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Abstract

1.

The impacts of non-native species are hypothesised to be proportional to the
functional distinctiveness of invaders in their invaded ecosystems. Throughout
the Patagonia region of southern South America, Chinook salmon (Oncorhynchus
tshawytscha) have recently established non-native populations, and their ana-
dromous, semelparous life cycle could be functionally unique such that marine-
derived nutrients are delivered to streams which have historically lacked such a

resource linkage with the ocean.

. We tested the hypothesis that salmon subsidise biofilm-associated algae in

streams throughout the Aysén province of southern Chile. Using spatial and tem-
poral variation in the presence of salmon among multiple streams and across two
spawning seasons, we found strong evidence of salmon-subsidised algae in three

out of four streams examined that have spawning salmon populations.

. The biofilm of subsidised streams had enriched stable isotopic ratios of nitrogen

and carbon, indicating that marine-derived nutrients were incorporated by bio-
films. This nutrient uptake translated into increased algal biomass and percent of
total biofilm biomass composed of algae, indicating that the incorporation of ma-

rine-derived nutrients stimulated autotrophic production of biomass.

. In one stream, the incorporation of marine-derived nutrients by biofilm occurred

in only one of the two studied spawning seasons. Incorporation occurred in a year
with low flows of water throughout salmon spawning (4.59 m2/s) and did not occur
in a year with much higher flows (41.6 m®/s), suggesting that inter-annual variation

in discharge can mediate the subsidising effect of salmon.

. These results indicate that Chinook salmon have bridged the historical gap be-

tween productive marine ecosystems and nutrient-poor stream ecosystems in
Patagonia. Anadromous salmon can be a significant source of nutrients in nutri-
ent-limited catchments, and their ongoing expansion in southern South Americais

likely to entail ecological impacts in stream and riparian food webs.
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1 | INTRODUCTION

The movement of energy and nutrients among ecosystems is fun-
damental to the productivity and composition of biological com-
munities (Polis et al., 1997). These resources are often transported
into ecosystems through the movement of animals and they can
increase the biomass within recipient food webs beyond that
which can be supported by in situ productivity alone (e.g. Atlas
et al., 2013; Graham et al., 2018). Such subsidies are recognised as
having a vital ecological function. For example, seabirds and anad-
romous fish bring marine-derived nitrogen and phosphorus into
terrestrial and freshwater ecosystems (e.g. Graham et al., 2018;
Hood et al., 2019; Walsh et al., 2020), and the widespread collapse
of seabird and anadromous fish populations has resulted in the
global transfer of phosphorus from sea to land declining over 96%
from historic levels (Doughty et al., 2016). Whereas the loss of
historic connections among ecosystems disrupts nutrient cycles
and recipient food web productivity (Gresh et al., 2000), the emer-
gence of novel resource linkages among ecosystems that occur
due to the establishment of non-native species could be equally
disruptive.

One of the best described systems of resource subsidisation con-
cerns Pacific salmon (Oncorhynchus spp.) in freshwater and terrestrial
ecosystems in Pacific North America. Pacific salmon are anadro-
mous, gaining 99% of their biomass in the ocean before returning
to their natal streams to spawn en masse and subsequently die of
rapid senescence (Quinn, 2005). Aquatic and terrestrial ecosystems
are typically nutrient limited in that the biomass of primary produc-
ers is limited by the availability of nitrogen and phosphorus (Elser
et al., 2007). As such, the annual pulse of marine-derived nitrogen
and phosphorus from salmon carcasses can strongly subsidise auto-
trophic and heterotrophic production in both streams and the sur-
rounding riparian habitat (Gende et al., 2002; Janetski et al., 2009;
Walsh et al., 2020). Salmon-derived nutrients enter these food webs
through a wide variety of pathways. Direct consumption of salmon
carcasses increases the biomass of collector and shredder inver-
tebrates (Chaloner & Wipfli, 2002; Lessard & Merritt, 2006), and
consumption of salmon eggs increases the biomass of a variety of
stream fishes (Armstrong et al., 2010; Bailey & Moore, 2020; Bentley
et al., 2012; Hermann et al., 2020; Scheuerell et al., 2007; Swain
et al., 2014). Carcasses that are deposited in the riparian zone are
heavily consumed by terrestrial insects (Hocking & Reimchen, 2002)
and cause soils to accumulate nitrogen, affecting the composition
of riparian plant assemblages (Hocking & Reynolds, 2011; Morris &
Stanford, 2011) and enhancing the growth of spruce trees (Quinn
et al., 2018). Some carcasses are flushed downstream into estuaries,
where they are scavenged by gulls and subtidal invertebrates (Field
& Reynolds, 2013; Reimchen, 2017). Alternatively, salmon-derived
nutrients can enter stream food webs through the uptake of dis-
solved nutrients in the water column by the microbial communities
comprising benthic biofilms.

Biofilms are a complex aggregation of algae, bacteria, protozoa,

fungi, and archaea found on submerged rocks. They can be subsidised

by salmon at multiple time scales, both during spawning (i.e. weeks;
Chaloner et al., 2007; Schuldt & Hershey, 1995) as well as months
after spawning due to retention of salmon-derived nutrients within
the ecosystem (Harding et al., 2014; O’Keefe & Edwards, 2002).
Conversely, salmon can have a negative effect on biofilm biomass
during spawning due to the physical disturbance of the stream-
bed caused by females digging nests (i.e. redds) (e.g. Holtgrieve &
Schindler, 2011; Moore & Schindler, 2008), although streams that
experience such disturbance during spawning can still retain salmon
nutrients (Rex & Petticrew, 2008) and can be subsidised by salmon
months after spawning (Harding et al., 2014). Subsidised biofilm
can propel salmon-derived nutrients up the food web. For example,
biofilm biomass and macroinvertebrate density are 15 and 25 times
higher, respectively, in a salmon subsidised stream in Alaska relative
to a non-subsidised stream (Wipfli et al., 1998). In British Columbia,
salmon spawner density among streams is positively associated with
the abundance of biofilm-grazing mayflies (Verspoor et al., 2011) and
insectivorous forest birds (Wagner & Reynolds, 2019). Indeed, as the
resource base for higher trophic levels, biofilms can have strong,
bottom-up effects, as key sites of primary production and the trans-
fer of carbon from autotrophic to heterotrophic organisms (Risse-
Buhl et al., 2012; Rosemond et al., 2000).

One of the few instances of a Pacific salmon establishing
self-sustaining populations outside of their native range has recently
occurred in Patagonia, southern South America. Introduction at-
tempts for commercial purposes in the 1970s and 1980s seeded the
establishment of Chinook salmon (Oncorhynchus tshawytscha) pop-
ulations in a few streams in southern Chile (Correa & Gross, 2008).
Since these efforts, Chinook have colonised seemingly all inhabit-
able catchments in southern Chile, from 39 to 55°S, and have even
crossed the Strait of Magellan and colonised Atlantic-draining catch-
ments in Argentine Patagonia (Di Prinzio & Pascual, 2008). Most of
the research to date on Patagonian Chinook has focused on genetic
and life history diversity among populations (e.g. Araya et al., 2014;
Correa & Moran, 2017; Gomez-Uchida et al, 2018; Narum
et al., 2017). Conversely, the food web and ecosystem impacts of
these non-native populations have received little study (Arismendi &
Soto, 2012; Ciancio et al., 2008; Soto et al., 2007).

Chinook are the least abundant species of Pacific salmon in
North America and require the largest streams and substrate
sizes for spawning habitat (Gottesfeld et al., 2008; Kondolf
&Wolman, 1993). Larger substrates are harder to dislodge from
the streambed and are therefore less prone to disturbance during
salmon spawning (Holtgrieve et al., 2010; Janetski et al., 2009,
2014). The larger substrates and lower densities in which Chinook
spawn (relative to other salmon species) could mean that, in
general, their disturbance (i.e. negative) effects are smaller than
their subsidy (i.e. positive) effects on stream biofilms. For exam-
ple, low densities of spawning Chinook salmon (<0.001 spawn-
ers/m?) caused a 46% increase in the gross primary production
of three streams in Washington, U.S.A. (Benjamin et al., 2016),
whereas moderate densities of spawning sockeye (Oncorhynchus

nerka) salmon (>0.6 spawners/m?) caused a 72% reduction in
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gross primary production in three streams in Alaska (Holtgrieve &
Schindler, 2011). Although Chinook can have dramatic disturbance
effects through the creation of spawning dunes in the streambed
(Gottesfeld et al., 2008), this behaviour is observed only in the
largest rivers in which they spawn and has not been reported in
Patagonia, suggesting that they could be more likely to have a sub-
sidy effect in their South American range.

If Chinook salmon subsidise stream biofilms in Patagonia, these
subsidies would represent a novel resource linkage between ma-
rine and freshwater ecosystems. The delivery of marine-derived
nutrients to these ecosystems has historically not occurred due to
the apparent absence of any native anadromous fish that spawn
in the upper reaches of Andean catchments (Alo et al., 2019). As
such, Chinook are functionally unique in Patagonia. The ecological
impacts of invasive species are hypothesised to be proportional
to the functional distinctiveness of the invader in the recipient
community (Ricciardi & Atkinson, 2004; Ricciardi et al., 2013;
Schittko et al., 2020; Vitousek, 1990), meaning the novel function
performed by Chinook would be predicted to have large impacts.
Moreover, southern Chile has one of the lowest rates of atmo-
spheric nitrogen deposition in the world (Dentener et al., 2006).
An annual pulse of marine-derived nutrients in these otherwise
nutrient-poor systems (Diaz et al., 2007; Perakis & Hedin, 2002)
could therefore have a disproportionately strong ecological effect
(Flecker et al., 2010).

The aim of this study was to test the hypothesis that nutrients
from non-native Chinook salmon subsidise biofilm-associated algae
in Patagonian streams. We sampled biofilm in the presence and
absence of senescent salmon across 2 years and multiple streams.
We used stable isotope analysis to assess the incorporation of ma-
rine-derived carbon and nitrogen by biofilms. Stable isotope anal-
ysis is a powerful, time-integrated technique for assessing sources
of nutrients in food webs (Peterson & Fry, 1987). Salmon tissue is
highly enriched in *C and *°N due to their trophic interactions in the
marine food web, allowing the use of carbon and nitrogen isotopic
ratios to test for the incorporation of marine-derived nutrients in
consumer tissue (Gende et al., 2002; Naiman et al., 2002). To infer
the presence or absence of a subsidy effect (i.e. an increase in bio-
mass due to incorporation of an externally produced, donor-con-
trolled resource), we also tested whether marine-derived nutrients
increase the biomass of algae by measuring biofilm chlorophyll a (a
measure of algal biomass) and ash-free dry mass (a measure of total
organic matter). We tested our hypothesis using two experimental
designs that utilised spatial and temporal differences in the presence
of senescent salmon.

2 | METHODS
2.1 | Study sites

Field surveys were conducted in streams throughout the Aysén

province of southern Chile (Figure 1). This area is in the Valdivian

Freshwater Biology WY LEYM

temperate rainforest ecoregion and is characterised by relatively low
levels of human-modified land cover, forests dominated by southern
beech trees (Nothofagus spp.), a seasonal climate, and strong longi-
tudinal gradients in rainfall. Chinook salmon were first reported in
this province in the early 2000s (Correa & Gross, 2008) and now
have annual spawning runs in many tributaries of its Andean catch-
ments. The main point sources for the Chinook invasion of Chile
were stocking efforts between 1976 and 1987 in a few streams to
the north (42°S) and south (51°S) of the Aysén province, suggesting
that catchments here were colonised by straying salmon from estab-
lished populations (Correa & Gross, 2008; Correa & Moran, 2017).
Five streams were used in this study: four in the Rio Aysén catch-
ment (El Toqui, Nirehuao, Emperador Guillermo, and Huemules) and
one in the Rio Baker catchment (Jaramillo; Figure 1). These streams
are dominated by non-native rainbow trout (Oncorhynchus mykiss)
and brown trout (Salmo trutta), with native fishes being rare (N. J.
Mufoz, unpublished data) probably because of predation and com-
petition imposed by trout (Correa & Hendry, 2012). The streams
range from third to fifth order and from 6 to 65 km in total length,
the largest being Nirehuao, which drains nearly 2,000 km? (Table 1).
Flows in these streams generally follow a rainfall-snowmelt tran-
sitional hydrologic regime and are typically high during the salmon
spawning season due to heavy autumn rains. In Jaramillo, flows
are regulated by a small, nearby lake. These streams were selected
for the study due to the presence of a barrier to salmon migration
in each one, which was key to the study design (described below).
Additional criteria included accessibility, evidence of salmon runs,

and similar land use upstream versus downstream of the barrier.

2.2 | Control-Impact study design

In February-May 2016, we conducted a Control-Impact (Cl) study
in four streams (El Toqui, Nirehuao, Emperador Guillermo, and
Jaramillo, with Huemules omitted due to logistical constraints).
Control and Impact refer to paired sites within a stream that differ
in the presence of salmon. In El Toqui, Nirehuao, Huemules, and
Jaramillo, adult Chinook salmon arrive throughout February and
March and, over the course of several weeks, aggregate at dis-
tinct spawning sites and eventually die of senescence. Upstream of
these spawning sites in each stream is habitat that is not occupied
by salmon due to a natural barrier to salmon migration in the form
of a waterfall (except for El Toqui, see below). Thus, upstream sites
were paired with downstream sites such that they differ in the pres-
ence of salmon. This upstream-downstream approach has been
used by several other studies (e.g. Chaloner et al., 2007; Christie &
Reimchen, 2008; Harding et al., 2014; Hocking & Reimchen, 2002;
Lessard & Merritt, 2006; Mitchell & Lamberti, 2005) and is power-
ful in that it controls for the physical and chemical attributes of the
streams (see below for relevance of variables that affect biofilm).

In El Toqui, a small, run-of-the-river hydroelectric facility diverts
water at a small dam located directly upstream of a steep gradient in

the stream. It releases the water back into the stream at the bottom
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FIGURE 1 Map of study streams

B
2 Jaria{nillo

located throughout the Aysén province of
southern Chile. Shown are the upstream
and downstream sites that were sampled
in this study, as well as the drainage

areas of each study stream (outlined in
red) and of the two catchments in which
study streams were located (outlined

in grey) [Colour figure can be viewed at
wileyonlinelibrary.com]
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of the gradient, upstream of the observed spawning habitat. The
habitat between the release site and the dam consists of pool-riffle
habitat caused by the steep elevation gain. Such habitat is unsuit-
able for Chinook spawning, and visual surveys found no evidence
of spawning throughout this section. This allowed us to place the
Control site below the gradient and shortly downstream of the re-
lease site, thereby maintaining the key feature of the ClI design of
having only the presence of salmon being different between the
sites.

Emperador Guillermo (Emperador hereafter) was used as a ref-
erence stream in the Cl study because it has a waterfall shortly up-
stream (c.2 km) of its confluence with the main stem and seemingly
no salmon that spawn in the available habitat below this waterfall.
Discussions with several local people yielded mixed responses as
to whether adult salmon enter the reach below the waterfall. In a
snorkel survey in 2018, we identified juvenile Chinook in the reach
below the waterfall (N. J. Mufioz, unpublished data). However, multi-
ple foot surveys were conducted at each stream during the Cl study
and Emperador was the only one in which there were no live or
dead adult salmon observed at any point. Although it is possible that
salmon spawn in the downstream portion of Emperador, we con-
cluded that it would have to be limited to far fewer individuals than
at the other streams, thereby allowing us to use it as a reference
system for the upstream versus downstream comparisons.

We deployed unglazed ceramic tiles (30 x 20 cm) to measure
biofilm biomass and stable isotope composition at each Control and
Impact site. Ceramic tiles reduce the sampling variability inherent
in sampling biofilm from natural rock surfaces while accurately rep-
resenting the algal, bacterial, and macroinvertebrate densities and

species compositions of rocks after only a few weeks of incubation

(Lamberti & Resh, 1985). The timing of tile deployment was based on
the salmon spawn timing observed in each stream. Spawn timing was
assessed using repeated visual surveys on foot, beginning in early
February. The number of live and dead salmon observed during each
survey was recorded (Table 1); while not exhaustive, these surveys
were sufficient to reveal temporal patterns of spawner presence and
behaviour. In general, fish occupied pool habitats in February and
early March, then occupied riffle-run transition zones in mid-March
to April and displayed mating behaviours such as redd construction
and maintenance. Impact sites were chosen at locations downstream
of the majority of observed spawning (0.13-0.2 km downstream of
closest spawning location across streams). Tile deployment occurred
part way through the spawning season, shortly after the first ob-
servation of mating behaviours (mid-March to mid-April across all
four streams). Tiles were deployed in the corresponding Control
sites within 24 hr of Impact site deployment. At each site, tiles were
arrayed across the width of the stream in multiple rows, directly up-
stream of riffle habitat. In more narrow streams, tiles were deployed
as such in front of two adjacent riffle habitats. Each tile was glued
to a heavy brick, anchoring them to the streambed. Nine to 12 tiles
were deployed at each site.

We selected the location of each Impact and Control site with
the intention of minimising any longitudinal (i.e. upstream to down-
stream) variation in physical characteristics among sites. An import-
ant longitudinal effect in rivers is that water generally increases in
temperature as it moves from headwaters to the terminal mouth
(Vannote et al., 1980). To minimise any temperature differences,
paired sites were placed as closely together as possible, with no
significant tributaries entering streams between sites (as con-

firmed through stream surveys and satellite imagery). Sites were
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1.5-2.2 km apart in El Toqui, Emperador, and Jaramillo (Table S1;
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a circular area (23.8 cm?) in the centre of each tile. Samples were
collected and transported to CIEP as described above. At CIEP,
samples were filtered onto glass fibre filters (Whatman, 47 mm,
0.7 um) and stored in the dark at -=20°C. Pigments were extracted
into 10 ml of 90% acetone for 24 hr and measured using the
spectrophotometry method described in Steinman et al. (2017)
whereby absorbance measurements are taken before and after
acidification to account for chlorophyll degradation products.
Using the remaining material (i.e. after pigment extraction), filters
were dried, weighed, oxidised at 500°C for 1 hr, cooled to room
temperature, and then weighed again to estimate AFDM (follow-
ing Steinman et al., 2017). One value of chl a (pg/cm2) and AFDM
(mg/cmz) was obtained for each sampled tile. Because the sam-
ples that we used to estimate AFDM were washed with acetone
beforehand, our measure of AFDM estimates the total organic
material in the sample apart from non-polar organic matter such
as chlorophylls and accessory pigments (e.g. Chaloner et al., 2007;
Mitchell & Lamberti, 2005). To assess the relative amount of chl
a to total (non-polar) organic matter, the percent of total biofilm
biomass composed of chl a (chl a %) was calculated by converting
AFDM to pg/cm2 and using the following formula:
chla%= chlaih% x 100

Higher chl a % values indicate that algae (and cyanobacte-
ria, which are photosynthetic bacteria containing chl a) make up a
greater proportion of total biofilm biomass relative to heterotrophic
or detrital components of biofilm. Because we hypothesised that
salmon-derived nutrients would increase autotrophic biomass, we
predicted that chl a % would be higher in Impact sites relative to
Control sites.

2.3 | Before-After-Control-Impact study design

In addition to the CI study, we conducted a Before-After-Control-
Impact (BACI) study in January-May 2018 to further assess the ef-
fect of salmon on stream biofilms. Before-After-Control-Impact
designs are broadly used in environmental monitoring programmes
because they provide rigorous tests of the impacts of specific activi-
ties (Downes et al., 2002). Here, this design included the Cl compari-
son of the Cl study as well as a Before-After comparison at each site
to account for any confounding differences between upstream and
downstream sites (e.g. temperature differences).

The BACI study was conducted in Rios Nirehuao and Huemules.
El Toqui was originally included in this design, however all tiles were
lost in this stream after a storm during the study. Indeed, the sum-
mer and autumn of 2018 had much more precipitation than in 2016,
resulting in substantially higher levels of discharge during the BACI
study (e.g. monthly mean discharge in April 2016 and April 2018 was
4.59 and 41.6 m®/s, respectively, in Nirehuao). In the Before period,
15 tiles were deployed at each site in early January and sampled

after 5 weeks, before salmon had returned to spawn. Tiles were

returned to the stream after sampling. Visual surveys downstream
of the migration barriers were again used to monitor the progres-
sion of spawning in February through April. Initiation of the After
period occurred in the second week of April, when carcasses had
begun accumulating in both streams (in a ratio of dead to live fish
of about 1:2). At this time, all tiles were thoroughly cleaned using a
large brush, removing the biofilm that had accumulated since the end
of the Before period. Control and Impact sites were cleaned within
24 hr of each other. Tiles were then incubated in the streams for
5 weeks, after which they were sampled, processed, and analysed
for biomass and isotopic composition as described above. Site and
sampling characteristics of the BACI study are described in Table S2.
Hydrographs of Nirehuao and Huemules during the study period are
shown in Figure S1, with reference to the timing of tile deployment.

2.4 | Data analysis

Within each stream in the Cl study, we assessed whether tile depth
or percent open canopy were to be included as covariates in the
full models by testing for differences in these variables between
upstream and downstream sites and by regressing the five re-
sponse variables (613C, 8N, chl a, AFDM, and chl a %) onto depth
and canopy cover. Tile depth and percent open canopy were not
significantly different between upstream and downstream sites
(Table S1) and were not significantly associated with response vari-
ables (0.001 > r? > 0.22) except for a negative relationship between
percent open canopy and AFDM in Emperador (r*=0.31, p=0.024).
Because this relationship was found in only one stream and was in
the opposite direction to that expected and thus probably spurious,
we did not include canopy cover (or depth) as a covariate in the full
models.

For the Cl study, we used linear models with stream (four lev-
els) and site (two levels) as fixed effects to analyse the variation in
the response variables. We also included the site x stream interac-
tion because we predicted that the reference stream (Emperador)
would not differ between sites. Tukey's post hoc tests were used
to evaluate stream-specific differences between Control and
Impact sites. Because only one §'°N value was obtained from
the Jaramillo Control site, Jaramillo was not included in the §°N
analysis. The assumptions of normality were inspected, and Box
Cox transformations were used for 8*3C, chl a, AFDM, and chl a
% to improve normality (A = 0.75, 0.26, 0.06, and 0.63, respec-
tively). The relationship between chl a and 8'°N within streams
was assessed using linear regression. These relationships were
used as an additional line of evidence as to whether differences
in algal biomass between Control and Impact sites were driven
by salmon. Specifically, if the relationship between chl a and 5°N
within streams was positive, and if this relationship was stronger
in salmon-bearing streams compared to the reference stream, this
would suggest that the incorporation of salmon-derived nitrogen

increased algal biomass.
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In the BACI study, there were no significant relationships (within
streams and periods) between any of the response variables and per-
cent open canopy or tile depth (0.001 > r? > 0.12). In Nirehuao during
the After period, tile depth was significantly lower in the downstream
site than in the upstream site (Table S2); however, because this differ-
ence was not associated with variation in any of the response variables,
we did not include depth (or canopy cover) as a covariate in the full
models. We used linear models with site, period, and stream as fixed
factors (all with two levels) to analyse the variation in the five response
variables. Given the stream-specific effects observed in the Cl study
(described below), we included all interaction terms. In this BACI design,
an impact of salmon would be indicated by a significant site x period
effect (Downes et al., 2002). If the two streams were differentially im-
pacted by salmon (e.g. an impact in only one of the streams), this would
be indicated by a significant site x period x stream effect. The other
interaction effects (i.e. site x stream and period x stream) were not of di-
rect interest but were included in the models because stream-specific
effects were expected. The assumptions of models were inspected,
and Box Cox transformations were used for chl a, AFDM, and chl a %
to improve normality (A = 0.14, 0.42, and 0.63, respectively). Tukey's
post hoc tests were used to evaluate differences between Control and
Impact sites within streams and periods. The relationship between chl
a and 8°N within streams and periods was assessed using linear re-
gression. All linear models were analysed using the Im() function in R
(R Core Team, 2020).

3 | RESULTS
3.1 | Control-impact study

The results of the Cl study support a nutrient subsidy effect of salmon
in El Toqui and Jaramillo but not in Nirehuao. In general, biofilm iso-
topic composition and biomass differed between upstream and down-
stream sites, and this difference depended on the stream (Table 2).
As predicted, biofilm §*3C and §'°N were significantly enriched in the
downstream (Impact) sites of each salmon-bearing stream relative to
upstream (Control) sites, and they were not different between sites in
the salmon-free reference stream (i.e. Emperador; Figure 2a, b). The
salmon-impacted sites of Jaramillo and El Toqui had significantly higher
chl a than upstream sites, whereas there was no difference in chl a
between sites at both Nirehuao and the reference stream (Figure 2c).
Ash-free dry mass was significantly higher at the salmon-impacted site
of Jaramillo relative to the upstream site (Figure 2d). Chlorophyll a and
AFDM were strongly and positively associated in El Toqui (r? = 0.83,
p < 0.001), Nirehuao (> = 0.89, p < 0.001), Jaramillo (> = 0.90;
p < 0.001), and, to a lesser extent, the reference stream (r2 = 0.23,
p = 0.058; Figure S2). Chlorophyll a % was significantly higher in the
salmon-impacted sites of El Toqui and Jaramillo relative to upstream
sites, increasing by an average of 25 and 74%, respectively (Figure 2e).

Chlorophyll a and §'°N were strongly and positively associated
in El Toqui (r* =0.78, p < 0.001), whereas they were not associated

in Nirehuao (r? = 0.02) or the reference stream (r? = 0.01; Figure 3a).
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TABLE 2 Effects of site (upstream or downstream) and stream
on biofilm biomass and isotopic traits in the Control-Impact study
of Chinook salmon in Patagonia, southern Chile

Trait df SS F P

8"
site 1 34.5 59.3 <0.001
stream 3 61.2 35.0 <0.001
site x stream 3 7.88 4.51 0.008
residual 41 23.9

8N
site 1 14.4 87.4 <0.001
stream 2 7.23 22.0 <0.001
site x stream 2 15.7 47.8 <0.001
residual 33] 5.43

chla
site 1 0.18 21.6 <0.001
stream 3 4.34 179 <0.001
site x stream 3 0.11 4.55 0.006
residual 54 0.44

AFDM
site 1 0.001 5.64 0.021
stream 3 0.17 261 <0.001
site x stream 3 0.001 2.21 0.097
residual 54 0.01

chla %
site 1 0.07 36.6 <0.001
stream 3 0.76 126 <0.001
site x stream 3 0.06 10.6 <0.001
residual 54 0.11

Note: The results of linear models are summarised for effects on
biofilm isotopic ratios of carbon (5*°C) and nitrogen (6*°N) as well as
algal biomass (chl a), total biofilm biomass (AFDM), and percent of total
biomass composed of chl a (chl a %). Significant effects are bolded

(p < 0.05).

While being limited by having only one 8*°N value from the Control
site, this relationship was also positive in Jaramillo (r? = 0.22).

The mean (+ SD) temperature at the downstream site in Nirehuao
was 0.25 + 0.30°C warmer than at the upstream site, whereas
temperatures at the downstream site in Jaramillo were very simi-
lar to those at the upstream site (0.03 + 0.22°C warmer; Table S1).
Because they are similar distances apart, the sites in Emperador and
El Toqui are likely to have negligible temperature differences, as with

those in Jaramillo.

3.2 | Before-After-Control-Impact study

The results of the BACI study support a nutrient subsidy ef-
fect of salmon in Huemules but not in Nirehuao. The effect of
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salmon on biofilm stable isotopic composition differed between
streams, with significant site x period x stream effects on biofilm
§'%C (Fy g3 = 55.6, p < 0.001) and 5"°N (F, g3 = 22.1, p < 0.001;
Table S3). In Huemules, after the senescence of salmon, biofilm
5'3C was more enriched in the downstream (Impact) site than in
the upstream (Control) site, whereas the opposite was true before
the arrival of salmon (Figure 4a). 5'°N did not differ between sites
at Huemules before the arrival of salmon, but, after salmon se-
nescence, the downstream site was significantly enriched in §*°N
relative to the upstream site (Figure 4b). These data indicate that
salmon-derived carbon and nitrogen were incorporated into bio-
film in Huemules. Conversely, §'3C and §'°N were not different
between sites at Nirehuao after salmon senescence (Figure 4a,
b), indicating that salmon-derived carbon and nitrogen were not

incorporated into biofilm in this stream. Instead, there was a

depletion in §3C and an enrichment in §°N from the Before to
the After period, irrespective of site.

There was an effect of salmon on algal and biofilm biomass that was
similar in the two streams, with significant site x period effects on biofilm
chla(F, g;=10.5p=0.002), AFDM (F, g, = 9.69,p = 0.003), and chl a %
(F1,s7 =8.42, p =0.005) and non-significant site x period x stream effects
on these traits (Table S3). Indeed, the median value of each of these three
traits was consistently higher in the downstream sites than in the up-
stream sites following salmon senescence (Figure 4c-e). However, post
hoc tests found that, after salmon senescence, chl a and chl a % were
significantly higher in the downstream site of Huemules only, whereas
AFDM was significantly higher in Nirehuao only (Figure 4c-e). Before
the arrival of salmon, there were no differences in chl a, AFDM, or chl
a % between sites in both streams. There was also a strong temporal

(i.e. period) effect on these three traits, with each one being significantly
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FIGURE 3 Relationship between biofilm isotopic ratio of
nitrogen (6*°N) and algal biomass (chl a): (a) among streams in the
Control-Impact study; and (b) among streams and periods in the
Before-After-Control-Impact study. Shading represents 95%
confidence intervals for predictions from a linear model [Colour
figure can be viewed at wileyonlinelibrary.com]

higher in the autumn (after salmon senescence) relative to the summer
(before salmon senescence) (Table S3, Figure 4c-e). Chlorophyll a and
AFDM were strongly and positively associated within both time periods
in both streams (Figure S3).

Delta N and chl a were positively and significantly associated
in Huemules after salmon senescence (r? = 0.20, p =0.032) but were
not associated beforehand in Huemules (r? = 0.08) or in Nirehuao
during either period (r? < 0.06; Figure 3b).

4 | DISCUSSION

The results of the two studies presented here provide evidence
of salmon-mediated nutrient subsidies in three out of the four
streams examined that have spawning Chinook salmon popula-
tions. These subsidies represent a novel resource linkage between
marine and freshwater ecosystems in Patagonia, with non-native
salmon contributing marine-derived nutrients to systems in which
nutrients have historically only flowed downstream, from stream
to sea. By performing a novel function in these invaded systems,
salmon in Patagonia are likely to have ecological impacts (Ricciardi &
Atkinson, 2004; Ricciardi et al., 2013; Vitousek, 1990).
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The effects of salmon-mediated nutrient additions can be
limited by the environmental context in which salmon spawn-
ing occurs, such as the temperature, light, discharge, and nutri-
ent limitation status of streams (Armstrong et al., 2010; Bentley
et al., 2012; Chaloner et al., 2007). If this context is poorly suited
for additional growth of algae (e.g. nutrient-rich streams), salmon
nutrients can have little effect on algal biomass (e.g. Janetski
et al., 2014; Rand et al., 1992) and, subsequently, fail to sup-
port higher trophic levels (e.g. Lessard & Merritt, 2006). In three
streams (El Toqui, Jaramillo, and Huemules), we found evidence
that marine-derived nutrients were incorporated by biofilms and
increased the biomass of algae (chl a; including cyanobacteria) as
well as the proportion of biofilm biomass that is composed of algae
(chl a %). We also found that total biofilm biomass (AFDM) and
chl a were strongly and positively associated in all salmon-bearing
streams and, in the BACI study, streams had higher chl a, AFDM,
and chl a % in the autumn (after spawning) relative to the sum-
mer. These results suggest that: (1) algae are major components of
biofilm in these streams; (2) marine-derived nutrients enter these
streams at a time of year when algae are relatively abundant and
comprise a greater proportion of total biofilm biomass, indicating
that stream conditions are well-suited for algal growth; and (3)
marine-derived nutrients significantly increase algal biomass after
spawning in the autumn (except for in Nirehuao, discussed below).
The positive response of algae to salmon in El Toqui, Jaramillo,
and Huemules is probably underlain by the strong nutrient limita-
tion that is found in southern Chile (Perakis & Hedin, 2002) and
represents the first described ecological impact of Patagonian
salmon.

One of the environmental variables that modulates the effects
of nutrient additions in streams is discharge. Temporary bouts of
high stream flows (i.e. spates) or sustained high flows can scour the
streambed and flush carcasses and dissolved nutrients downstream,
thereby preventing salmon nutrients from being incorporated by
biofilms (Chaloner et al., 2007; Richey et al., 1975). Inter-annual
variation in discharge could explain the differences in biofilm incor-
poration of marine-derived nutrients observed in Nirehuao during
the Cl and BACI studies here. During the BACI study in 2018, flows
were high in Nirehuao throughout the autumn spawning season
(41.6 m%/s for all of April, compared to 4.89 m®/s in Huemules)
and marine-derived nutrients were not incorporated by biofilm in
this stream. Conversely, flows were exceptionally low during the Cl
study in 2016 (April discharge of 4.59 m®/s in Nirehuao) and, unlike in
2018, the salmon-impacted site at Nirehuao was enriched in biofilm
515N and 83C relative to the upstream site. These results suggest
that the low flows of 2016 could have facilitated the incorporation
of marine-derived carbon and nitrogen by biofilm. However, the in-
corporation of marine-derived nutrients in 2016 did not cause an
increase in algal biomass in Nirehuao, indicating that algal biomass
in this stream is limited by some environmental variable other than
nutrients. The lack of a subsidy effect in Nirehuao and the difference
in salmon nutrient incorporation among years are in line with other

studies demonstrating that the effect of spawning salmon differs
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among streams and among years in individual streams (e.g. Chaloner
et al., 2007; Mitchell & Lamberti, 2005). As such, the vulnerability of
individual streams in Patagonia to the subsidising effect of salmon
is probably set by an inter-annual interplay between discharge and
other environmental variables such as baseline nutrient regime, geo-
morphology, and temperature.

The abiotic and biotic characteristics of lotic ecosys-
tems change predictably from headwaters to terminal mouths
(Vannote et al., 1980) and can potentially confound upstream-
downstream comparisons. During the Cl study here, the stream
with the largest distance between study sites (Nirehuao, 9.2 km
apart) was 0.25 + 0.30°C warmer at the downstream site relative
to the upstream site. This small difference in temperature could
slightly confound our between-site comparisons of biofilm bio-
mass and isotopic signatures in this stream. Nevertheless, there
were no significant differences in chl a or AFDM between sites
in Nirehuao during the CI study, and the magnitude of differ-
ence in 8'°N between sites was large, so this small difference
in temperature does not change our interpretation of these re-
sults. Another factor that could confound these comparisons is
differences in grazing intensity. Grazers directly remove an av-
erage of 55% of total algal biomass (Hillebrand, 2009) but also
indirectly increase algal biomass by increasing light penetration
and nutrient availability to underlying algae (Andre et al., 2003;
Power, 1990). Grazing intensity was not quantified at our study
sites and could confound the comparisons of biofilm biomass in
the Cl study. However, because all paired study sites were of the
same stream size (i.e. order), and because longitudinal changes

in grazer abundance occur at the level of stream order (Vannote

et al., 1980), we assume that differences in grazing intensity
were negligible.

Many studies have reported that the principal effect of spawn-
ing salmon on biofilm is a positive, nutrient subsidy effect (e.g.
Chaloner et al., 2007; Mitchell & Lamberti, 2005; Wipfli et al., 1998),
whereas many others have reported a negative, disturbance effect
(e.g. Holtgrieve & Schindler, 2011; Moore & Schindler, 2008; Riiegg
et al., 2020). Whether a given salmon population has a net positive or
negative effect on stream biofilm biomass is probably mediated by sub-
strate size, spawner density, and background nutrient levels (Holtgrieve
et al., 2010; Janetski et al., 2009, 2014). Such influence of environmen-
tal conditions on responses to spawning salmon has been observed in
the catchments of the Laurentian Great Lakes, where Chinook salmon
have similarly established non-native populations. There, some streams
are nutrient-limited and have increased algal biomass in reaches
downstream of Chinook spawning relative to upstream (Schuldt &
Hershey, 1995), whereas other streams have negligible subsidy effects
and strong disturbance effects in salmon-impacted reaches, proba-
bly due to high background nutrient levels and small substrate sizes
(Janetski et al., 2014). Although we found a nutrient subsidy effect, our
methods probably would not have captured a disturbance effect; we
generally did not observe Chinook spawning in the immediate vicin-
ity of the tiles that we used to measure biofilm, and if a tile had been
turned over by a spawning salmon, it would not have been sampled
for biofilm. As such, our study does not rule out disturbance effects
of salmon in these streams. Disturbance of the streambed is likely to
happen to some degree in these streams, and at the whole-stream
scale, this would reduce the net benefit of salmon to algal biomass

(e.g. Holtgrieve et al., 2010). However, because Chinook build redds in
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specific microhabitats that comprise a small proportion of total stream
habitat, and because their spawning densities seem generally low in
Patagonia, we suspect that subsidy effects are stronger than distur-
bance effects in these streams.

In resource-limited ecosystems that receive a pulsed subsidy,
organisms optimise resource use when resources become avail-
able (Sears et al., 2004). Because the streams in southern Chile are
highly nutrient-limited, salmon subsidies that increase algal bio-
mass are likely to have bottom-up effects such that some hetero-
trophic species also increase in biomass (Risse-Buhl et al., 2012;
Rosemond et al., 2000; Wipfli et al., 1998). Increased algal biomass
could benefit consumers such as biofilm-grazing invertebrates
(e.g. Verspoor et al., 2011), stream fishes (e.g. Kohler et al., 2012),
and insectivorous forest birds (e.g. Wagner & Reynolds, 2019).
Benefits to heterotrophic species can extend beyond the autumn
spawning season due to the variety of mechanisms that retain
salmon-derived nutrients in stream and riparian food webs year-
round (Gende et al., 2002; O’'Keefe & Edwards, 2002). Indeed, 6
months after salmon spawning in British Columbia, algal biomass
is higher in salmon-impacted stream reaches (Harding et al., 2014).
The subsidisation of algae can represent a positive feedback link
between adult salmon and their progeny such that nutrients from
adult salmon carcasses increase in situ primary productivity, caus-
ing increased productivity among the invertebrate prey of juvenile
salmon in the spring and, ultimately, resulting in enhanced recruit-
ment of juvenile salmon (Benjamin et al., 2020; Kaylor et al., 2020).
As such, the subsidy effect described here could help sustain
Chinook salmon populations in Patagonia.

The functional novelty described here should increase the de-
gree of ecological change in Patagonia (Schittko et al., 2020). This
change will probably involve some native species benefitting from
the novel availability of marine-derived nutrients. It will probably
also involve benefits to non-native species. Rainbow trout (O. mykiss)
and American mink (Neovison vison) are invasive in Patagonia and co-
evolved with and strongly benefit from Pacific salmon subsidies in
their native ranges (Ben-David et al., 1997; Scheuerell et al., 2007).
Both of these invaders have negative effects on the abundance and
distribution of their native prey in Patagonian streams and forests
(e.g. Correa & Hendry, 2012; Habit et al., 2010; Schdttler et al., 2009;
Valenzuela et al., 2013), and salmon subsidies could strengthen these
negative effects through apparent competition (Sears et al., 2004).
The native aquatic fauna in Patagonia is characterised by low spe-
cies richness but high levels of endemism (Cussac et al., 2016;
Valdovinos, 2006), making the increasing abundance of non-native
species a threat to local biodiversity (Habit & Cussac, 2016). At the
same time, recreational fisheries in Patagonia are a key contributor to
the regional tourism industry, and Chinook have added value to these
fisheries. Nevertheless, it is clear that non-native salmonids are con-
tributing to ecological change in Patagonia. Conservation planning
that uses hydrologic isolation and barriers to salmonid migration to
identify priority water bodies for protection could be an effective
way of ensuring the persistence of salmonid-free ecosystems and the

many unique species that inhabit them.
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