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Abstract 
Salmonid introductions for sport fishing and, more recently, for farming, have had a large impact on freshwater ecosystems in many regions worldwide. In Patagonia, both activities have contributed to the colonization of freshwater systems particularly by species such as Brown Trout (Salmo trutta) and Rainbow Trout (Oncorhynchus mykiss). The ecological impact of these species has been widely studied in continental freshwater ecosystems. There are, however, no studies of their impact in southern Patagonian fjords. Here, we evaluate the effect of the presence of Coho Salmon (Oncorhynchus kisutch) and Chinook Salmon (Oncorhynchus tshawytscha) juveniles on the diet (stomach content and isotopic niche) of the native Galaxias maculatus in lakes and estuaries associated with Patagonian fjord system. Galaxias maculatus inhabiting salmon-free lakes fed primarily on insects, while lake G. maculatus coexisting in sympatry with Coho Salmon consumed primarily benthic macroinvertebrates. In estuaries, the diet of G. maculatus and Salmon (Coho and Chinook) overlap. The isotopic niche space of G. maculatus (based on carbon, nitrogen and sulphur isotopic compositions) was larger in lakes where it was found in sympatry with Coho Salmon compared to its isotopic niche space in salmonid-free lakes. Finally, in estuaries, niche spaces were similar between G. maculatus and Coho Salmon. The niche space was greater for Chinook Salmon than for G. maculatus and Coho Salmon, most probably as a consequence of their territorial behaviour and larger home ranges. 
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Introduction
Fjords are species-poor ecosystems that are highly vulnerable to species invasions (MacArthur and Wilson 1963; Simberloff 1974; Elton 1958; Ricciardi and Atkinson 2004). Chilean Patagonian fjords are among few remaining largely undisturbed fjord ecosystems and are a conservation priority (Myers et al. 2000). However, Chile is also one of the six global "hot spots" of freshwater fish invasions that pose significant threat to native fish fauna (Habit et al. 2015; Rojas et al. 2019). Among invasive fish species, Brown Trout Salmo trutta and Rainbow Trout Oncorhynchus mykiss are the most common and widely distributed salmonids in Chile but to date they have not been reported in the Chilean Patagonian fjords.
New fish invasions in aquatic ecosystems in Chile are accelerated by rapid salmon farming expansion and other human-induced activities that directly affect large parts of Patagonia (Arismendi et al. 2014; Niklitschek et al. 2013; Brooks et al. 2006). Salmonid invasions are a serious threat to freshwater ecosystems of Patagonia as they lead to significant alteration of native fish communities and changes in ecological interactions (Habit et al. 2012, 2015; Rojas et al. 2019). Salmonid farming has gained economic importance in Chile during recent decades and presently Chile is the second largest salmon producer in the world with thousands of farms operating in Patagonian fjords (Arismendi et al. 2014). Large-scale escapes of farmed fish are frequent and result in their presence in natural ecosystems (Soto et al. 2007; Niklitschek et al. 2013; Arismendi et al. 2014). A recent study documented for the first-time the recruitment of juvenile Coho Salmon Oncorhynchus kisutch in Patagonian fjords hundreds of kilometres away from the nearest aquaculture facilities (Górski et al. 2017). 
Trophic interactions (i.e., competition, predation) are among the most common ways that invasive fish can impact native fish populations (Simon and Townsed 2003; Arismendi et al. 2014). Large sized invasive Coho Salmon and Chinook Salmon have the potential to directly prey on native galaxiids and are characterized by anadromous and semelparous life cycles that favour their capacity to invade freshwater ecosystems (Arismendi et al. 2014). Galaxias maculatus, locally referred to in Chile as Puye, is a small-sized galaxiid native to Patagonia that exhibits both freshwater resident, and diadromous populations (Delgado et al. 2019, 2020) and can thus be found in lakes, rivers and estuaries (Cussac et al. 2020). Lake inhabiting adults of G. maculatus were reported to feed on benthos, terrestrial insects and zooplankton (Pollard 1973; Milano et al. 2013; Manosalva et al. 2021). Juvenile Chinook and Coho Salmon (<8.5 cm) were shown to feed on similar food items e.g., zooplankton, macroinvertebrates, insects (Nielsen 1992; Jonsson et al. 1999; Johnson 2007). Furthermore, aggressiveness observed in juvenile Chinook Salmon and territoriality in Coho Salmon reflect their dominant behaviour (Puckett and Dill 1985; Healey 1991; Mason 1966). This dominant behaviour may cause spatial displacement and limit access to resources of less aggressive native species such as G. maculatus (Dill 1978; Arismendi et al. 2009, 2012; Tagliaferro et al. 2015). 
Here, we evaluate the effect of the presence of Coho and Chinook Salmon on the diet (stomach content and isotopic niche) of the native G. maculatus in lakes and estuaries associated with relatively pristine Patagonian fjords. Stomach content analyses allow an assessment of diet on a short temporal scale of days and provide proportional data (Hyslop 1980; Hobson 1993). Isotopic niche analysis allows an assessment of diet integrated over a longer temporal scale of months and provides continuous numeric data that reflect ecological and biological processes that result in organism’s isotopic signal (Vinson and Budy 2010; Manosalva et al. 2021). Carbon is strongly related to primary production, thus the difference in carbon isotopic composition among interacting species provides a quantifiable estimate of habitat and trophic resource use (Fry 2006). The nitrogen isotopic composition gets enriched in heavier 15N isotopes during trophic transmission and increases with each trophic level. It thus allows an assessment of trophic position and interactions (Fry 2006). Finally, the isotopic composition of sulphur allows aquatic habitat differentiation as the ratio of heavy to light sulphur isotopes differs between marine and freshwater environments (Thode 1991). 	

Methods
Study Area
This study was executed in the Bernardo O'Higgins and Alacalufes National Parks (between 49°S and 52°S, Fig. 1). Sampling was carried out during austral summer in January 2014. The study focuses on three lakes and five estuaries associated with Patagonian fjords (Fig.1, Table 1). Two of the lakes (Lake Konrad Po and Lake Evelyn) were salmon-free and contained only native fish, whereas the third lake (Los Cipreses) was characterised by the presence of native fish and Coho Salmon (Table 1). In two of the five estuaries (Konrad Po and Santa María estuaries) we collected only native fish, whereas we found a high abundance of Coho Salmon in Puma estuary and high abundance of Chinook Salmon in Maravilla Estuary (Table 1). Only one specimen of Coho Salmon was found in Coicopihue estuary.
Field sampling
     Fish were caught using a beach seine (5 m long, 1.5 m high and 10 mm stretched mesh size). Collected fish were anesthetized, measured, weighed and identified to species level in situ (Hartman, 1997). A sub-sample of 20 individuals was anesthetised and preserved in 95% ethanol for further processing in the laboratory. Stomach content was assessed in 20 individuals from each location, whereas isotopic composition was assessed in 10 individuals from each location.

Stomach content and stable isotopes analyses 
Stomach content was examined under a stereoscope (SMZ-171-TLED, Motic, Xiamen, China). The dietary items were identified based on morphological features using Domínguez and Fernández (2009) identification key to the lowest possible level (class or order), counted and weighed with a precision scale of 0.0001g (Table S1). All items corresponding to terrestrial insects were grouped together and all zooplankters were also pooled as one group for further analyses. This resulted in nine prey categories (Amphipoda, Coleoptera, Diptera, Ephemeroptera, Gastropoda, Lepidoptera, Terrestrial, Trichoptera and Zooplankton) used in subsequent analyses.   To evaluate the effects of presence of Coho Salmon and Chinook Salmon on stomach content of puye, the index of relative importance (IRI) established by Pinkas et al. (1971) was calculated for each species and site following equation: 

IRI = (%N + %G) x %F. 

This index combines the frequency of occurrence (%F, percentage of fish stomachs that contained selected prey category), numerical abundance (%N, number of items in selected prey category in relation to the total number items in all categories) and index of gravimetric abundance (%G, weight of selected prey category in relation to the total weight items in all categories) in one value.
Muscle tissue samples for stable isotope analyses were dried at 60°C for 48 hours, pulverized and placed inside tin capsules; 1 mg for analyses of isotopes of carbon and nitrogen and 5 mg for analyses of isotopes of sulphur. The isotopic analysis was conducted at the UC Davis Stable Isotopes Facility, University of California (USA). The isotopic composition was expressed as δ15N for nitrogen, δ13C for carbon and δ34S for sulphur, and they were calculated following the equation

 δX = (Rsample/Rstandard -1), 

where X is the proportion in delta (δ) units relative to a standard, and Rsample and Rstandard are the absolute isotopic proportions of the sample and the standard, respectively (Fry, 2006; Coplen, 2011). The standard for carbon and nitrogen were fossil calcite (Pee Dee Belemnite of Vienna or 17 VPDB) and atmospheric nitrogen, respectively. A pure reference gas (SO2) was used to calculate provisional delta values of the sample peak of sulphur. Laboratory standards were calibrated directly against IAEA S-1, S-2, and S-3. Delta (δ) values were expressed in parts per thousand (‰). 
Statistical analyses
PERMANOVA was used to compare diet composition (weight of all items in each prey category) and isotopic signatures (δ13C, δ15N, δ34S) of G. maculatus, Coho Salmon and Chinook Salmon between species that were found in sympatry and among different lakes and estuaries. PERMANOVA is a semiparametric method based on distance measurements and permutations that is suitable for biological data that do not fulfil the traditional statistical normality or/and homoscedasticity assumptions (Anderson, 2001; McArdle and Anderson, 2001). The first model evaluated the differences in diet and isotopic signatures of G. maculatus between different estuaries and lakes. The second model evaluated the differences in diet and isotopic signatures between G. maculatus and Coho Salmon in Lake Los Cipreses. Finally, the third model evaluated the differences in diet and isotopic signatures between G. maculatus and Chinook Salmon in the Puma and Maravilla estuaries. Diet composition data (weight of all items in each prey category) were fourth-root transformed prior to analyses to reduce the effect of outliers. Subsequently, Bray-Curtis dissimilarity matrices for biomass data and Euclidian distance matrices for isotopic data were calculated. 
To compare isotopic niche size of G. maculatus, Coho and Chinook Salmon among ecosystems, we calculated the isotopic niche space for each lake/estuary and species using nicheROVER package in R (Swanson et al. 2015). This tool quantifies the size of niche space as a probability region (Bayesian inference framework) in a n-dimensional space reduced to an elliptical projection. We used 95% probability in a two-dimensional space (δ 15N and δ13C/ δ15 N and δ 34S/ δ13C and δ34S).

Results
Stomach content 
We analysed the content of 220 stomachs overall: 160 of G. maculatus, 40 of Coho Salmon and 20 of Chinook Salmon. Overall, 89,1% of the stomachs contained prey. The stomach content of the native G. maculatus in the two salmon-free lakes (Lakes Evelyn and Lake Konrad Po) was dominated by terrestrial insects (Fig 2). Terrestrial insects (Chironomidae and Ceratopogonidae) made up to 95% of the stomach content of G. maculatus in Lake Konrad Po, whereas in Lake Evelyn apart from approximately 50% of terrestrial insects (Chironomidae), stomachs of G. maculatus also contained zooplankton (Chydoridae) and Diptera larvae (Chironomidae) (Fig. 2, Table 2, Table S2).  The stomach content of G. maculatus in Lake Los Cipreses (where it was found in sympatry with salmon) was significantly different from that in the two salmon-free lakes and was dominated by Trichoptera (larvae and pupae) and zooplankton (Cyclopidae and Bosminidae) (p<0.001; Fig. 2, Table 2, Table S2). In contrast, the stomach content of Coho Salmon in sympatry with G. maculatus in Lake Los Cipreses was dominated by zooplankton and Diptera larvae (Chironomidae) and significantly differed from the stomach content of G. maculatus in the same lake (p<0.001; Figure 2, Table 3). 
The stomach content of native G. maculatus significantly differed among the estuaries assessed (Fig. 3, Table 2, Table S2). Galaxias maculatus in the Santa María estuary consumed Diptera larvae (Chironomidae, Ephydridae and Psychodidae) (up to 90% of stomach contents), while in the Coicopihue and Konrad Po estuaries it mainly consumed amphipods and zooplankton, respectively (Fig. 2, Table 2). When G. maculatus was found in sympatry with abundant Chinook Salmon in estuaries their stomach content differed significantly mainly because of higher proportion of Diptera larvae (Chironomidae) in the stomach content of G. maculatus and Amphipoda in the stomach content of Chinook Salmon, while both species consumed a high proportion of terrestrial insects (Ephydridae, Chironomidae, Ceratopogonidae and Simuliidae) (Fig. 3, Table 3, Table S3).  Also, in Puma River estuary where G. maculatus was found in sympatry with abundant Coho Salmon their stomach content differed significantly, while stomach content of G. maculatus was strongly dominated by terrestrial insects (Chironomidae) (> 60%) and zooplankton (Cyclopidae), the stomach content of Coho Salmon comprised almost equal proportions of terrestrial items, Trichoptera larvae and Diptera larvae (Chironomidae) (~30% each; Fig. 3, Table 3, Table S3). 
Isotopic niches
Isotopic niche ellipses of G. maculatus based on δ15N, δ13C and δ 34S differed among lake systems and estuaries (Fig. 4; Table 2). As such, isotopic niche amplitude was significantly broader (mainly due to δ15N and δ34S variation) when G. maculatus was found in sympatry with Coho Salmon in Lake Los Cipreses than when found in salmon-free lakes (Fig 4). Furthermore, the δ34S signatures for G. maculatus differed among salmon-free lakes with fish from Lake Konrad Po highly enriched in 34S (δ34S = 18), and those from Lake Evelyn characterised by a low proportion of the heavier Sulphur isotope (δ34S = -10; Fig 4). Galaxias maculatus collected in estuaries was characterized by a different pattern and similar size of isotopic niche ellipses in three dimensions (δ 15N, δ13C and δ34S) with a notable overlap among the ellipses (Fig 4).
The amplitude of isotopic niche of Coho Salmon in Lake Los Cipreses was smaller compared to that of G.maculatus, however both ellipses overlapped considerably (>50%) mainly due to similarities in δ15N and δ13C signatures (Fig 5, Table 3). In estuaries, instead, G. maculatus exhibited a narrower niche than either Coho Salmon or Chinook Salmon (Fig. 5), but all three species exhibited significant isotopic niche overlap (>70%). 

Discussion
We present evidence of the effects of early stage salmonid invasion on the diet of the native Puye Galaxias maculatus in Patagonian fjords. Galaxias maculatus consumed mainly terrestrial insects in salmon-free lakes, whereas in a lake where the species was found in sympatry with Coho Salmon, it consumed mainly benthic invertebrates. The stomach content of G. maculatus varied among estuaries, however when found in sympatry with Chinook or Coho Salmon it consumed similar food items. Isotopic niche based on δ15N, δ13C and δ34S of G. maculatus overlapped with the isotopic niche of Coho and Chinook Salmon, and this overlap was more significant in estuaries than in lakes. 

Variation of the diet of G. maculatus in lakes and estuaries
Galaxias maculatus in lakes fed mainly on terrestrial insects and benthic invertebrates, the supply of which is driven by fresh water productivity and tributary supplies as well as by connections with the adjacent terrestrial ecosystem (Gorsky et al. 2000). Availability, ease of capture and high energy content probably drives high frequencies of terrestrial insects in stomachs of G. maculatus in lakes Konrad Po and Evelyn (Nakano and Murakami 2001; Baxter, Fausch and Saunders 2005; Mason and Macdonald 2006). Furthermore, the isotopic niche of G. maculatus in these two lakes exhibited similar amplitude but was characterized by marked differences in δ34S signal. The isotopic composition of sulphur is driven by bacterial activity related with the sulfide through three pathways: reduction, disproportionation and oxidation (Habicht and Canfield, 1997; Weber, Thamdrup and Habicht, 2016). Reduction together with availability of organic matter and hypoxic conditions causes enrichment of sulphur in heavier isotopes (higher δ34S) as observed in Lake Konrad Po. In contrast, a well-oxygenated environment can favor re-oxidation and decrease in δ34S due to mineralization processes that may be more frequent in Lake Evelyn (Pellerin et al. 2019). Alternatively, the differences in δ34S observed between Lakes Evelyn and Konrad Po could be due to differences in their connectivity with the marine environment. There is a direct stream connection between the fjord and Lake Konrad Po that may cause lake enrichment in 34S by marine sulfide subsidies (Thode, 1991; Mitchell et al. 2001), whereas Lake Evelyn is located in close proximity to a glacier and possible glacier water inflow with low sediments and organic matter that reduce bacterial metabolism and enhance interval of porosity favoring mineralization (Perry and Pedersen 1993; Pasquier et al. 2017). Estuaries are among the most productive aquatic ecosystems directly connected to the marine environment (Mabidi et al. 2017; Khudhair et al. 2019). Such highly productive, eutrophic systems are expected to have more simple food webs than oligotrophic lakes (Carney and Elser, 1990). Even though short term diets based on stomach content varied among G. maculatus captured in different estuaries on a larger temporal scale integrated in isotopic niche they seem to share similar diet and carbon sources.

Diet of G. maculatus in sympatry with salmon
            Coho salmon are characterized by opportunistic, territorial behavior that allows them to monopolize their food resources and therefore their presence in a lake may be expected to affect the diet of sympatric G. maculatus (Mason 1966; Puckett and Dill 1985; Elliott 1990; Nielsen 1992). As such, Coho Salmon probably monopolize the preferred available terrestrial insect items and by their aggressive behavior forces G. maculatus to seek refuge and shift their diet to benthic invertebrates and zooplankton in Lake Los Cipreses (Boy et al. 2013; Chapman et al. 2006). Interestingly, we found the isotopic niche of G. maculatus in Lake Los Cipreses to be significantly broader than that of Coho Salmon largely due to variation in δ34S and δ15N. This might be an effect of either diet diversification in response to salmon competitive pressure or recent movement from the estuary of some of the individuals of diadromous G. maculatus (Górski et al. 2018, Delgado et al. 2019). The diets of G. maculatus and both Coho Salmon and Chinook Salmon in estuaries overlapped. This may be an effect of higher prey availability in estuaries or higher turbidity of estuaries compared to lakes that impede territorial behavior of salmon based on visual cues (Jenkins, 1969). Berg (1985) postulates that turbidity provides a visual isolation capable of interrupting the social integration and the sense of "space" of salmon. We found the amplitude of isotopic niche of both Coho and Chinook Salmon in estuaries to be two- to four-fold broader than that of G. maculatus mainly due to carbon variation that suggests broader home ranges of salmon (Nielsen 1992; Jonsson et al. 1999)
This study documents the effects of the presence of invasive salmon on the diet of native G. maculatus in lakes and estuaries of Patagonian fjords. As such, salmon seem to cause habitat and diet shift of G. maculatus in the analyzed lake, whereas native G. maculatus and salmon strongly overlap in isotopic niche in estuaries. Our data suggest competition and displacement between salmon and native galaxiids as previously reported for continental Patagonian lakes (Habit et al. 2010, 2012; Ortíz-Sandoval et al. 2017). We are aware of the limited data presented but they do give some indications of the effects of invasive salmon on native fish at an early stage of invasion in a largely pristine Patagonian fjord system. Communication of such results is urgent as new salmon invasions are being reported in southernmost locations (Maldonado‐Márquez et al. 2020) and many new salmon aquaculture projects are pending approval in the region. We urge large scale monitoring of fjord ecosystems to build baseline databases to inform placement of new aquaculture farms. Furthermore, we recommend implementation of environmental legislation that imposes traceability protocols in all new aquaculture initiatives.
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Tables 

Table 1. Ecosystem type, location and numbers of fish of each a species caught in each location: Lake: L, Estuary: E; Gm, Galaxias maculatus: Em, Eleginops maclovinus: Ok, Oncorhynchus kisutch: Ot, Oncorhynchus tshawytscha.
	                                                           Total number of fish caught

	Ecosystem type 
	Site location
	Site name
	Gm
	Em
	Ok
	Ot

	L
	49° 11’ 43.1’’ S / 74° 08’ 26.1’’ W
	Lake Evelyn
	156
	
	
	

	E 
	51° 10’ 48.5’’ S /  74° 25’56.3’’ W
	Konrad Po Estuary
	504
	
	
	

	L
	51° 10’ 39.7’’ S / 74° 26’ 17.7’’ W
	Lake Konrad Po
	88
	
	
	

	E 
	51° 51’ 34.0’’ S / 71° 29’ 39.2’’ W
	Coicopihue Estuary
	77
	1
	1
	

	E 
	51° 47’ 29.8’’ S / 73° 30’ 15.9’’ W
	Maravilla Estuary
	187
	19
	
	45

	E 
	51° 52’ 57.8’’ S / 73° 15’ 38.0’’ W
	Puma River Estuary
	115
	13
	57
	

	L
	51°52’ 55.8’’ S / 73° 15’ 15.2’’ W
	Lake Los  Cipreses 
	64
	
	21
	

	E 
	51° 57’ 54.4’’ S / 73° 08’ 16.9’’ W
	Santa Maria Estuary
	141
	 
	 
	 






Table 2. The results of PERMANOVA based on Bray Curtis dissimilarity matrix of biomass and Euclidian distance matrix of isotope data (δ13C, δ15N, δ34S) of Galaxias maculatus collected in lakes and estuaries.

	 
	Ecosystem type
	Source
	df
	SS
	Pseudo-F
	P

	Stomach content
	Lake
	Site
	2
	51088
	13.465
	<0.001

	
	 
	Residuals
	51
	96746
	 
	 

	
	Estuary
	Site
	4
	27858
	12.031
	<0.001

	 
	 
	Residuals
	77
	44574
	 
	 

	Isotopic signals
	Lake
	Site
	2
	3518.8
	91.9990
	<0.001

	
	 
	Residuals
	27
	516.35
	 
	        

	
	Estuary
	Site
	4
	71.306
	8.4519
	<0.001

	 
	 
	Residuals
	44
	92.803
	 
	 




Table 3. The results of PERMANOVA based on Bray Curtis dissimilarity matrix of biomass and Euclidian distance matrix of isotope data (δ13C, δ15N, δ34S) of Galaxias maculatus, Oncorhynchus kisutch and Oncorhynchus tshawytscha collected in lakes and estuaries.

	
	Ecosystem
	Species
	Source
	df
	SS
	Pseudo-F
	P

	Stomach content
	Lake Los Cipreses
	G. maculatus, O. kisutch
	Species
	1
	9872.3
	12.516
	<0.001

	
	 
	 
	Residuals
	35
	788.79
	
	

	
	Puma Estuary
	G. maculatus, O. kisutch
	Species
	1
	3536.1
	7.6204
	<0.001

	
	 
	 
	Residuals
	35
	16241
	
	

	
	Maravilla Estuary
	G. maculatus, O. tchawytscha
	Species
	1
	2147.3
	8.0742
	<0.001

	 
	 
	 
	Residuals
	38
	10106
	
	

	Isotopic signal
	Lake Los Cipreses
	G. maculatus, O. kisutch
	Species
	1
	99.239
	2.8482
	NS

	
	 
	 
	Residuals
	18
	627.38
	
	

	
	Puma Estuary
	G. maculatus, O. kisutch
	Species
	1
	20.267
	3.4159
	<0.001

	
	 
	 
	Residuals
	18
	106.79
	
	

	
	Maravilla Estuary
	G. maculatus, O. tchawytscha
	Species
	1
	100.57
	13.538
	<0.001

	 
	 
	 
	Residuals
	18
	133.71
	
	



	
	
	





Figures
[image: C:\Users\konrr\Dropbox\2021\STEFANIA\Mapa Nia.jpg]
Fig 1. Location of the study area and the respective sampling sites. Lakes are marked in red and estuaries in blue. 
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Fig 2.  Comparison of relative importance indices (IIRI%) that represent stomach content of Galaxias maculatus in Evelyn and Konrad Po lakes as well as G. maculatus and Oncorhynchus kisutch in Los Cipreses Lake.
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Fig 3. Comparison of relative importance indices (IIRI%) that represent stomach content of Galaxias maculatus as well as Oncorhynchus tshawytscha (Maravilla Estuary) and Oncorhynchus kisutch (Puma River Estuary).



	
	
	



[image: ]Fig 4. Elliptical projections of isotopic niche region for each population of Galaxias maculatus based on isotopic signatures (δ13C, δ15N, δ34S) of muscle tissue for three lakes (top) and five estuaries (bottom) shown in biplots 
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Fig 5. Elliptical projections of isotopic niche region for each population of Galaxias maculatus, Oncorhynchus kisutch and Oncorhynchus tshawytscha based on isotopic signatures (δ13C, δ15N, δ34S) of muscle tissue for Lake Los Cipreses (top), Puma River Estuary (middle) and Maravilla Estuary (bottom).
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