcing factors on current thermal habitat use.
This would allow better understanding of possible future changes in
habitat use due to climate warming.

Within this context, the goals of this paper are to investigate current
fish habitat use in relation to thermal habitat availability and food
source as a forcing factor in habitat selection as well as to model future
thermal habitat availability under different climate change scenarios.
Partial objectives of the present paper are: 1) to evaluate, for three Pat-
agonian lakes, present habitat use by adults of the four top fish
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predators found in the system, and to determine the relationship be-
tween habitat selection, thermal habitat availability and source habitat
of food items, and 2) to simulate potential shifts in thermal habitat
availability for all four species by the end of the century under climate
change scenarios RCP 4.5 and RCP 8.5.

2. Material and methods
2.1. Study area

The study was conducted in the Moreno Lake System, which is
formed by three interconnected, morphologically different water bodies
located in the Northern Patagonian Andean Range (Fig. 1). Two of the
water bodies, Moreno Este and Moreno Oeste, are warm monomictic
deep oligotrophic transparent lakes of glacial origin, whereas the third
is a shallow lake with lower transparency. Morphological and limnolog-
ical characteristics (Table 1) were taken from the literature (Morris
et al., 1995; Probst and Eckmann, 2009; Rechencq et al., 2011), mea-
sured with an YSI multiparameter sonde or estimated following stan-
dard procedures (Wetzel and Likens, 1991), and were found to be
similar to those of other lakes in Chile and Argentina. Although the sur-
face areas of lakes Moreno Este and Moreno Oeste are similar (~6 km?
each), other morphological and limnological characteristics differ
(Table 1), providing differential habitat type availability. The trophic
webs in this system are similar to that of other Patagonian Andean
Lakes that present low species diversity (Macchi et al., 2007; Pascual
et al., 2007; Modenutti et al., 2010). Only eight fish species are com-
monly found in these lakes. The most abundant species is a native forage
fish, the small puyen (Galaxias maculatus), which is a key prey species in
Patagonian Andean lakes (Juncos, 2012; Juncos et al., 2013; Rechencq
et al.,, 2014). The second most abundant is Percichthys trucha (creole
perch), followed by Oncorhynchus mykiss (rainbow trout), Salmo trutta
(brown trout), Salvelinus fontinalis (brook trout), big puyen (Galaxias
platei), the velvet catfish (Diplomistes viedmensis) and the Patagonian
silverside (Odontesthes hatcheri). Creole perch, rainbow, brown and
brook trout are the four top predators in the system.

2.2. Current species-specific habitat use
In order to determine current species-specific thermal habitat use by

all four top predator species we modified the habitat definitions used in
previous studies for this lake system (Rechencq et al., 2011, 2014).

Table 1

Morphological and limnological variables of Moreno Lake system. a. Estimated through
GIS; b. volume (sensu Wetzel and Likens, 1991); c. from Rechencq et al. (2011); d. Ther-
mocline for Moreno Este and Moreno Oeste ranges from 15 to 20 m in thickness and is
usually present from November to April, whereas in Morenito Lake during this period
temperature varies gradually from surface to bottom, with no discernible thermocline;
e. measured with a multiparameter YSI sonde; f. Kd par (Morris et al., 1995); g.Z1% (sensu
Probst and Eckmann, 2009).

Variables Source Moreno  Moreno  Morenito
Este Oeste
Surface area (km?) a 6.14 6.09 0.83
Fetch (km) a 4.7 52 0.44
Width (km) a 2.1 1.8 0.73
Volume (hm?) b 4242 208.7 5.81
Maximum depth (m) C 106 88 12
Average depth (m) C 51 28 5
Mixis average T°C e 7.4 6.3 7
Stratified average T°C e 10.8 114 15
Secchi disk (m) C 16 15 5
Diffuse attenuation coefficient f 0.16 0.14 0.35
(m™)
Euphotic Zone depth Z1% g 29 33
Euphotic Volume (hm?) b 170.7 145.2 5.81
Aphotic volume (hm?) b 253.5 63.6 0

These authors considered that three different habitats can be found in
both Moreno Este and Moreno Oeste. The first, called “Nearshore”, com-
prises both the littoral and open waters where the lake floor lies at a
depth of up to 60 m, where light penetration and proximity to the bot-
tom are considered important. The second, defined as “Superficial-pe-
lagic”, comprehends the water layers that extend from the surface to
60 m depths where the lake bottom lies at a depth of over 60 m. Light
penetration influences this habitat, but it is not in close proximity to
the bottom. The third, termed “Deep-pelagic” corresponds to the zone
below the previous one, extending from 60 m down to the bottom. In
this zone, light is scarce to null, and there is a wide area of contact be-
tween the water column and lake bottom. In this study, in order to de-
rive species-specific distributions for both Moreno Este and Moreno
Oeste, we considered 10 m depth strata, used the Nearshore habitat as
previously defined, and united the Superficial and Deep pelagic habitats
into a single Pelagic habitat. Morenito Lake, due to its small size and
shallowness, was considered in its entirety as Nearshore habitat. Fish
distributions by habitat during the mixis and stratification periods for
Moreno Este and Moreno Oeste were derived by re-analyzing data of
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Fig. 1. Study area: Moreno Lake system. Nearshore and pelagic habitats and thermal profile sampling points.
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fish larger than 12 cm total length from previous work during
2007-2008 (Rechencq, 2011; Rechencq et al., 2011, 2014), obtained
through 10 m depth stratified gillnetting and hydroacustic samplings.
For Morenito Lake, fish distribution was derived from bibliographic
data (Aigo, 2010) and unpublished catch and hydroacoustic data of
our research group.

2.3. Thermal structure of the lakes

Current thermal structure during mixis and stratified periods was
determined for all three lakes using a YSI V2 multiparameter sonde. In
order to determine whether Nearshore (i.e. near shore waters with
coastline on 2 or <2 sides), closed bays (i.e. those near shore waters
with coastline on three sides), and open waters of Moreno Este and
Moreno Oeste have varying thermal structures, 58 thermal profiles of
both mixis and stratification periods were analyzed (Fig. 1). Due to
the small size and shallowness of Morenito Lake it was considered in
its entirety as Nearshore habitat, and therefore only one thermal profile
for mixis and stratification periods was recorded.

2.4. Suitable thermal habitat availability

As ectotherms, fish maintain thermal homeostasis through behav-
ioral mechanisms, mostly related to avoidance of unsuitable tempera-
tures. Provided that there are no other drivers at work (e.g. feeding,
reproduction, predator avoidance.) they remain in waters within their
thermal operational range and as close as possible to operational ther-
mal optimums. Therefore, in order to best represent the thermal suit-
ability and availability of habitats in the lakes we divided the water
column into 10 m depth strata, and defined the thermal suitability of
each one according to species-specific thermal operational optimums
and ranges, and the temperature suitability index curves (SI). These
are simple mathematical representations of habitat quality as a function
of temperature for juvenile and adult stages of the species of interest.
Curves range from 0 (worst) to 1 (best) possible habitat conditions
and allow delimitation of temperature ranges which correspond to dif-
fering thermal habitat suitability in relation to the thermal operational
range of each species. For salmonids we used existing SI curves
(Raleigh, 1982; Raleigh et al., 1984, 1986; Newcomb et al., 2007). For
Creole perch we developed a temperature SI curve from biological, dis-
tributional and temperature preference data (Aigo et al.,, 2014; Amalfj,
2009; Baigun and Ferriz, 2003; Liotta, 2006). For the range of tempera-
tures covered by each species SI curve, we defined four possible habitat
conditions or types (Table 2), which were cross checked in relation to
bibliographical thermal preferences and current thermal distributional
ranges. Thus we defined: a) Optimal: the range of temperatures with
Sl values of 1, b) Very Good: the range of temperatures with SI values
between 0.99 and 0.75, C) Adequate: the range of temperatures with
SIvalues between 0.749 and 0.4 and d) Bad: the range of temperatures
with SI values lower than 0.4.

Table 2
Species-specific thermal habitat suitability limits based on T°C Suitability Index (SI)
curves.

SI category Optimal  Very good Adequate Bad

Slrange values 1 0.99-0.75 0.749-0.4 <0.4

Species specific temperature (T°C) range for each SI category

Creole perch 20-23 >14<20/>24 <255 >8<14/>255<27 <8/>27
Rainbow trout 12-18 >7<12/>18 <21 >3<7/>20<23 <3/>23
Brook trout 10-16 >6<10/>16<19.5 >3 <6/>19.5<22 <3/>22
Brown trout 12-19 >9-12/>19<21 >5<9/>21<24 <5/>24

2.5. Simulation of potential species-specific available thermal habitats un-
der RCP 4.5 and RCP 8.5 scenarios

To analyze possible shifts in habitat availability due to climate
change, we developed, tested and fitted several simple models in
order to predict possible surface and at-depth water temperature
changes in relation to air surface temperatures. Initial variables tested
for the models were chosen according to the perceived importance in
determining water temperatures. Thus monthly mean surface air tem-
peratures, wind velocities and direction, mean maximum monthly sur-
face air temperature, mean monthly water temperatures at 10 m depth
intervals were used to construct and test varying models. Data to fit the
models came from field measurements in the lakes, as well as from the
INTA meteorological database (Bariloche) for years 1996-2003. After an
initial model construction, we discarded wind velocities and direction
as variables for the models because it is currently not possible to predict
with any accuracy wind velocities and direction farther than a few days
ahead. Mean monthly surface air temperature was also discarded as
variable because models show better fit and prediction when mean
maximum monthly surface air temperatures are used. For lakes Moreno
Este and Moreno Oeste, best fit was obtained through a multiple regres-
sion model that estimated average monthly surface (0-10 m) water
temperature (MASW 0-10 m T°C month n) according to the equation:

MASW-10T 'Cy = a + b+ MASW; T Cy_; + ¢+ MASAT C,

where a, b and c are constants, MASW_;0T°C ,,_; is the mean water
temperature in the 0-10 m depth strata for the previous month and
MASA T°C , is the mean maximum surface air temperature for month n.

We then fitted a simple linear regression model to estimate the
monthly average temperature of successively deeper 10 m water layers
or strata (J-1) from the average monthly water temperature of the strata
immediately above it (]).

MAWT C(j_1) n = @+ b+ MAWT Cj,

where a and b are constants and MAWT°C (;_;) , is the mean water
temperature of the deeper strata and MAWTC  ,, the mean average
water temperature of the shallower strata.

For Morenito Lake, possibly because of its shallow depth and small
size, the best fit was given by:

MASW,-10 m T 'C month, = a + b + MAAir T C month,

where MASW ¢_19 m T°C month , is the mean water temperature in
the 0-10 m depth strata for the month, a. b are constants and MAAir T°C
month , is the mean maximum air temperature for the month.

These models were used to predict possible surface and at-depth
water temperature changes in relation to air surface temperatures up
to the year 2099, under Representative Concentration Pathways 4.5
and 8.5 (RCP 4.5 and RCP 8.5) scenarios. These two scenarios were cho-
sen for comparison purposes because they are considered to respec-
tively be the most probable and extreme outcomes of current global
climate change trends. We also decided to run simulation up to the
year 2099 because by that year RCP 4.5 will have stabilized (Fig. 2).
These RCPs are two of the multi-gas emission scenario trajectories
adopted by the Intergovernmental Panel on Climate Change for its
fifth Assessment Report in 2014 (IPCC-AR5, 2014), which correspond
to the possible radiative forcing values of +4.5 and +8.5 W/m2 in the
year 2100, relative to pre-industrial values. These two scenarios imply
estimated increases in mean air temperatures of 1.8 °C (probable
range 1.1to0 2.6 °C) and 3.7 °C (probable range 2.6 to 4.8 °C), respectively
(Moss et al.,, 2007). While RCP 4.5 contemplates an increase in
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Meinshausen et al. (2011).

greenhouse gases (GHG) up to the year 2100 when concentration levels
off, RCP 8.5 contemplates a continuous increase of GHGs into the XXIII
century (Fig. 2).

In order to predict average water temperatures for all depth strata of
the three studied lakes, the fitted models were run from November
2007 to November 2099. Average maximum air temperature for each
month used as input to the models for the simulated period was calcu-
lated from the “Surface air Temperatures NASA Earth Exchange Global
Daily Downscaled Projections” database (NEX-GDDP, 2018). This data-
base provides simulated maximum temperature daily projections for
the RCP 4.5 and RCP 8.5 scenarios across the entire globe, with a spatial
resolution of 0.25° x 0.25°. Daily maximum temperature values from
the grid square closest to the INTA meteorological station were used
to calculate projected average monthly maximum air temperatures
which were used as primary inputs to the models.

Moreno Este

Moreno Oeste
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2.6. Species specific feeding source habitat

In order to determine whether feeding could be a forcing factor con-
ditioning current habitat use by fish in all three water bodies, we ana-
lyzed fish stomach content data of all four fish species for each lake,
assigning to each prey item found its probable source habitat, defined
according to its life history trait characteristics as benthonic or open wa-
ters. We then estimated the seasonal percentual distribution by habitat
of provenance of the diet, by species, lake and season.

3. Results
3.1. Present thermal structure of the lakes

According to the analysis of thermal profiles, mixis and stratified pe-
riods were well defined for all three lakes. Temperature profile analysis
of both Moreno Este and Moreno Oeste Lakes also showed that regard-
less of lake mixis or stratification, temperature differences between bay
areas, nearshore and open waters for any given depth never exceeded
0.5 °C. Since this does not imply a shift in terms of the habitat suitability
ranges used in this study, and can also be considered of no biological sig-
nificance, the nearshore and upper strata of the pelagic thermal habitats
were considered identical (Fig. 3). During mixis the surface and bottom
temperatures of both Moreno Este and Moreno Oeste lakes ranged be-
tween 6 and 7 °C, whereas the water temperature in Lake Morenito
ranged between 5 °C and 8 °C throughout the water column. During
stratification, lakes Moreno Este and Moreno Oeste showed sharp de-
creases of 6 and 8 °C between 20 and 45 m depths, respectively, and
Morenito lake showed a 2 °C drop between 3 and 8 m depths, ranging
between 11 and 16 °C.

3.2. Present thermal habitat use by the four studied species

The four freshwater fish species considered in this study do not uti-
lize all of the thermally suitable habitats currently available to them in

Morenito
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(Figs. 4-7), and higher fish densities are not necessarily constrained to
their “fundamental thermal niches” sensu Magnuson et al. (1979).
Catch and hydroacoustic data show that there is extensive use of the
nearshore habitat (0-60 m depths) by all species, despite, in some
cases, that this habitat presents merely thermally “Adequate” condi-
tions, such as for Creole perch and brook trout during mixis in both
Moreno Este and Moreno Oeste lakes (Fig. 4a-b). In contrast, there is re-
stricted use of the upper strata of the Pelagic zone by rainbow and
brown trout and null use of the deeper strata by all four species
(Figs. 4a-b-7a-b). Apparently, only Creole perch use Morenito Lake
continuously, despite the fact that for all salmonid species it also pre-
sented some suitable thermal habitat throughout the year.

Analysis of probable thermal habitat availability for each studied
species in all 3 lakes under scenarios RCP 4.5 and 8.5 for the year 2099
revealed that thermal suitability patterns vary between lakes
(Figs. 4-7). These differences are probably due to the thermal require-
ments of each species, and differences in lake morphometry (i.e. shape
of basin, wind, shoreline development, wave action and depth), which
condition their thermal structure. Morenito Lake showed the biggest
shift in habitat suitability, presumably because its small size, shallow-
ness and highly vegetated waters contribute to its warming under
both RCP scenarios. Despite the fact that under both RCP scenarios
water temperature would increase, during mixis habitats in all three
lakes would remain invariant or would show a slight tendency towards
improvement in thermal suitability for all species. However, during
stratification shifts, available suitable thermal habitats must be consid-
ered on a species-by-species basis. Thus, Creole Perch would benefit
from both global warming scenarios during stratification in all lakes,
due to increased thermal suitability of the used habitats (Fig. 4a-b).

For salmonids (Figs. 5-7) the picture is more complex, the overall ten-
dency being a decrease in habitat suitability during stratification. A
major decrease in the suitability of currently used habitat for the 3 sal-
monids would occur mainly in Morenito Lake, followed by Moreno
Este and to a lesser extent by Moreno Oeste Lake. Brook trout is the spe-
cies with the worst prognosis, with some of the currently used habitats
attaining “Bad” suitability conditions.

3.3. Feeding as a forcing factor in habitat selection

The fact that the studied species are not currently using all thermally
suitable available habitats indicates that there are other forcing factors
at play in relation to habitat selection and use. Our results regarding
the probable habitat of origin of food items found in stomach contents
indicate that perch, regardless of lake and period, feed almost entirely
nearshore benthonic organisms (78-96%), such as insect larvae,
Samastacus sp. and Aegla sp., with a small percentage of puyen chico
(Table 3). Whereas salmonids feed on a higher proportion of organisms
found in open waters of both the nearshore and superficial strata of the
Pelagic habitat. Rainbow trout stomach contents showed the most var-
ied diet, consuming in both Moreno Este and Moreno Oeste a higher
proportion of organisms found in open waters (97% - 51% respectively)
such as other fish and terrestrial insects. The most-consumed open
water prey in both lakes and periods was the small puyen. Benthonic
diet items were predominantly decapods of the genus Samastacus sp.
and Aegla sp. as well as Anisoptera larvae. No food items were found
in stomachs of fish caught in Morenito Lake. Brook trout in both Moreno
Este and Moreno Oeste fed mostly on open water organisms (54-94%
respectively) except during Mixis of Moreno Oeste, when all stomachs
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Fig. 5. a, b. Rainbow trout present abundance and current suitable thermal habitat (Current THS) availability by lake, mixis period (a), stratification period (b) and depth, and potential
thermal habitat availability for 2099 under RCPs 4.5 (2099 RCP 4.5 THS) and 8.5 (2099 RCP 8.5 THS) scenarios for Moreno Este, Moreno Oeste, and Morenito lakes. Histograms reflect

present fish abundance. Habitat thermal suitability scale:
of each thermal habitat suitability.

Optimal,

analyzed showed 100% organisms of benthonic origin. Open water diet
items were once again mostly small puyen, salmonids and terrestrial in-
sects, whereas those of benthonic origin were Chilina sp., Samastacus
sp. and Aegla sp. Brown trout stomach content analysis showed that
only those specimens caught in Moreno Oeste had stomach contents,
which corresponded entirely to fish (i.e. small puyen and perch, the lat-
ter being the most abundant) (Table 3).

4. Discussion

Our results coincide partially with those of Aigo et al. (2008), Cussac
etal. (2009) Aigo (2010) and Aigo et al. (2014) in relation to overall bet-
ter thermal conditions for Creole perch, and the fact that salmonids will
be most severely affected in small shallow lakes such as Morenito Lake,
where deep thermal refugia are nonexistent. These authors also state
that in deep lakes salmonid withdrawal from the littoral zone should
be expected, and has according to them supposedly already occurred.
However, the littoral zone as they define it actually encompasses only
the shallow littoral habitat (i.e. 0-5 m), this being the area most influ-
enced by winds, wave action, aquatic vegetation, shoreline develop-
ment and lake morphometry. Therefore, it is probable that high
temperatures will be experienced only where the shallow littoral has
protection from these factors, implying that the overall importance of
salmonid withdrawal from the shallow littoral zone in any particular
lake will depend on lake morphometry and the amount of protected
coastline. Concerning the deeper strata of closed bays, near shore and
open waters, our thermal profile field data showed no current signifi-
cant differences between these lake sectors. This implies that shifts in
thermal suitability would affect them in similar ways. According to

Very Good, @ Adequate, mm Bad. Numbers within pie graphs represent percentage of overall lake availability

thermal suitability models, the current most heavily used depth strata
(i.e. below 5 m depths) of the nearshore habitat under both RCP scenar-
ios would retain varying viable conditions on a species-by-species basis.

Our results regarding the probable habitat of origin of food items
found in stomach contents indicate that food is a major forcing factor
in relation to habitat selection and use. Thus, perch feed mostly on ben-
thonic organisms, whereas salmonids feed on a higher proportion of or-
ganisms found in open waters. Previous work has shown that all four
species undergo ontogenetic diet shifts, the prey consumed varying
from smaller to bigger sizes as consumer size increases (Juncos et al.,
2015). This shift also implies a change in the proportions of the source
habitat of food eaten. Thus, the earlier life stages of all four species
tend to consume mostly insect larvae and benthonic organisms of
small size. Upon reaching a certain size, creole perch tends to incorpo-
rate more benthonic macrocrustaceans (i.e. Samastacus sp. and Aegla
sp.) than rainbow or brook trout. These species also tend to incorporate
more open water organisms (i.e. fish such as small puyen, salmonids
and Creole perch). Brown trout diet has been shown to be the most pi-
scivorous of all four species, although it does consume large quantities
of Samastacus sp. (Vigliano et al., 2009, Juncos, 2012, this paper).

One particular aspect to be analyzed is the apparent absence of all
four studied fish species from the deeper strata of the pelagic habitat
(i.e. >60 m depths) of both Moreno Este and Moreno Oeste lakes, de-
spite suitable thermal conditions and availability of potential prey. Pre-
vious studies have shown that below 60 m depths huge numbers of
Galaxiid larvae congregate during daylight hours, forming dense
sound scattering layers (i.e. 1 x 10° larvae per km?) at depths of
100 m (Lindegren et al., 2012; Rechencq et al., 2011, 2014, 2017), and
also that important numbers of big puyen adults can be found at even
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greater depths. While the latter species is well adapted to the lack of
light at such depths and can readily feed on small puyen larvae
(Milano, 2003), salmonids and Creole perch are visual predators, thus
itis likely that they cannot find prey available to them in the deeper por-
tions of both lakes. Samastacus sp., a benthonic dweller that has been re-
corded at 250 m depths at the bottom of regional lakes (our group,
unpublished data) would also be unavailable to the four fish species
being considered, due to lack of light. Thus, we conclude that the current
low numbers of adults of the four species studied in this paper in the
upper strata of pelagic waters, despite suitable thermal conditions, can
be attributed to low prey density in comparison with the Nearshore
habitat. In contrast, their complete absence in the deeper strata of the
pelagic zone, despite suitable thermal habitat conditions, can be attrib-
uted to insufficient light levels for feeding on the overly abundant
Galaxiid larvae and/or the adult big puyen inhabiting these waters.
The lack of salmonids in Morenito Lake cannot be attributed to lack of
light, due to its shallowness and transparency. However, food availabil-
ity to predators may be hindered because of the shallow bottom, and
the highly abundant submerged and emergent vegetation of this meso-
trophic lake serves as a refuge to invertebrates and small puyen juve-
niles and adults.

In view of the thermal habitat use, feeding habits and prey distribu-
tion explained above, we conclude that while temperature may influ-
ence habitat selection and use by fishes in North Andean Patagonian
lakes, food availability is a major forcing factor in the process. Thus fu-
ture actual habitat selection and use will not depend only of available
thermal habitats but more so of the synergic availability of thermal hab-
itats and food in relation to species specific life histories and strategies.
Thus, retraction by salmonids from the lakes shallow littoral (i.e. 1-5 m)

Very Good, e Adequate, sl Bad. Numbers within pie graphs represent percentage of overall lake availability

as has been proposed (Aigo et al., 2008, 2014; Cussac et al., 2009; Aigo,
2010) should not proof detrimental as long as there are enough deeper
thermal refugia with enough food resources. This is in accordance with
the Rudstam and Magnuson (1985) hypothesis that in any given water
body higher fish densities will be found within their thermal niche as
long as food is available. This implies that thermal tolerance, actual ther-
mal habitat use and prey preferences should be taken into account in
any future studies on global warming effects upon fish populations. Fur-
thermore, since habitat selection is a multidimensional process, and
other factors such as lake morphometry, reproductive drives and preda-
tion avoidance can be at play, the predictive capabilities of studies that
consider only changes on thermal habitat are limited.

Management of the fish resources of continental Patagonia has to be
viewed as a multidimensional problem subject to the actual effects of
climate change. Management of freshwater fish resources in Argentina
is mostly carried out by national and provincial agencies through incre-
mental policies and strategy adjustments based on short-term ques-
tions and predictions. Healey (1990), studying the implications of
climate change for fishery management policies, states that this type
of approach and the usual responses in terms of prevention, mitigation
and adaptation are not suitable for addressing climate change effects,
due to the associated uncertainties. This author concludes that policy
adjustments are likely to be defensive and mitigative, whereas they
should be opportunistic and adaptive. So far, in Northern Patagonia, cli-
mate change effects would seem to benefit the conservation imperative
related to the native perch, and be detrimental in an unknown measure
to the economic development imperative based on introduced salmo-
nid sport fisheries. Thus, whether climate change can be seen as good
in terms of controlling the exotics or bad in term of sport-fishery
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present fish abundance. Habitat thermal suitability scale:
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development is only a matter of perceptions and choice of the different

Optimal,

stakeholder groups involved and therefore becoming part of the ongo-

ing development vs conservation management debate. Hence, unpre-
dictability associated with inherent uncertainties, as well as the
human factor appear to indicate that fish resource management in Pat-

agonia would have to become highly opportunistic and adaptive.

Table 3
Percentual source of food diet items found in the stomach contents of fish caught, by species, lake and period.
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Small puyen 9.1 183 4.6 74 220 27 633 935 514 849 973 98 93.4 8.2

Salmonids 6.7 383

Perch 5.4 91.8
Benthonic total 90.8 81.7 954 926 78.0 96.2 247 21 486 151 0.8 454 1000 6.4
Open water total 9.1 183 46 74 220 38 753 979 514 849 99.2 546 0.0 93.6 100.0



http://www.climateanalyticsgroup.org

P.H. Vigliano et al. / Science of the Total Environment 636 (2018) 688-698 697

access the data. Field and laboratory work leading to this article was
partially funded by the Universidad Nacional del Comahue (CRUB-
UNCo B001) and an ANPCyT PICT 2004 grant N° 25722.

References

Aigo, ], 2010. Interaccién entre peces nativos y salménidos en Patagonia: su
vulnerabilidad al cambio climético. Tesis doctorado en Ciencias Biolégicas.
Universidad Nacional del Comahue (179pp).

Aigo, ]., Cussac, V., Peris, S., Ortubay, S., Gomez, S., Lopez, H., Groos, M., Barriga, J., Battini,
M., 2008. Distribution of introduced and native fish in Patagonia (Argentina): pat-
terns and changes in fish assemblages. Rev. Fish Biol. Fish. 18:387-408. https://doi.
org/10.1007/s11160-007-9080-8.

Aigo, ], Lattuca, E., Cussac, V., 2014. Susceptibility of native perca (Percichthys trucha) and
exotic rainbow trout (Oncorhynchus mykiss) to high temperature in Patagonia: dif-
ferent physiological traits and distinctive responses. Hydrobiol. 736:73-82. https://
doi.org/10.1007/s10750-014-1888-3.

Alofs, KM., Jackson, D.A,, Lester, N.P., 2014. Ontario freshwater fishes demonstrate differ-
ing range-boundary shifts in a warming climate. Divers. Distrib. 20, 123-136.

Amalfi, M.N., 2009. Consideraciones sobre las percas (Percichthys colhuapiensis y P.
trucha) de la Patagonia Norte-afios 1955 a1957. La Plata, Argentina, Facultad de
Ciencias Naturales y Museo (FCNyM), Universidad Nacional de La Plata (UNLP),
(ProBiota FCNyM, UNLP, Serie Documentos, 10).

Babaluk, ., Reist, J., Johnson, ].D., Johnson, L., 2000. First records of Sockeye (Oncorhynchus
nerka) and Pink Salmon (O. gorbuscha) from Banks Island and other records of Pacific.
Arctic 53, 161-164.

Baigun, C,, Ferriz, R., 2003. Distribution patterns of native freswater fishes in Patagonia
(Argentina). Org. Divers. Evol. 3, 151-159.

Becker, L.A., Crichigno, S.A., Cussac, V.E., 2017. Climate change impacts on freshwater
fishes: a Patagonian perspective. Hydrobiol. https://doi.org/10.1007/s10750-017-
3310-4.

Cline, T.J., Bennington, V., Kitchell, ].F., 2013. Climate change expands the spatial extent
and duration of preferred thermal habitat for lake superior fishes. PLoS ONE 8,
e62279.

Comte, L., Grenouillet, G., 2013. Do stream fish track climate change? Assessing distribu-
tion shifts in recent decades. Ecography 36, 001-011.

Comte, L., Buisson, T., Daufresne, M., Grenouillet, G., 2013. Climate-induced changes in the
distribution of freshwater fish: observed and predicted trends. Freshw. Biol. 58,
625-639.

Coutant, C.C., 1987. Thermal preference: when does an asset become a liability? Environ.
Biol. Fish 18, 161-172.

Cussac, V.E., Fernandez, D.A., Gémez, S.E., 2009. Lopez. 2009. Fishes of southern South
America: a story driven by temperature. Fish Physiol. Biochem. 35:29-42. https://
doi.org/10.1007/s10695-008-9217-2.

Cussac, V.E., Habit, E., Ciancio, J., Battini, M.A., Riva Rossi, C., Barriga, J.P., Baigtn, C.,
Crichigno, S., 2016. Freshwater fishes of Patagonia: conservation and fisheries.
J. Fish Biol. 89:1068-1097. https://doi.org/10.1111/jfb.13008.

Eby, L.A., Helmy, O., Holsinger, L.M., Young, M.K,, 2014. Evidence of climate-induced range
contractions in bull trout Salvelinus confluentus in a Rocky Mountain Watershed, U.S.
A. PLoS ONE 9 (6), e98812. https://doi.org/10.1371/journal.pone.0098812.

Ficke, A.D., Myrick, C.A., Hansen, LJ., 2007. Potential impacts of global climate change on
freshwater fisheries. Rev. Fish Biol. Fish. 17:581-613. https://doi.org/10.1007/
s11160-007-9059-5.

Gomez, S.E., Menni, R.C., 2005. Cambio ambiental y desplazamiento de la ictiofauna en el
Oeste de la Pampasia (Argentina central). Biologia Acudtica 22, 151-156.

Gomez, S.E., Trenti, P.S., Menni, R.C., 2004. New fish populations as evidence of climate
change in former dry areas of the pampa region (Southern south America). Physis
59, 136-137.

Gongalves, RJ., Souza, M.S., Aigo, J., Modenutti, B., Balseiro, E., Villafaiie, V.E., Cussac, V.,
Helbling, EW., 2010. Responses of plankton and fish from temperate zones to UVR
and temperature in a context of global change. Ecol. Austral 20, 129-153.

Habit, E., Piedra, P., Ruzzante, D.E., Walde, SJ., Belk, M.C,, Cussac, V.E., Gonzalez, Colin, N.,
2010. Changes in the distribution of native fishes in response to introduced species
and other anthropogenic effects. Glob. Ecol. Biogeogr. 19, 1-14.

Healey, M.C., 1990. Implications of climate change for fisheries management policy. Trans.
Am. Fish. Soc. 119 (2):366-373. https://doi.org/10.1577/1548-8659(1990)119<0366:
IOCCFF>2.3.C0;2.

Heino, ], Virkkala, R., Toivonen, H., 2009. Climate change and freshwater biodiversity: de-
tected patterns, future trends and adaptations in northern regions. Biol. Rev. 84,
39-54.

IPCC-AR5, 2014. Intergovernmental Panel on Climate Change, Fifth Assessment Report.
https://www.ipcc.ch/report/ar5/.

Jansen, W., Hesslein, R.H., 2004. Potential effects of climate warming on fish habitats in
temperate zone lakes with special reference to Lake 239 of the experimental lakes
area (ELA), north-western Ontario. Environ. Biol. Fish 70, 1-22.

Johnson, T., Evan, D., 1990. Size-dependent winter mortality of young-of-the-year white
perch: cliate warming and invasion of the Laurentian Great Lakes. Trans. Am. Fish.
Soc. 119, 301-313.

Juncos, R., 2012. Relaciones tréficas entre Salmoénidos y peces nativos del lago Nahuel
huapi: una aproximacién desde la bioenergética (Tesis Doctoral Universidad Nacional
del Comahue. 222pp).

Juncos, R., Beauchamp, D., Vigliano, P.H., 2013. Modeling prey consumption by native and
non- native piscivorous fishes: implications for competition and impacts on shared
prey in an ultraoligotrophic lake in Patagonia. Trans. Am. Fish. Soc. 142, 268-281.

Juncos, R., Milano, D., Macchi, P.J., Vigliano, P.H., 2015. Niche segregation facilitates coex-
istence between native and introduced fishes in a deep Patagonian lake. Hydrobiol.
747 (1):53,67. https://doi.org/10.1007/s10750-014-2122-z.

Lopez, H.L, Menni, R.C,, Donato, M., Miquelarena, A.M., 2008. Biogeographical revisién of
Argentina (Andean and Neotropical Regions): an analysis using freshwater fishes.
J. Biography 35, 1564-1579.

Lindegren, M., Vigliano, P.H., Anders Nilsson, P., 2012. Alien invasions and the game of
hide and seek in Patagonia. PLoS ONE 7 (10), 44350 (D0i10.1371/).

Liotta, J., 2006. Distribucién geografica de los peces de aguas continentales de la Reptiblica
Argentina. ProBiota, serie documentos N°3, FCNyM, UNLP. Buenos Aires (701 pp).

Lynch, AJ.,, Myers, BJ.E., Chu, C,, Eby, LA, Falke, J.A,, Kovach, R.P., Krabbenhoft, T.J., Kwak,
TJ., Lyons, J., Paukert, C.P., Whitney, J.E., 2016. Climate change effects on North
American inland fish populations and assemblages. Fisheries 41, 346-361.

Macchi, P.J., Vigliano, P.H., 2014. Salmonid introduction in Patagonia: the ghost of past,
present and future management. Ecol. Austral 24, 162-172.

Macchi, PJ., Pascual, M.A, Vigliano, P.H., 2007. Differential piscivory of native Percichthys
trucha and exotic salmonids upon the native forage fish Galaxias maculatus in Pata-
gonian Andean lakes. Limnologica 37, 76-87.

Magnuson, JJ., Crowder, L.B., Medvick, P.A., 1979. Temperature as an ecological resource.
Am. Zool. 19, 331-343.

Magnuson, ., Meisner, ].D., Hill, D.K., 1990. Potential changes in the thermal habitat of
great lakes fish after global climate warming. Trans. Am. Fish. Soc. 119, 254-264.
Meinshausen, M., Smith, S.J., Calvin, K., Daniel, J.S., Kainuma, M.L.T., Lamarque, J.F.,
Matsumoto, K., Montzka, S.A., Raper, S.C.B., Riahi, K., Thomson, A., Velders, G.J.M.,
van Vuuren, D.P.P.,, 2011. The RCP greenhouse gas concentrations and their exten-
sions from 1765 to 2300. Clim. Chang. 109:213-241. https://doi.org/10.1007/

510584-011-0156-z.

Milano, D., 2003. Biologia de Galaxias platei (Pisces, Galaxiidae): especializaciones
relativas a su distribucién (Tesis Doctoral Universidad Nacional del Comahue,
Argentina. 131pp).

Modenutti, B., Balseiro, E., Corno, G., Callieri, C., Bertoni, R., Caravati, E., 2010. Ultraviolet
radiation induces filamentation in bacterial assemblages from North Andean Patago-
nian lakes. J. Photochem. Photobiol. 86, 871-881.

Morris, D.P., Zagarese, H., Williamson, C.E., Balseiro, E.G., Hargreares, B.R.,
Modenutti, B., Moeller, R., Quimalinos, C., 1995. The attenuation of solar UV ra-
diation in lakes and the role of dissolved organic carbon. Limnol. Oceanogr. 40,
1381-1391.

Moss, R., Babiker, M., Brinkman, S., Calvo, E., Carter, T., Edmonds, ]., Elgizouli, L., Emori, S.,
Erda, L, Hibbard, K., Jones, R, Kainuma, M., Kelleher, J., Lamarque, J.F., Manning, M.,
Matthews, B., Meehl, J., Meyer, L., Mitchell, J., Nakicenovic, N., O'Neill, B., Pichs, R.,
Riahi, K., Rose, S., Runci, P., Stouffer, R., Van Vuuren, D., Weyant, J., Wilbanks, T.,
Van Ypersele, ].P., Zurek, M., 2007. Towards New Scenarios for Analysis of Emissions,
Climate Change, Impacts, and Response Strategies. Intergovernmental Panel on Cli-
mate Change, Geneva (132 pp).

Newcomb, TJ., Orth, D.J., Stauffer, d.f.,, 2007. Habitat evaluations. In: Guy, C.S., Brown, M.L.
(Eds.), Analysis and Interpretation of Freshwater Fisheries Data, Chapter 17. Pub-
lisher: American Fisheries Society, pp. 843-886.

NEX-GDDP, 2018. NASA Earth Exchange Global Daily Downscaled Projections.
1950-2099. https://cds.nccs.nasa.gov/nex-gddp/.

Pascual, M.A., Cussac, V.E., Dyer, B, Soto, D,, Vigliano, P.H., Ortubay, S., Macchi, PJ., 2007.
Freshwater fishes of Patagonia in the 21st century after a hundred years of human
settlement, species introductions, and environmental change. Aquat. Ecosyst. Health
Manag. 10, 1-16.

Pascual, M.A., Lanceloti, ].L., Ernst, B., Ciancio, ].E., Aedo, E., Garcia-Asorey, M., 2009. Scale,
connectivity, and incentives in the introduction and management of non-native spe-
cies: the case of exotic salmonids in Patagonia. Front. Ecol. Environ. 7:533-540.
https://doi.org/10.1890/070127.

Probst, W.N., Eckmann, R., 2009. The influence of light on the diel vertical migration of
young of the year burbot Lota lota in Lake Constance. ]. Fish Biol. 74:150-166.
https://doi.org/10.1111/j.1095-8649.2008.02120.x.

Rechencq, M., 2011. Patrones de distribucion espaciales y temporales de la comunidad de
peces de un lago andino-patagénico y su relacion con la heterogeneidad espacial del
hébitat. Tesis Doctoral. Universidad Nacional del Comahue (142 pp).

Rechencq, M., Sosnovsky, A., Macchi, P., Alvear, P., Vigliano, P.H., 2011. Extensive diel fish
migrations in a deep ultraoligotrophic lake of Patagonia Argentina. Hydrobiol. 658,
147-161.

Rechencq, M., Vigliano, P.H., Macchi, P.J., Lippolt, G.E., 2014. Fish distribution patterns and
habitat availability in lakes Moreno Este and Moreno Oeste, Patagonia, Argentina.
Limnologica 49, 73-83.

Rechencq, M., Vigliano, P.H,, Lippolt, G.E., Alonso, M.F., Macchi, PJ., Alvear, P.A., Hougham,
V., Denegri, M.A,, Blasetti, G., Juncos, R., Fernandez, M., Lallement, M.E., Juarez, S.M.,
2017. Modelling and management options for salmonid sport fisheries: a case
study from Patagonia, Argentina. Fish. Manag. Ecol. 24:103-116. https://doi.org/
10.1111/fme.12208.

Raleigh, R.F.,, 1982. Habitat Suitability Index Models: Brook Trout. U.S. Fish and Wildlife
Service Biological Services Program FWS/OBS-82/10.24.

Raleigh, R.F., Hickman, T., Solomon, R.C., Nelson, P.C., 1984. Habitat Suitability Informa-
tion: Rainbow Trout. U.S. Fish and Wildlife Service Biological Services Program
FWS/0BS-82/10.60.

Raleigh, R.F., Zuckerman, L.D., Nelson, P.L., 1986. Habitat Suitability Index Models and
Instream Flow Suitability Curves: Brown Trout. U.S. Fish and Wildlife Service Biolog-
ical Services Program FWS/OBS-82/10.71.

Rudstam, L.E., Magnuson, ], 1985. Predicting the vertical distribution of fish populations:
analysis of cisco, Coregonus artedii. and yellow perch, Perca flavescens. Can. ]. Fish.
Aquat. Sci. 42, 1178-1188.

Schneider, S.H., 1989. The greenhouse effect: science and policy. Science 243, 771-781.


http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0005
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0005
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0005
https://doi.org/10.1007/s11160-007-9080-8
https://doi.org/10.1007/s11160-007-9080-8
https://doi.org/10.1007/s10750-014-1888-3
https://doi.org/10.1007/s10750-014-1888-3
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0020
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0020
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0025
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0025
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0025
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0025
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0030
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0030
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0030
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0035
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0035
https://doi.org/10.1007/s10750-017-3310-4
https://doi.org/10.1007/s10750-017-3310-4
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0045
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0045
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0045
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0050
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0050
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0055
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0055
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0055
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0060
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0060
https://doi.org/10.1007/s10695-008-9217-2
https://doi.org/10.1007/s10695-008-9217-2
https://doi.org/10.1111/jfb.13008
https://doi.org/10.1371/journal.pone.0098812
https://doi.org/10.1007/s11160-007-9059-5
https://doi.org/10.1007/s11160-007-9059-5
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0085
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0085
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0090
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0090
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0090
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0095
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0095
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0100
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0100
https://doi.org/10.1577/1548-8659(1990)119&lt;0366:IOCCFF&gt/;2.3.CO;2
https://doi.org/10.1577/1548-8659(1990)119&lt;0366:IOCCFF&gt/;2.3.CO;2
https://doi.org/10.1577/1548-8659(1990)119&lt;0366:IOCCFF&gt/;2.3.CO;2
https://doi.org/10.1577/1548-8659(1990)119&lt;0366:IOCCFF&gt/;2.3.CO;2
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0110
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0110
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0110
https://www.ipcc.ch/report/ar5/
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0120
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0120
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0120
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0125
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0125
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0125
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0130
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0130
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0130
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0135
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0135
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0135
https://doi.org/10.1007/s10750-014-2122-z
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0145
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0145
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0145
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0150
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0150
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0155
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0155
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0160
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0160
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0165
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0165
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0170
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0170
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0170
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0175
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0175
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0180
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0180
https://doi.org/10.1007/s10584-011-0156-z
https://doi.org/10.1007/s10584-011-0156-z
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0190
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0190
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0190
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0195
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0195
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0195
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0200
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0200
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0200
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0205
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0205
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0205
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0210
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0210
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0210
https://cds.nccs.nasa.gov/nex-gddp/
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0220
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0220
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0220
https://doi.org/10.1890/070127
https://doi.org/10.1111/j.1095-8649.2008.02120.x
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0235
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0235
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0235
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0240
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0240
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0240
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0245
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0245
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0245
https://doi.org/10.1111/fme.12208
https://doi.org/10.1111/fme.12208
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0255
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0255
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0260
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0260
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0260
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0265
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0265
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0265
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0270
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0270
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0270
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0275

698

Smith, SJ., van Aardenne, J., Klimont, Z,, Andres, R., Volke, A.C,, Delgado Arias, S., 2011. An-
thropogenic sulfur dioxide emissions: 1850-2005. Atmos. Chem. Phys. 11, 1101-1116.

Thomas, C.D., Cameron, A., Green, R.E., Bakkenes, M., Beaumont, LJ., Collingham, Y.C.,
Erasmus, B.F.N., Ferreira de Siqueira, M., Grainger, A., Hannah, L., Hughes, L.,
Huntley, B., Van Jaarsveld, A.S., Midgley, G.F., Lera, M., Ortega-Huerta, M.A.,
Townsend Peterson, A., Phillips, O.L., Williams, S.E., 2004. Extinction risk from climate
change. Nature 427, 145-148.

Tonn, W.M., 1990. Climate change and fish communities: a conceptual framework. Trans.

Am. Fish. Soc. 119, 337-352.
Vigliano, P.H., Alonso, M., 2007. Salmonid introductions in Patagonia: a mixed blessing. In:

Bert, T.M. (Ed.), Ecological and Genetics Implications of Aquaculture Activities.

Springer, Netherlands, pp. 315-331.

P.H. Vigliano et al. / Science of the Total Environment 636 (2018) 688-698

Vigliano, P.H., Beauchamp, D., Macchi, PJ., Milano, D., Garcia Asorey, M., Ciancio, ]., Alonso,
M., Lippolt, G., Denegri, M.A., 2009. Quantifying predation on galaxiids and other na-
tive organisms by introduced Oncorhynchus mykiss in an ultraoligotrophic lake in
Northern Patagonia Argentina. Trans. Am. Fish. Soc. 138 (6), 1405-1419.

Wetzel, R.G., Likens, G.E., 1991. Limnological Analysis. 2nd edition. Springer Verlag, New
York (429p).

Whitney, J.E., Al-Chokhachy, R., Bunnell, D.B., Caldwell, C.A., Cooke, S.J., Eliason, E.J.,
Rogers, M., Lynch, AJ., Paukert, C.P., 2016. Physiological basis of climate change im-
pacts on North American inland fishes. Fisheries 41, 332-345.

Xenopoulos, M.A,, Lodge, D.A., Alcamo, ], Mdrker, M., Schulze, K., Van Vuuren, D.P., 2005.
Scenarios of freshwater fish extinctions from climate change and water withdrawal.
Glob. Chang. Biol. 11, 1557-1564.


http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0280
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0280
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0285
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0285
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0290
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0290
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0295
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0295
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0295
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0300
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0300
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0300
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0305
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0305
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0310
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0310
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0315
http://refhub.elsevier.com/S0048-9697(18)31414-1/rf0315

	Fish thermal habitat current use and simulation of thermal habitat availability in lakes of the Argentine Patagonian Andes ...
	1. Introduction
	2. Material and methods
	2.1. Study area
	2.2. Current species-specific habitat use
	2.3. Thermal structure of the lakes
	2.4. Suitable thermal habitat availability
	2.5. Simulation of potential species-specific available thermal habitats under RCP 4.5 and RCP 8.5 scenarios
	2.6. Species specific feeding source habitat

	3. Results
	3.1. Present thermal structure of the lakes
	3.2. Present thermal habitat use by the four studied species
	3.3. Feeding as a forcing factor in habitat selection

	4. Discussion
	Acknowledgements
	References




