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Abstract: Niche diversification of polymorphic Arctic charr can be altered by multiple
anthropogenic stressors. The opossum-shrimp (Mysis relicta) was introduced to compensate for
reduced food resources for fish following hydropower operations in Lake Limingen, central Norway.
Based on habitat use, stomach contents, stable isotopes (5*C, §*°N) and trophically transmitted
parasites, the zooplanktivorous upper water-column dwelling ‘normal’ morph was clearly trophically
separated from two sympatric deep-water morphs (the ‘dwarf” and the ‘grey’) that became more
abundant with depth (>30m). Mysis dominated (50-60%) charr diets in deeper waters (>30m),
irrespective of morph. Mysis and/or zooplankton prey groups caused high dietary overlap (>54%)
between the ‘dwarf” morph and the two other ‘normal’ and ‘grey’ morphs. After excluding Mysis,
the dietary overlap dropped to 34% between the two profundal morphs, as the ‘dwarf” fed largely on
deep-water zoobenthos (39%), while the ‘grey’ morph fed on fish (59%). The time-integrated trophic

niche tracers (trophically transmitted parasites and stable isotopes) demonstrated only partial dietary
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segregation between the two deep-water morphs. The high importance of Mysis in Arctic charr diets
may have reduced the ancestral niche segregation between the deep-water morphs and thereby

increased their resource competition and potential risk for hybridization.

Keywords: Salvelinus alpinus, polymorphism, ecological divergence, species introductions,

hydropower effects, parasite community, stable isotopes

Introduction

Ecologically induced speciation may lead to a continuum of evolutionary differences within and
among populations, with some groups being in the process of diversifying and others being
reproductively isolated (Schluter, 2000; Hendry et al., 2009). Post-glacial lakes are useful systems
for studying the impacts of biodiversity changes caused by environmental, ecological and human-
induced factors as they are semi-closed ecosystems with relatively well defined habitats that can host
polymorphic populations at different stages of evolutionary divergence (Schluter, 2000; Klemetsen,
2010; Hendry et al., 2017). Human activities may have large impacts on natural environments by
rapidly changing the direction of evolutionary developments and in some instances reverse the
evolutionary processes that promote increasing biodiversity (Hendry et al., 2017). Multiple
anthropogenic stressors in lake ecosystems, including pollution, commercial fishing and non-native
species introductions, have reversed speciation processes (Seehausen et al., 2008; Alexander et al.,
2017; Kuparinen & Festa-Bianchet, 2017). For example, reproductive breakdown has been observed
in newly differentiated native morph-pairs of whitefish (Coregonus lavaretus) and stickleback
(Gasterosteus aculeatus) following the introduction of competitive fish species or invasive crayfish

(Taylor et al., 2006; Velema et al., 2012; Baht et al., 2014).
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In postglacial lakes, polymorphic fish populations often diverge along the
benthic-pelagic resource axis (e.g., Schluter, 1996, 2000). Charr (Salvelinus spp.) is one of the few
genera that is also found to diversify along the shallow vs. deep-water benthic resource axis
(Knudsen et al., 2006; Klemetsen, 2010; Muir et al., 2016; Markevitch et al., 2018). Knowledge
about deep-water (profundal) morphs of Arctic charr (S. alpinus) is still relatively limited, although
they seem to occur across the entire Holarctic region (Klemetsen, 2010). The deep-water morphs are
typically reproductively isolated from co-occurring littoral and pelagic morphs (Hindar et al., 1986;
Westgaard et al., 2004; Simonsen et al., 2017). Moreover, they express heritable specialised
physiological, behavioural, and morphological adaptations (Klemetsen et al., 2002, 2006; Knudsen et
al., 2015) to effectively exploit (i.e., for foraging and mating) the deep-water niches (Knudsen et al.
2016a). Small-sized deep-water morphs feed mainly on benthic invertebrates whereas the few
known, large-growing deep-water morphs are specialised piscivores (Knudsen et al. 2006, 2016b;
Klemetsen et al. 2010; Power et al., 2009; Moccetti et al., this volume). Although the ecology of the
deep-water morph has been studied, little is known about the potential impacts of multiple
anthropogenic stressors (e.g., hydropower operations and the introduction of non-native species) on
these deep-water morphs.

Lake Limingen, central Norway, has a polymorphic population of Arctic charr,
consisting of three morphs: the upper-water ‘normal’ morph, the deep-water ‘dwarf” morph, and the
piscivorous ‘grey’ morph (Nyman et al., 1981; Aass et al., 2004). Following the damming of the lake
in 1953 for hydropower production, brown trout (Salmo trutta) and Arctic charr population densities
drastically declined (Aass et al., 2004; Gregersen et al., 2006). In 1969, Mysis relicta (hereafter
Mysis) was introduced to compensate for reduced fish food resources and to mitigate the negative
impacts of hydropower operations on fish and overall ecosystem productivity (cf. Hirsch et al.,
2017). Mysis is an opossum shrimp native to Scandinavia, though previously absent from this

Limingen region of Norway (Spikkeland et al., 2016). Mysis show a pronounced diel vertical
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migration pattern, with nocturnal foraging on zooplankton in the upper water column potentially
resulting in food resource competition with zooplanktivorous Arctic charr (Moen & Langeland,
1989; Nasje et al., 1991, Koksvik et al., 2009). In contrast, deep-water fish (e.g., burbot Lota lota
and profundal Arctic charr) may benefit from Mysis introductions through increased food availability
(Langeland et al., 1991; Naesje, 1995). Whilst introduced Mysis populations have become an
important prey resource for Arctic charr in Limingen and elsewhere (Garnas, 1986; Gregersen et al.,
2006), detailed studies of their impacts on trophic differentiation among sympatric Arctic charr
morphs has been lacking.

In this study, we investigated the habitat use, diet, parasite infections and
stable isotope ratios (8*3C, 8°N) of the three sympatric Arctic charr morphs in Limingen. The aim of
the study was to explore the degree of niche overlap between the three sympatric Arctic charr
morphs about 50 years after the introduction of Mysis. We quantified niche overlap by using data on
habitat use and stomach contents (recent niche-use) and by analysing the occurrence of trophically
transmitted parasites and stable isotope values that reflect the temporally integrated trophic niches of
individual fish (Knudsen et al., 2011). We hypothesised that existing depth-habitat preferences for
the sympatric morphs would be maintained. However, due to damming and the introduction of
Mysis, we also hypothesised that prey resource use would overlap, particularly between the upper-

water ‘normal’ and the deep-water morphs.

Material and methods
Study lake

Lake Limingen (64°50°N, 13°13’E) is a large (surface area = 95.7 km?), deep (Zmax = 192 M, Zmean =
87 m), dimictic, oligotrophic and relatively clear (Secchi depth = 9-12.7 m) lake situated at 418 m

a.s.l. in the north boreal vegetation zone of central Norway. Originally, the lake drained to the

This is a post-peer-review, pre-copyedit version of an article published in Hydrobiologia. The final authenticated version is available online at:
http://dx.doi.org/10.1007/s10750-019-3953-4.



99 Angermanélven watercourse in northern Sweden, but after hydropower development in 1953 most of
100  the water was diverted to the Namsen watershed in Trendelag County, Norway (Sandlund et al.,
101 2017). Today, the lake is regulated with a maximum annual water level amplitude of 8.7 m. Spruce
102  forests with some birch dominate the riparian vegetation and there are only a few low-intensity farms
103  around the lake. In addition to the polymorphic Arctic charr, the lake has a small population of
104  brown trout, a littoral population of minnow (Phoxinus phoxinus; introduced in 1980s) and a very
105  sparse population of three-spined stickleback (introduction date unknown) (Aass et al., 2004;

106  Gregersen et al., 2006).
107
108  Fish material

109  Arctic charr were sampled in August 2016 with Nordic multi-mesh gill-nets consisting of 5 m panels
110  with 12 different knot-to-knot mesh sizes from 5 to 55 mm (Appelberg et al., 1995). The nets were
111 setinthe littoral (1.5 m high benthic nets; 0-15 m depth), pelagic (6 m high offshore gill-nets set

112 from the surface; above 30 m depth), and profundal (1.5 m high benthic nets; at 20-50 m depth)

113 zones. Additional sampling with a pelagic pair trawl caught 63 ‘normal’ morph Arctic charr (see

114  details in Sandlund et al., 2017). Fish were weighed (closest 0.1 g) and measured (closest 1 mm, fork

115  length, Lr). Otoliths were removed for age determination.

116 Individual Arctic charr were classified to one of three possible morphs based
117  on head and body morphology, maturation, and colouration following guidelines produced from
118  earlier studies of similar polymorphic populations (Skoglund et al., 2015; Simonsen et al., 2017). In
119  total, we sampled 178 Arctic charr from Limingen, with stomachs analysed from 171 individuals.
120  The catch per unit of effort (CPUE) was estimated as the number of fish caught per 100 m? gillnet
121 per night. A subsample of mature individuals from all three morphs was assessed for parasite

122 assemblages and sampled for stable isotope ratios (8*3C and §'°N). The numbers of each morph
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123 included in the parasite and stable isotope sampling were: ‘normal” morph (n = 39; mean + SD: Lr =
124  310.6 £ 83.7 mm; age = 6.7 + 2.5 years), ‘dwarf’ morph (n = 27; Lr = 173.9 £ 31.7; age = 6.4 + 2.6),

125  and ‘grey’ morph (n = 14; Lr = 297.1 £ 59.3; age = 9.5 + 3.4).

126 Growth differences among morphs were described by mean length-at-age

127  using a modified von Bertalanffy growth model (Roff, 1984): Lt = Lo * (1 — (exp( - k * A1), where
128 Lt is fish body length at time T, L« is the asymptotic fish length, k is the growth coefficient, and Ar is
129  the age at time T. This simplified model has been shown to work well with inland polymorphic

130  salmonids (Jonsson et al., 1988).

131

132 Diet

133 Prey items from fish stomachs were preserved in ethanol and later identified to the lowest feasible
134  taxonomic level (23 different prey taxa in total) and subsequently sorted into five main categories: i)
135  zooplankton (e.g., Daphnia, Bosmina, Holopedium, Bythotrephes, copepods), ii) surface insects

136  (adult insects), iii) benthos (e.g., snails, clams, insect larvae, benthic crustaceans), iv) Mysis, and v)
137  fish. The contribution of each prey category to the diet was estimated by visual determination of the
138  stomach fullness using a percentage scale ranging from empty (0%) to full (100%) (prey abundance;
139  Amundsen et al., 1996). Among morph dietary overlap was quantified for all prey categories using
140  Schoener’s (1970) similarity index, which is commonly considered high when the overlap exceeds

141 60% (Wallace, 1981).

142

143

144  Parasites
145  All parasites from the body cavity, stomach, intestine, kidney, swim bladder, gills and eyes were

146  enumerated from sub-sampled fish (see Table 3 for more details). Most of the parasite taxa are
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transmitted to Arctic charr via different prey items such as copepods (cestodes Dibothriocephalus
spp., Proteocephalus sp. and Eubothrium salvelini), insect larvae (trematodes Crepidostomum spp.),
and the benthic amphipod Gammarus lacustris (cestode Cyathocephalus truncatus, nematode
Cystidicola farionis, and Acanthocephalan sp.). Mysis may also transmit the swim bladder nematode
C. farionis (Black & Lankester, 1980), however, the intermediate host for this parasite is currently
unknown. All taxa, except Dibothriocephalus spp., utilize Arctic charr as the final host (see Table 3
for further details). Larval Dibothriocephalus spp. (former Diphyllobothrium spp., see
Waeschenbach et al., 2017) are able to use fish as parathenic hosts and re-establish in piscivorous
individuals (Curtis, 1984), which also may be the case for Eubothrium sp. (Williams & Jones, 1994).
Additionally, three parasite taxa are non-trophically transmitted to the fish, either from other fish,
i.e., the parasitic gill crustacean (Salmincola edwardsii), or via trematode larvae released from
intermediate snail hosts, i.e., Diplostomum sp. and Apatemon sp. We quantified parasite prevalence
(percentage of hosts infected by the parasite) and abundance (number of parasites per host) following
methods outlined in Bush et al. (1997). The exceptions were Diplostomum sp. and Apatemon sp., for

which the prevalence and abundance were estimated from a single eye (at random).

Stable isotopes

Stable isotopes of carbon (5'*C) and nitrogen (5°N) are commonly used to estimate the dietary
sources (littoral versus pelagic carbon) and trophic position of organisms in lake food webs, as well
as the intra- and inter-specific niche segregation of fish populations (e.g., Boecklen et al., 2011;
Layman et al., 2012). Here, a small piece of dorsal muscle tissue, obtained posterior to the dorsal fin,
was dissected from a subsample of fish and frozen at —20°C. Tissue samples were dried at 60°C for
48 hours and homogenised using a pestle and mortar. Approximately 0.3 + 0.05 mg of dried tissue
was weighed and placed in tin capsules for analyses completed at the University of Waterloo,

Canada, on a Delta Plus Continuous Flow Stable Isotope Ratio Mass Spectrometer (Thermo
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172 Finnigan, Bremen, Germany) coupled to a Carlo Erba elemental analyzer (CHNS-O EA1108, Carlo
173 Erba, Milan, Italy). The machine analytical precision of = 0.2 %o (3**C) and = 0.3 %o (5!°N) was
174  determined through the repeat analysis of internal laboratory standards calibrated against

175 International Atomic Energy Agency standards CH6 for carbon and N1 and N2 for nitrogen.
176
177  Statistical analyses

178  All statistical analyses were computed using R (version 3.4.2, R Core Team 2017). Differences in the
179  number of parasite taxa among morphs were compared using a general linear model fitted with a

180  Gaussian distribution family. Differences in total parasite abundance and the abundance of each

181  parasite taxon among charr morphs were examined using a series of generalized linear models, with
182  the exception of five rare taxa (C. truncatus, E. salvelini, S. edwardsii, Acanthocephalan sp.,

183  unidentified nematode), which were excluded from further analysis. Generalized linear models were
184  fitted with a quasipoisson distribution and log-link function due to the over-dispersion of abundance
185  data. Fish age (years) was included as a continuous fixed factor in all general and generalized linear
186  models to account for the influence of varying host age on parasite abundance and richness. Potential
187  outliers were identified by graphically examining the raw data and by running models with and

188  without outliers to assess their influence on model outcomes. Analysis of variance was used to assess
189  whether the interaction term between morph and age provided additional explanatory power over the
190  simpler additive model. Contrast analyses were constructed for each final model set by varying the

191  base morph (intercept) to assess the significance of differences between morph pairs.

192 Multivariate analyses were conducted using the package vegan (version 2.5-2,
193  Oksanen et al., 2017). Parasite community composition differences among morphs were visualized
194 by using individual Arctic charr in a non-metric multidimensional scaling analysis (NMDS) based on

195  Bray-Curtis dissimilarities of log-transformed parasite abundances, including both trophically and
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196  directly transmitted parasite species. To visualize and explore the correlation between individual diet
197  and parasite community composition, we used canonical correlation (vegan: CCorA, Oksanen et al.,
198  2017) of logit-transformed prey volumes and log-transformed abundances of trophically transmitted

199  parasites.

200 Non-parametric Kruskal-Wallis tests, followed by pairwise comparisons with
201 Mann-Whitney U-tests, were used to evaluate the significance of differences in 5'3C (reflecting

202 littoral vs. pelagic resource use) and 8'°N (reflecting trophic position) values among the three charr
203  morphs. Isotopic niche overlaps were calculated between all pairs of morphs using the probabilistic
204  method developed by Swanson et al. (2015), available in the R-package nicheROVER (Lysy et al.,
205  2014). In this method, a Bayesian approach is employed to produce 95% probability niche regions
206  and directional estimates of pairwise niche overlap. Niche overlap is defined as posterior

207  probabilities that an individual of one morph falls within the niche region (95%) of the other morph.
208  Potential outliers were identified graphically from the raw data, and two outliers were removed to

209  ensure better fit to multivariate normal distribution of the data.
210

211 Results

212 Fish community, habitat preference and Arctic charr growth

213 Arctic charr was the dominant species (n =168) in the benthic habitats (i.e., littoral and profundal),
214  whereas only nine ‘normal’ Arctic charr were caught in the pelagic zone (0.6 charr per 100 m? gillnet
215  area). Additionally, 34 brown trout, 68 minnows and one three-spined stickleback were caught from
216  the littoral zone. The CPUE of Arctic charr (overall mean: 3.8 fish per 100 m? benthic gillnet per

217 night) increased with depth from about 1.8 at 0-10 m, 2.2 at 10-20 m, 5.2 at 20-30 m to >8 at >30 m

218  depth. The ‘normal’ morph was most abundant in the upper water-column layers (Fig. 1a), down to

This is a post-peer-review, pre-copyedit version of an article published in Hydrobiologia. The final authenticated version is available online at:
http://dx.doi.org/10.1007/s10750-019-3953-4.



219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

30 m depth (CPUE-range: 2-4.5). The ‘dwarf” morph was most abundant at depths >20 m (CPUE:

>4), and the ‘grey’ morph was most abundant within the 30-50 m depth zone (CPUE: >2).

Length-at-age differed among the morphs, with significant differences in mean
length (t-tests, p<0.05) observed between ‘normal’ and profundal ‘dwarf” morphs for each age-class
between four and nine years (Fig. 1b). Estimated von Bertalanffy growth models indicated greater
asymptotic lengths for the ‘normal’ and ‘grey’ morphs as compared with the ‘dwarf” morph, with
non-overlapping confidence intervals indicating significantly different maximal sizes for all morphs.
Growth rate (k) similarly differed among the morphs as indicated by non-overlapping confidence
intervals, being lower in the ‘normal’ and ‘grey’ morphs and highest in ‘dwarf’ morph (Table 1). It
should be noted that the precision of parameter estimates for the ‘grey’ morph was possibly affected

by the smaller number of fish available for estimating model parameters.

Dietary niches

Generally, the abundance (%) of Mysis in charr stomach contents increased with depth, independent
of the morph considered (Fig. 2a), being about 10% in upper water column (0-10 m) and >60% in
deep waters (>50 m). In contrast, the diet of all Arctic charr captured in the uppermost water column
(<30 m depth) was dominated by zooplankton (>53%) and surface insects (>20%). Mysis constituted
18% of the diet of the ‘normal’ morph, 35% of the ‘grey’ morph diet and 39% of the ‘dwarf” morph
diet (Fig 2b). The ‘dwarf> morph consumed zooplankton (29%) and benthos (23%), in addition to
Mysis. The ‘dwarf” morph ate much less Daphnia and Bythotrephes, but approximately equal
amounts of Bosmina and Holopedium when compared with the ‘normal’ morph. The ‘grey” morph
relied more heavily on fish (38%) than the other morphs, which had less than 1.5% fish in their
stomachs. Common consumption of Mysis and/or zooplankton prey groups caused a relatively high

dietary overlap (54-56%) between the ‘dwarf” morph and the two other morphs when considering all
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243 prey groups (23 taxa). Dietary overlap was lower (41%) between the ‘normal’ and the ‘grey’ morph.
244 After removing Mysis as a prey group, the dietary overlap dropped to 34% between the two deep-
245  water morphs, as the ‘dwarf” morph fed mainly on zooplankton (49%) and deep-water zoobenthos

246 (39%), while the ‘grey’ morph fed mainly on fish (59%).

247

248  Parasite community composition

249  Atotal of 11 parasite taxa were found, including eight trophically transmitted parasites, one directly
250 transmitted parasite (S. edwardsii) and two trematode taxa (Diplostomum sp. and Apatemon sp.)
251  transmitted from snail intermediate hosts. Taxon richness increased with host age for both ‘normal’
252 and ‘dwarf” morphs, whereas age did not influence parasite taxon richness in the piscivorous ‘grey’
253  morph (GLMmorph:age: F2,67 = 5.16, p = 0.008; Tables 2 and S1). Total parasite abundance was

254 significantly higher in the ‘normal’ morph compared to the ‘dwarf” morph, while the piscivorous

255  ‘grey’ morph had intermediate infection levels (GLMmorph: F2,70 = 4.70, p =0.012; Tables 2 and S1).

256 Parasite community composition in individual Arctic charr appeared to be

257  more similar in the two profundal morphs compared to the ‘normal” morph (Fig. 3). Of the three
258  parasite taxa non-trophically transmitted to charr, Diplostomum sp. and Apatemon sp. were the most
259  prevalent among morphs (~40-65 %), whereas S. edwardsii tended to occur in the ‘normal’ charr
260  morph (20 %). The abundance of non-trophically transmitted parasites was consistently low (< 3
261 individual parasites per fish) and did not differ among morphs, although there was a positive

262 relationship between Diplostomum sp. abundance and charr age (Tables 3, S2). Of the trophically
263  transmitted parasites, the upper water-column ‘normal’ morph had the highest prevalence for five of
264  eight parasite taxa, and the remaining three parasite taxa were most prevalent in the piscivorous

265  ‘grey’ morph. Two Gammarus transmitted taxa, C. truncatus and Acanthocephala sp., were

266  restricted to ‘normal’ charr morphs only. Dibothriocephalus spp. cestode larvae were the most
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267  prevalent trophically transmitted parasite and occurred in similar abundances in all morphs (Tables 3,
268  S2). The copepod-transmitted taxa, i.e. Proteocephalus sp. and Eubothrium sp., were more prevalent
269  in the ‘normal’ morph than in the deep-water charr morphs. Proteocephalus sp. abundance was

270  greater in the ‘normal’ morph than in the ‘dwarf’ morph, with the abundance of this parasite

271 declining with charr age (Tables 3, S2). The swim bladder nematode C. farionis was found most

272  often in the piscivorous ‘grey’ morph, although it was in consistently low abundance in all charr

273 morphs (Table 3).

274 The community composition of trophically transmitted parasites in individual
275  charr was significantly explained, albeit moderately, by the diet composition of the individual

276  (Canonical Correlation R?%adj = 0.30, p < 0.001; Fig. 4). Thus, when visualizing both the most recent
277  diet (stomach contents) and the temporally-integrated characterization of resource use as measured
278 Dby trophically transmitted parasites, all morphs appeared to have different trophic niches (Fig. 4).

279  The two deep-water morphs were located closest to each other, indicating they have more similar
280  trophic niches. The ‘normal’ morph was more separated (Fig. 4) and associated with higher

281 infections of Proteocephalus sp. and Crepidostomum spp. as a result of feeding on a different

282  assemblage of zooplankton species and insect larvae than the 'dwarf' or 'grey’ morphs. The ‘grey’ and
283  ‘dwarf’ morphs were mainly associated with infections of Dibothriocephalus spp. and C. farionis,

284  linked to feeding on Mysis, mussels, chironomid larvae, and fish.

285

286  Stable isotopes

287  The three Arctic charr morphs showed significant differences in §°C (Kruskal-Wallis: ¥2= 10.69, df
288 =2, p=0.005) and 3'°N (%= 42.93, df = 2, p < 0.001) values. The ‘normal’ morph had significantly
289  lower (i.e., more pelagic) §*C values than the ‘grey’ morph (Mann-Whitney pairwise comparison: p

290  =0.002), whereas the other between-morph differences in 83C were non-significant (p = 0.07-0.09).
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291  The ‘normal’ morph showed variable but significantly lower §*°N values than either the ‘dwarf® or
292 ‘grey’ morphs (Mann-Whitney pairwise comparisons; p < 0.001; Figure 5a) and was separated from
293  both by approximately one trophic level (i.e., ~3 %o). In contrast, the ‘dwarf’ and ‘grey’ morphs did
294  not differ in 8°N (Mann-Whitney pairwise comparisons; p -=0.268), although ‘grey’ morph

295  individuals tended to have higher 8*°N values consistent with piscivorous feeding. Isotopic niche
296  overlap analyses showed that the ‘dwarf” and ‘grey’ morphs had high probabilities of sharing the
297  same niche region (70% and 76%), while they had lower probabilities of overlapping with the

298  ‘normal’ morph (32% and 25%) (Table 4; Fig 5b). The ‘normal” morph had the lowest probabilities

299  of overlapping with either of the profundal morphs (14% and 10%) (Table 4).
300

301 Discussion

302  We observed a partial niche segregation between the three sympatric Arctic charr morphs in

303  Limingen, with the clearest segregation being between the upper water-column zooplanktivorous
304  ‘normal’ morph and the two profundal morphs, the ‘dwarf” and the piscivorous ‘grey’ morphs.
305  Although we do not have directly comparable data from each of the morphs before the Mysis

306 introduction (Gregersen et al., 2006), our results suggest that the Mysis introduction has reduced
307 niche segregation between the three sympatric Arctic charr morphs as a result of common

308 exploitation of this resource, with the strongest impacts being on the two deep-water morphs. The
309 temporally integrated trophic tracers (parasite fauna and stable isotope values) pointed to a further
310 partial dietary segregation between the two Arctic charr morphs with identical deep-water

311 preferences, with the ‘dwarf” and ‘grey’ morphs supplementing a Mysis-based diet with benthic prey
312 and fish, respectively. The reduced trophic segregation has increased the apparent ecological

313  similarity between the morphs and has the potential to enhance the probability for increased

314  competitive interactions and hybridization.
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315 A corresponding trophic segregation between the ‘normal” morph and the

316  sympatric profundal morphs occurs in some other polymorphic lakes (Knudsen et al., 2006, 2016a;
317  Amundsen et al., 2008; Moccetti et al., this volume). In Arctic charr, a zooplanktivorous diet is

318  generally found in southern Scandinavian lakes (e.g., L’ Abée-Lund et al., 1993; Sandlund et al.,

319  2016; Jensen et al., 2017; Paterson et al., this volume), in lakes regulated for hydropower production
320 (e.g., Hirschetal., 2017), and in northern lakes with benthivorous competitors (e.g., Skoglund et al.,
321  2013; Eloranta et al., 2013). In northern lakes with deep-water morphs, the upper water-column

322 ‘normal’ Arctic charr morph may also include littoral resources in the diet (Knudsen et al., 2010,
323  2016a; Eloranta et al., 2013; Moccetti et al., this volume). In Limingen, however, the benthic

324  resources in shallow littoral areas are restricted due to water level fluctuations that reduce littoral
325  zone productivity (e.g., Hirsch et al., 2017) and the occupancy of available shallow areas by

326  abundant minnows and a few brown trout (Aass et al., 2004; Gregersen et al., 2006). Low presence
327  of littoral benthos in the diet of the ‘normal” morph is supported by low infection by the few parasite
328  species transmitted from benthic prey (i.e., Crepidostomum sp.), as also been observed in other

329  studies in this geographic region (Paterson et al., 2018; Paterson et al., this volume).

330 The small-sized deep-water ‘dwarf” morph included both zooplankton and
331 Mysis in the diet, resulting in a relatively high dietary overlap between the ‘normal’ and ‘grey’

332 morphs. Small-sized deep-water Arctic charr morphs typically specialize on soft-bottom benthos
333  (Hindar & Jonsson, 1982; Knudsen et al., 2006, 2016a,b; Hooker et al., 2016; Moccetti et al., this
334  volume), as do profundal whitefish morphs (Harrod et al., 2010; Preebel et al., 2013; Siwertsson et
335 al., 2013) and brown trout (Piggott et al., 2018). In Limingen, excluding Mysis consumption reduced
336  the apparent dietary overlap between the two profundal morphs, with consumption of prey resources
337  other than Mysis pointing to a more distinct benthivorous dietary niche for the ‘dwarf” morph.

338  Although separation into morph groupings was not reported, zoobenthos were noticeably more

339  common in the diet of Arctic charr prior to the Mysis introduction (Gregersen et al., 2006). The
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introduction of Mysis may have induced a dietary shift by the ‘dwarf” morph towards a more pelagic
diet as a result of the diel vertical migration of Mysis within the water column. The ‘dwarf” morph
also had significantly higher 5'°N values and less diverse parasite fauna when compared to the
‘normal’ morph in Limingen and nearby lakes (Paterson et al., 2018; Paterson et al., this volume), as
has been reported for other polymorphic Arctic charr lakes (Knudsen et al., 1997, 2016a; Siwertsson
et al., 2016). Despite the apparently large dietary overlap, the above suggests that the ‘dwarf” morph
has a less unique benthivorous diet in Limingen than in other lakes (see also Mocchetti et al., this

volume).

The relative importance of Mysis in the diet of the ‘grey’ morph is not typical
for large-growing Arctic charr (but see Eloranta et al., 2015), although lake charr (S. namaycush)
predate substantially on Mysis (e.g., Chavarie et al., 2016) particularly when introduced to
oligotrophic lakes (e.g., Ellis et al., 2002). In Limingen, fish was an important prey for the ‘grey’
morph, but not for the sympatric ‘normal’ and ‘dwarf” morphs, indicating the position of ‘grey’
Acrctic charr as specialized piscivores (Adams et al., 1998; Power et al., 2005; Knudsen et al., 2016b;
Moccetti et al. this volume). The inclusion of a specialized piscivore among lake-resident morphs is
also found in other polymorphic Salvelinus spp. populations (Muir et al., 2016; Markevitch et al.,
2018). Although the relatively high 8*°N values of the ‘grey’ morph partly reflected their piscivorous
diet, the morph was less clearly separated from the ‘dwarf” morph than has been evident in studies of
other profundal morph-pairs (Knudsen et al., 2016a; Moccetti et al., this volume). The ‘grey’ morph
had a higher diversity of trophically transmitted parasites than ‘dwarf” morph, likely passed on via
prey fish as has been noted elsewhere (Siwertsson et al., 2016; Moccetti et al., this volume). The
‘grey’ morph also had aggregated high Dibothriocephalus spp. infections (a cestode able to re-
establish in predatory fish; e.g., Curtis, 1984), as is often seen in other piscivorous Salvelinus spp.
morphs (Frandsen et al., 1989; Butorina et al., 2008; Siwertsson et al., 2016, Moccetti et al., this

volume). However, the parasite data also suggests abundant ingestion of Mysis by the ‘grey’ morph,
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365 as C. farionis (a swim-bladder nematode potentially transmitted by mysids; Black & Lankester,

366  1980) were most frequent in the ‘grey’ morph. Overall, the parasite results (i.e., community structure
367 and/or abundance) described here support previous conclusions that piscivorous predators are

368  exposed to a portfolio of parasite species that differ from those found in sympatric invertebrate

369  feeding morphs (Siwertsson et al., 2016; Moccetti et al., this volume).

370 The profundal ‘grey’ and ‘dwarf” morphs in Limingen also showed greater

371 similarity in diets and growth rates than the sympatric deep-water benthivorous and piscivorous charr
372 morphs found elsewhere (Smalas et al., 2013; Knudsen et al., 2016a,b; Moccetti et al., this volume),
373 likely as a result of Mysis consumption as has been noted for lake trout feeding on introduced Mysis
374  in Flathead Lake, Montana (Ellis et al., 2002). The introduced Mysis is also one of the main reasons
375  for the high dietary overlap, which was similarly reflected in the overlap in isotopic niches and

376  parasite fauna between the deep-water Arctic charr morphs. When present, Mysis may dominate the
377  diet of benthic and pelagic Arctic charr in Scandinavian lakes in all seasons, but especially during
378  winter when zooplankton are scarce (Garnas, 1986; Neesje, 1995; Hammar, 2014). Introduction of
379  Mysis in polymorphic Arctic charr lakes may therefore diminish the ecological segregation between
380  sympatric morph pairs and alter the local selection regimes. Whilst there is no information regarding
381  reproductive isolation (e.g., time and place of spawning) for Limingen Arctic charr, the morphs are
382  thought to be genetically different (Nyman et al., 1981). In several other post-glacial lakes, upper
383  water-column morphs of Arctic charr and whitefish are genetically different from their sympatric
384  benthivorous deep-water morphs, as well as from resident piscivorous morphs (Verspoor et al., 2010;
385  Preebel et al., 2013, 2016; Siwertsson et al., 2013; Simonsen et al., 2017; Moccetti et al., this

386  volume). The ‘normal’ morph in Limingen differ from the other two sympatric morphs in terms of
387  habitat depth, whereas the two deep-water morphs segregate in terms of piscivory; yet, all three

388  morphs prey on the introduced Mysis. Thus, reliance on Mysis clearly reduces the niche segregation

389  between the morphs as a result of its impacts on energy flow pathways through the lake food web
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390 (e.g., Ellis et al., 2002). Ecological convergence (e.g., similarity in diet) as observed in the present
391  ‘dwarf” and ‘grey’ morphs, may even promote hybridization. The “reverse speciation” process

392  (increased hybridization) among native fish morphs has been reported from other lakes where the
393 introduction of non-native competitors or potential prey have impaired ecological segregation (e.g.,

394  Taylor et al., 2006; Vonlanthen et al., 2012; Baht et al., 2014).

395 Multiple human-induced stressors are evident in Limingen and common in
396  many Scandinavian freshwater systems (Hirsh et al., 2017). Hydropower-induced water level

397  fluctuations provided the initial environmental stressor that reduced littoral benthic food resources
398  for fish (Gregersen et al., 2006). Another human-induced ecosystem stressor was the introduction of
399  Eurasian minnow, a typical shallow-water benthivorous resource competitor for salmonids

400 (Borgstrgm et al., 2010; Museth et al., 2010). Finally, the introduction of Mysis may have further
401  altered the niche use of the ‘normal” morph through increased competition for zooplankton resources
402  (Langeland et al., 1991). There is generally little understanding about how multiple human-induced
403  stressors may affect relatively simple postglacial lake ecosystems such as Limingen, and no

404  information exists on how cumulative stressors can affect the evolutionary processes structuring

405  polymorphic Arctic charr populations (Sandlund & Hesthagen, 2011). By introducing Mysis into a
406  lake ecosystem with a littoral zone impaired by hydropower operations, the evolutionary selection
407  regimes appear to have been modified, which may in turn induce a breakdown of the reproductive
408 isolation between established morphs as a result of increasing the functional ecological similarity

409  among the morphs.

410 For management of the scattered and unique deep-water morphs of Arctic
411  charr, it is important to obtain an overview of the occurrence of intra-lake divergence within

412  populations, describe their biological characteristics and determine the environmental prerequisites
413  for their occurrence. Based on recent ecological and genetic studies, deep-water morphs of Arctic

414  charr and whitefish are replicated in several locations and appear to originate locally (Jstbye et al.,
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415  2006; Knudsen et al., 2006; Klemetsen 2010; Preebel et al., 2013, 2016). Profundal morphs of Arctic
416  charr have evidently inherited traits selected for surviving in cold, dark and nutrient—poor deep-water
417  environments, including specific adaptations in trophic morphology, behavior and growth

418  (Klemetsen et al., 2002, 2006; Knudsen et al., 2015). Other traits seem to a lesser degree to be under
419  strong natural selection, such as temperature preference and vision capabilities (Siikavuopio et al.,
420 2014; Kahilainen et al., 2016). Without appropriate knowledge of the occurrences of traits within and
421  among populations of Arctic charr, and of northern lake resident fish in general, a full understanding
422  of the functional biodiversity within these lakes will remain unknown. Functional diversity is an

423 important component of biodiversity in northern lakes (Sandlund & Hesthagen, 2011) and its

424  categorization is particularly important given the rapid anthropogenic induced environmental change
425  that is altering ecosystems and biodiversity faster than the diversity can be inventoried (Reist et al.,

426  2013).

427 A second concern and challenge for management is to identify potential threats
428  tothese deep-water morphs that may reduce their abundance or even cause local extinction. There
429  seems to be no population-specific, cold-water adaptations in deep-water Arctic charr morphs as they
430  have the same estimated temperature preferences as those from Svalbard and most of Scandinavia
431  (Larsson et al., 2005; Siikavuopio et al., 2014). Profundal morphs, however, tend to spawn later than
432 sympatric upper water-column morphs, during the winter when lakes are normally ice-covered

433 (Klemetsen et al., 1997; Smalas et al., 2017). The profundal zones in deep oligotrophic postglacial
434  lakes are relatively stable environments, experiencing less variability in food supply and temperature
435  regimes (e.g., Mousavi & Amundsen, 2012). Thus, populations inhabiting these lakes may be less
436  affected by moderate global warming (Poesch et al., 2016), as they can thermally buffer in cold deep
437  waters isolated from summer temperature stratification. Arctic charr populations that spawn in

438  shallow areas may actively avoid the warm upper water-column layers during summer stratification

439  (Murdoch & Power, 2012) but may alter spawning timing or habitat (e.g., Winfield et al., 2010;
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440  Jeppesen et al., 2012). Thus, upper water-column morphs may be more severely affected by an

441  accumulation of anthropogenic-induced stressors, e.g., climate change and hydropower-induced

442  water level fluctuations. Furthermore, if whole lake ecosystems are significantly modified, there may
443  be cascading ecological consequences even for deep-water morphs, as has been suggested by the

444  data from Limingen. This may include an increased risk of hybridization between morph-pairs that

445  will eventually reduce the intraspecific biodiversity apparent in many Scandinavian lakes.

446

447  Acknowledgements

448  The investigations in Limingen in 2016 were supported by NTE (Nord-Trgndelag Elektrisitetsverk —
449  Energi) and the Norwegian Environment Agency (the Fish in Large Lakes component of the program
450  Surveillance Monitoring of Large Lakes), with additional funding from NINA (Norwegian Institute
451  for Nature Research), and UiT (The Arctic University of Norway). RAP was supported by the

452  European Union’s Horizon 2020 Research and Innovation Program (Marie Sktodowska-Curie grant
453 agreement no. 663830). The gill netting was done by Laila Saksgard and Oskar Pettersen, NINA, and
454  Aslak D. Sjursen, NTNU University Museum. Cesilie Bye, Laina Dalsbg and Karin Strand

455  Johanessen, from the Freshwater Ecology group, UiT The Arctic University of Norway assisted with
456  fish dissection and sampling. We thank these colleagues for their help in field and laboratory, and
457  also the two anonymous reviewers for their helpful feedback on an earlier draft of the manuscript.
458

459  References

460 Aass, P., C.S. Jensen, L.A. Vollestad & J.H. L’Abée-Lund, 2004. Long-term variation in the

461  population structure of Arctic charr, Salvelinus alpinus, and brown trout, Salmo trutta. Fisheries

462  Management and Ecology 11: 125-134.

This is a post-peer-review, pre-copyedit version of an article published in Hydrobiologia. The final authenticated version is available online at:
http://dx.doi.org/10.1007/s10750-019-3953-4.



463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

Adams, C.E., D. Fraser, F.A. Huntingford, R.B. Greer, C.M. Askew & A.F. Walker, 1998. Trophic
polymorphism amongst Arctic charr from Loch Rannoch, Scotland. Journal of Fish Biology 52:

1259-1271.

Alexander, T.J., P. Vonlanthen & O. Seehausen, 2017. Does eutrophication-driven evolution change

aquatic ecosystems? Philosophical Transactions of the Royal Society B 372: 20160041.

Amundsen, P.-A., H.M. Gabler & F.J. Staldvik, 1996. A new approach to graphical analysis of
feeding strategy from stomach contents data—maodification of the Costello (1990) method. Journal

of Fish Biology 48: 607-614.

Amundsen, P.-A., R. Knudsen & A. Klemetsen, 2008. Seasonal and ontogenetic variations in

resource use of two sympatric Arctic charr morphs. Environmental Biology of Fishes 83: 45-56.

Appelberg, M., H.M. Berger, T. Hesthagen, E. Kleiven, M. Kurkilahti, J. Raitaniemi & M. Rask,
1995. Development and intercalibration of methods in nordic freshwater fish monitoring. Water, Air

& Soil Pollution 85: 401-406.

Bhat, S., P-A. Amundsen, R. Knudsen, K.@. Gjelland, S.E. Fevolden, L. Bernatchez & K. Preebel,
2014. Speciation reversal in European whitefish (Coregonus lavaretus (L.)) caused by competitor

invasion. Plos One 9: €91208.

Black, G.A. & M.W. Lankester. 1980. Migration and development of swim bladder nematodes,
Cystidicola spp. (Habronematoidea), in their definitive hosts. Canadian Journal of Zoology 58:

1997-2005.

Boecklen, W.J., C.T. Yarnes, B.A. Cook & A.C. James, 2011. On the use of stable isotopes in

trophic ecology. Annual Review of Ecology and Systematics 42: 411-440.

This is a post-peer-review, pre-copyedit version of an article published in Hydrobiologia. The final authenticated version is available online at:
http://dx.doi.org/10.1007/s10750-019-3953-4.



484  Borgstrem, R., J. Museth & J.E. Brittain, 2010. The brown trout (Salmo trutta) in the lake, @vre
485  Heimdalsvatn: long-term changes in population dynamics due to exploitation and the invasive

486  species, European minnow (Phoxinus phoxinus). Hydrobiologia 642: 81-91.

487  Bush, A.O., K.D. Lafferty, J.M. Lotz & A.W. Shostak, 1997. Parasitology meets ecology on its own

488  terms: Margolis et al. revisited. Journal of Parasitology 83: 575-583.

489  Butorina, T.E., M.B. Shed’ko & O.Yu. Gorovaya, 2008. Specific features of ecology of chars of the
490  Genus Salvelinus (Salmonidae) from the Basin of Lake Kronotskoe (Kamchatka) according to

491  parasitological data. Journal of Ichthyology 48: 622—636.

492  Chavarie, L., W.J. Harford, K.L. Howland, J. Fitzsimons, A.M. Muir, C.C. Krueger & W.M. Tonn,
493  2016. Multiple generalist morphs of Lake Trout: Avoiding constraints on the evolution of

494 intraspecific divergence? Ecology and Evolution 6: 7727-7741.

495  Curtis, M.A., 1984. Diphyllobothrium spp. and the Arctic charr: parasite acquisition and its effects
496  on a lake-resident population. In Johnson, L. & B. I. Burns (eds), Biology of the Arctic charr.
497  Proceedings of the International Symposium on a Arctic charr, University of Manitoba Press,

498  Winnipeg: 395-411.

499  Ellis, B.K., J. A. Stanford, D. Goodman, C.P. Stafford, D.L. Gustafson, D.A. Beauchamp, D.W.
500 Chess, J.A. Craft, M.A. Deleray & B.S. Hansen, 2011. Long-term effects of a trophic cascade in a

501 large lake ecosystem. Proceedings of the National Academy of Sciences. 108: 1070-1075.

502  Eloranta, A.P., R. Knudsen & P.-A. Amundsen, 2013. Niche segregation of coexisting Arctic charr
503  (Salvelinus alpinus) and brown trout (Salmo trutta) constrains food web coupling in subarctic lakes.

504  Freshwater Biology 58: 207-221.

This is a post-peer-review, pre-copyedit version of an article published in Hydrobiologia. The final authenticated version is available online at:
http://dx.doi.org/10.1007/s10750-019-3953-4.



505  Eloranta, A.P., K.K. Kahilainen, P.-A. Amundsen, R. Knudsen, C. Harrod, & R.I. Jones, 2015. Lake
506  size and fish diversity determine resource use and trophic position of a top predator in high-latitude

507 lakes. Ecology & Evolution 5: 1664-1675.

508  Frandsen, F., H.J. Malmquist & S.S. Snorrason, 1989. Ecological parasitology of polymorphic Arctic

509 charr, Salvelinus alpinus, in Lake Thingvallavatn, Iceland. Journal of Fish Biology 34: 281-297.

510 Garnas, E., 1986. Changes in the diet of charr Salvelinus alpinus L. after introduction of Mysis

511  relicta Loven in two subalpine reservoirs in Norway. Fauna Norvegica Series A 7: 17-22.

512  Gregersen, F., P. Aass, L.A. Vollestad & J.H. L’Abée-Lund, 2006. Long-term variation in diet of
513  Arctic char, Salvelinus alpinus, and brown trout, Salmo trutta: effects of changes in fish density and

514  food availability. Fisheries Management and Ecology 13: 243-250.

515 Hammar, J., 2014. Natural resilience in Arctic charr Salvelinus alpinus: life history, spatial and

516 dietary alterations along gradients of interspecific interactions. Journal of Fish Biology 85: 81-118.

517 Harrod, C., J. Mallela & K.K. Kahilainen, 2010. Phenotype-environment correlations in a putative

518  whitefish adaptive radiation. Journal of Animal Ecology 79: 1057-1068.

519  Hendry, A.P., D.I. Bolnick, D. Berner & C.L. Peichel, 2009. Along the speciation continuum in

520  sticklebacks. Journal of Fish Biology 75: 2000-2036.

521  Hendry, A.P., K.M. Gotanda, M. Kiyoko & E.I. Svensson, 2017. Human influences on evolution,
522  and the ecological and societal consequences. Introduction. Philosophical Transactions of the Royal

523  Society B-Biological Sciences 372: 20160028.

524  Henriksen, E.H., A. Smalas, J.F. Stram & R. Knudsen, 2019. The association between parasite
525 infection and growth rates in Arctic charr — do fast growing fish have more parasites? Hydrobiologia

526  (this volume) doi.10.1007/s10750-018-3865-8.

This is a post-peer-review, pre-copyedit version of an article published in Hydrobiologia. The final authenticated version is available online at:
http://dx.doi.org/10.1007/s10750-019-3953-4.



527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

Hindar, K. & B. Jonsson, 1982. Habitat and food segregation of dwarf and normal arctic charr
(Salvelinus alpinus) from Vangsvatnet lake, western Norway. Canadian Journal of Fisheries and

Aguatic Sciences 39: 1030-1045.

Hindar, K., N. Ryman & G. Stahl, 1986. Genetic differentiation among local populations and
morphotypes of Arctic charr, Salvelinus alpinus. Biological Journal of the Linnean Society 27: 269-

285.

Hirsch, P.E., A.P. Eloranta, P.-A. Amundsen, A. Brabrand, J. Charmasson, I.P. Helland, M. Power, J.
Sanchez-Hernandez, O.T. Sandlund, J.F. Sauterleute, S. Skoglund, O. Ugedal & H. Yang, 2017.
Effects of water level regulation in alpine hydropower reservoirs: an ecosystem perspective with a

special emphasis on fish. Hydrobiologia 794: 287-301.

Hooker, O.E., J. Barry, T.E. Van Leeuwen, A. Lyle, J. Newton, P. Cunningham & C.E. Adams,
2016. Morphological, ecological and behavioural differentiation of sympatric profundal and pelagic

Acrctic charr (Salvelinus alpinus) in Loch Dughaill Scotland. Hydrobiologia 783: 209-221.

Jackson, A.L., A.C. Parnell, R. Inger & S. Bearhop, 2011. Comparing isotopic niche widths among
and within communities: SIBER - Stable Isotope Bayesian Ellipses in R. Journal of Animal Ecology

80: 595-602.

Jensen, H., M. Kiljunen, R. Knudsen, & P-A. Amundsen, 2017. Resource partitioning in food, space
and time between Arctic charr (Salvelinus alpinus), brown trout (Salmo trutta) and European
whitefish (Coregonus lavaretus) at the southern edge of their continuous coexistence. Plos One 12:

e0170582

Jeppesen, E., T. Mehner, 1.J. Winfield, K. Kangur, J. Sarvala, D. Gerdeaux, M. Rask, H.J.
Malmquist, K. Holmgren, P. Volta, S. Romo, R. Eckmann, A. Sandstrom, S. Blanco, A. Kangur,

H.R. Stabo, M. Tarvainen, A.M. Ventela, M. Sondergaard, T.L. Lauridsen & M. Meerhoff, 2012.

This is a post-peer-review, pre-copyedit version of an article published in Hydrobiologia. The final authenticated version is available online at:
http://dx.doi.org/10.1007/s10750-019-3953-4.



550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

Impacts of climate warming on the long-term dynamics of key fish species in 24 European lakes.

Hydrobiologia 694: 1-39.

Jonsson, B., S. Skulason, S.S. Snorrason, O.T. Sandlund, H.J. Malmquist, P.M. Jonasson, R.
Gydemo & T. Lindem, 1988. Life history variation of polymorphic Arctic charr (Salvelinus alpinus)

in Thingvallavatn, Iceland. Canadian Journal of Fisheries and Aquatic Sciences 45: 1537-1547.

Kahilainen, K.K., T. Smura, R. Knudsen, P.-A. Amundsen, M. Jokela-Mé&éttd & K. Donner, 2016.
Visual pigments of Arctic charr (Salvelinus alpinus (L.)) and whitefish (Coregonus lavaretus (L.))

morphs in subarctic lakes. Hydrobiologia 783: 223-237.

Klemetsen, A. 2010. The charr problem revisited: exceptional phenotypic plasticity promotes

ecological speciation in postglacial lakes. Freshwater Review 3: 49-74.

Klemetsen, A., P.-A. Amundsen, R. Knudsen & B. Hermansen, 1997. A profundal, winter-spawning
morph of Arctic charr Salvelinus alpinus (L.) in lake Fjellfrgsvatn, northern Norway. Nordic Journal

of Freshwater Research 73: 13-23.

Klemetsen, A., J.M. Elliott, R. Knudsen & P. Sgrensen, 2002. Evidence for genetic differences in the

offspring of two sympatric morphs of Arctic charr. Journal of Fish Biology 60: 933-950.

Klemetsen, A., R. Knudsen, R. Primicerio & P.-A. Amundsen, 2006. Divergent, genetically based
feeding behaviour of two sympatric Arctic charr, Salvelinus alpinus (L.), morphs. Ecology of

Freshwater Fish 15: 350-355.

Knudsen, R., R. Kristoffersen & P.-A. Amundsen, 1997. Parasite communities in two sympatric
morphs of Arctic charr, Salvelinus alpinus (L.), in northern Norway. Canadian Journal of Zoology

75: 2003-20009.

This is a post-peer-review, pre-copyedit version of an article published in Hydrobiologia. The final authenticated version is available online at:
http://dx.doi.org/10.1007/s10750-019-3953-4.



571 Knudsen, R., A. Klemetsen, P.-A. Amundsen & B. Hermansen, 2006. Incipient speciation through
572 niche expansion: an example from the Arctic charr in a subarctic lake. Proceedings of the Royal

573  Society of London B 273: 2291-2298.

574  Knudsen, R., R. Primicerio, P.-A. Amundsen, & A. Klemetsen, 2010. Temporal stability of

575 individual feeding specialization may promote speciation. Journal of Animal Ecology 79: 161-168.

576  Knudsen R., A. Siwertsson, C.E. Adams, M. Gardund-Paz, J. Newton & P.-A. Amundsen, 2011.
577  Temporal stability of niche use exposes sympatric Arctic charr to alternative selection pressures.

578  Evolutionary Ecology 25: 589-604.

579  Knudsen, R., H. Johnsen, B.-S. Sather & S.I. Siikavuopio, 2015. Divergent growth patterns between
580 juveniles of two sympatric Arctic charr morphs with contrasting depth gradient niche preferences.

581  Agquatic Ecology 49: 33-42.

582  Knudsen, R., P.-A. Amundsen, A.P. Eloranta, B. Hayden, A. Siwertsson & A. Klemetsen, 2016a.
583  Parallel evolution of profundal Arctic charr morphs in two contrasting fish communities.

584  Hydrobiologia 783: 239-248.

585  Knudsen R., K.@. Gjelland, A.P. Eloranta, B. Hayden, A. Siwertsson, P.-A. Amundsen & A.
586  Klemetsen, 2016b. A specialized cannibalistic Arctic charr morph in the piscivore guild of a

587  subarctic lake. Hydrobiologia 783: 65-78.

588  Koksvik, J.1., H. Reinertsen & J. Koksvik, 2009. Plankton development in Lake Jonsvatn, Norway,

589 after introduction of Mysis relicta: a long-term study. Aquatic Biology 5: 293-304.

590  Kuparinen, A. & M. Festa-Bianchet, 2017. Harvest-induced evolution: insights from aquatic and
591 terrestrial systems. Philosophical Transactions of the Royal Society B-Biological Sciences 372:

592  20160036.

This is a post-peer-review, pre-copyedit version of an article published in Hydrobiologia. The final authenticated version is available online at:
http://dx.doi.org/10.1007/s10750-019-3953-4.



593  L’Abée-Lund, J.H., A. Langeland, B. Jonsson & O. Ugedahl, 1993. Spatial segregation by age and
594  size in Arctic charr: a trade-off between feeding possibility and risk of predation. Journal of Animal

595  Ecology 62: 160-168.

596  Langeland, A., J.I. Koksvik & J. Nydal, 1991. Impact of the introduction of Mysis relicta on the
597  zooplankton and fish populations in a Norwegian Lake. American Fisheries Society Symposium 9:

598  98-114.

599  Larsson, S., T. Forseth, 1. Berglund, A.J. Jensen, I. Naslund, J.M. Elliott & B. Jonsson, 2005.
600  Thermal adaptation of Arctic charr: experimental studies of growth in eleven charr populations from

601  Sweden, Norway and Britain. Freshwater Biology 50: 353—368.

602 Layman, C.A., M.S. Araujo, R. Boucek, C.M. Hammerschlag-Peyer, E. Harrison, Z.R. Jud, P.
603  Matich, A.E. Rosenblatt, J.J. Vaudo, L.A. Yeager, D.M. Post & S. Bearhop, 2012. Applying stable
604  isotope to examine food-web structure: an overview of analytical tools. Biological Review 87: 545-

605  532.

606  Lysy, M., A.D. Stasko & H.K. Swanson. 2014. nicheROVER: (Niche) (R)egion and Niche (Over)lap

607  Metrics for Multidimensional Ecological Niches. R package version 1.0.

608  Markevich, G., E. Esin & L. Anisimova, 2018. Basic description and some notes on the evolution of
609  seven sympatric morphs of Dolly Varden Salvelinus malma from the Lake Kronotskoe Basin.

610  Ecology and Evolution 8: 2554-2567.

611  Moccetti, P., A. Siwertsson, R. Kjer, P.-A. Amundsen, A.-M.P. Tamayo, K. Prebel, M. Power & R.
612  Knudsen, 2019. Contrasting patterns in trophic niche evolution of polymorphic Arctic charr

613  populations in two subarctic Norwegian lakes. Hydrobiologia (this volume)

614  Moen, V. & A. Langeland, 1989. A diurnal vertical and seasonal horizontal distribution patterns of

615  Mysis relicta in a large norwegian lake. Journal of Plankton Research 11: 729-745.

This is a post-peer-review, pre-copyedit version of an article published in Hydrobiologia. The final authenticated version is available online at:
http://dx.doi.org/10.1007/s10750-019-3953-4.



616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

Mousavi, S.K. & P.-A. Amundsen, 2012. Seasonal variations in the profundal Chironomidae

(Diptera) assemblage of a subarctic lake. Boreal Environment Research 17: 102-112.

Muir, A.M., M.J. Hansen, C.R. Bronte & C.C. Krueger, 2016. If Arctic charr Salvelinus alpinus is
‘the most diverse vertebrate’, what is the lake charr Salvelinus namaycush. Fish and Fisheries 17:

1194-1207.

Murdoch, A. & M. Power, 2012. The effect of lake morphometry on thermal habitat use and growth
in Arctic charr populations: implications for understanding climate-change impacts. Ecology of

Freshwater Fish 22: 453-466.

Museth, J., R. Borgstrem & J.E. Brittain, 2010. Diet overlap between introduced European minnow
(Phoxinus phoxinus) and young brown trout (Salmo trutta) in the lake, @vre Heimdalsvatn: a result

of abundant resources or forced niche overlap? Hydrobiologia 642: 93-100.

Nyman, L., J. Hammar, & R. Gydemo, 1981. The systematics and biology of landlocked populations
of Arctic char from northern Europe. Report from Institute of Freshwater Research Drottningholm

59: 128-141.

Nasje, T.F., 1995. Effects of introduced Mysis relicta on habitat utilisation and feeding of Arctic

charr. Nordic Journal of Freshwater Research 71: 359-371.

Nasje, T.F., A.J. Jensen, V. Moen & R. Saksgard, 1991. Habitat use by zooplankton, Mysis relicta,

and Arctic char in Lake Jonsvatn, Norway. American Fisheries Society Symposium 9: 75-87.

Oksanen, J., F.G. Blanchet, M. Friendly, R. Kindt, P. Legendre, D. McGlinn, P.R. Minchin, R.B.
O'Hara, G.L. Simpson, P. Solymos, M.H.H. Stevens, E. Szoecs & H. Wagner, 2017. vegan:

Community Ecology Package. R package version 2.4-4.

This is a post-peer-review, pre-copyedit version of an article published in Hydrobiologia. The final authenticated version is available online at:
http://dx.doi.org/10.1007/s10750-019-3953-4.



637  @stbye, K., P.-A. Amundsen, L. Bernatchez, A. Klemetsen, R. Knudsen, R. Kristoffersen, T. Nasje,
638 & K. Hindar, 2006. Parallel evolution of eco-morphological traits in European whitefish Coregonus

639 lavaretus (L.) during postglacial times. Molecular Ecology 15: 3083-4001.

640  Paterson, R.A., R. Knudsen, I. Blasco-Costa, A.M. Dunn, S. Hyttergd, & H. Hansen, 2018.
641  Determinants of parasite distribution in Arctic charr populations: catchment structure versus

642  dispersal potential. Journal of Helminthology doi.10.1017/S0022149X18000482.

643  Paterson, R.A., J. Nefjodova, R.K. Salis & R. Knudsen, 2019. Exploring trophic niches and parasite
644  communities of sympatric Arctic charr and brown trout populations of southern Norway.

645  Hydrobiologia (this volume).

646  Piggott, C.V., E. Verspoor, R. Greer, O. Hooker, J. Newton & C.E. Adams, 2018. Phenotypic and
647  resource use partitioning amongst sympatric, lacustrine brown trout, Salmo trutta. Biological Journal

648  of the Linnean Society 124: 200-212.

649  Poesch, M.S., L. Chavarie, C. Chu, S.N. Pandit & W. Tonn, 2016. Climate change impacts on

650  freshwater fishes: A Canadian perspective. Fisheries 41: 385-391.

651  Power, M., M.F. O’Connell & J.B. Dempson, 2005. Ecological segregation within and among Arctic

652  char morphotypes in Gander Lake, Newfoundland. Environmental Biology of Fishes 73: 263-274.

653  Power, M., G. Power, J.D. Reist & R. Bajno, 2009. Ecological and genetic differentiation among the

654  Arctic charr of Lake Aigneau, Northern Québec. Ecology of Freshwater Fish 18: 445-460.

655  Prabel, K., R. Knudsen, A. Siwertsson, M. Karhunen, K.K. Kahilainen, O. Ovaskainen, K. @stbye,
656  S. Peruzzi, S-E. Fevolden & P-A. Amundsen, 2013. Ecological speciation in postglacial European
657  whitefish: rapid adaptive radiations into the littoral, pelagic and profundal lake habitats. Ecology and

658  Evolution 3;: 4970-4986.

This is a post-peer-review, pre-copyedit version of an article published in Hydrobiologia. The final authenticated version is available online at:
http://dx.doi.org/10.1007/s10750-019-3953-4.



659  Prabel, K., M. Couton, R. Knudsen & P.-A. Amundsen, 2016. Genetic consequences of allopatric
660  and sympatric divergence of Arctic charr (Salvelinus alpinus (L.)) from Fjellfrgsvatn as inferred by

661  microsatellite markers. Hydrobiologia 783: 257-267.

662 R Core Team. 2017. R: A language and environment for statistical computing. R Foundation for

663  Statistical Computing, Vienna, Austria. URL https://www.R-project.org/.

664  Reist, J.D., M. Power & B. Dempson, 2013. Arctic charr (Salvelinus alpinus): a case study of the
665  importance of understanding biodiversity and taxonomic issues in northern fishes. Biodiversity 14:

666  45-56.

667 Roff, D.A., 1984. The evolution of life history parameters in Teleosts. Canadian Journal of Fisheries

668  and Aquatic Sciences 41: 984-1000.

669  Sandlund, O.T. & T. Hesthagen, 2011. Fish diversity in Norwegian lakes: conserving species poor
670  systems. In: Jankun M, Furgala-Selezniow WM, Wisniewska A (eds) Water biodiversity assessment
671  and protection. Faculty of Environmental Protection and Fisheries, University of Warma and

672  Mazury, Olsztyn, Poland, pp. 7-20.

673  Sandlund, O.T., A.P. Eloranta, R. Borgstrem, T. Hesthagen, S.I. Johnsen, J. Museth & S. Rognerud,
674  2016. The trophic niche of Arctic charr in large southern Scandinavian lakes is determined by fish

675  community and lake morphometry. Hydrobiologia 783: 117-130.

676  Sandlund, O.T, A. Brabrand, J.G. Davidsen, K.@. Gjelland, T.G. Heggberget, R. Knudsen, O.
677  Pettersen, L. Saksgard, A.D. Sjursen & P. Aass, 2017. Fiskebiologiske undersgkelser i Limingen,

678  Nord-Trgndelag, 2016. NINA Rapport 1334. 37 pp. (In Norwegian with English summary)

679  Schluter, D., 1996. Ecological speciation in postglacial fishes. Philosophical Transactions of the

680 Royal Society of London B 351: 807-814.

This is a post-peer-review, pre-copyedit version of an article published in Hydrobiologia. The final authenticated version is available online at:
http://dx.doi.org/10.1007/s10750-019-3953-4.


https://www.r-project.org/

681  Schluter, D., 2000. The ecology of adaptive radiation. Oxford University Press, UK.

682  Schoener, T. W., 1970. Nonsynchronous spatial overlap of lizards in patchy habitats. Ecology 51:

683  408-418.

684  Seehausen, O., G. Takimoto, D. Roy & J. Jokela, 2008. Speciation reversal and biodiversity

685  dynamics with hybridization in changing environments. Molecular Ecology 17: 30-44.

686  Siikavuopio, S.I., B-S. Sether, H. Johnsen, T. Evensen & R. Knudsen, 2014. Temperature preference
687  of juvenile Arctic charr originating from different thermal environments. Aquatic Ecology 48: 313—

688  320.

689  Simonsen, M.K., A. Siwertsson, C.E. Adams, P.-A. Amundsen, K. Prebel & R. Knudsen, 2017.
690  Allometric trajectories of body and head morphology in three sympatric Arctic charr (Salvelinus

691  alpinus (L)) morphs. Ecology and Evolution 7: 7277—7289.

692  Siwertsson A, R. Knudsen, K. Praebel, C.E. Adams, J. Newton & P.-A. Amundsen, 2013. Discrete
693  foraging niches promote ecological, phenotypic and genetic divergence in sympatric whitefish

694  (Coregonus lavaretus). Evolutionary Ecology 27: 547-564.

695  Siwertsson, A., B. Refsnes, A. Frainer, P.-A. Amundsen & R. Knudsen, 2016. Parallel parasite

696  communities in deep- and shallow water morphs of Arctic charr. Hydrobiologia 783: 131-143.

697  Skoglund, S., R. Knudsen & P.-A. Amundsen, 2013. Selective predation on zooplankton by pelagic

698  Arctic charr, Salvelinus alpinus, in six subarctic lakes. Journal of Ichtyology 53: 849-855.

699  Skoglund, S., A. Siwertsson, P.-A. Amundsen & R. Knudsen, 2015. Morphological divergence
700  between three Arctic charr morphs — the significance of the deep-water environment. Ecology and

701  Evolution 5: 3114-3129.

This is a post-peer-review, pre-copyedit version of an article published in Hydrobiologia. The final authenticated version is available online at:
http://dx.doi.org/10.1007/s10750-019-3953-4.



702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

Smalas, A., P.-A. Amundsen & R. Knudsen, 2013. Contrasting life histories of sympatric Arctic

charr morphs, Salvelinus alpinus. Journal of Ichthyology 53: 856-866.

Smalas, A., P.-A. Amundsen & R. Knudsen, 2017. The trade-off between fecundity and egg-size in a
polymorphic population of Arctic charr (Salvelinus alpinus (L.)) in Skogsfjordvatn, subarctic

Norway. Ecology and Evolution 7: 2018-2024.

Spikkeland, 1., B. Kinsten, G. Kjellberg, J.P. Nilssen & R. Vainola, 2016. The aquatic glacial relict

fauna of Norway — an update of distribution and conservation status. Fauna Norvegica 36: 51-65.

Swanson, H.K., M. Lysy, M. Power, A.D. Stasko, J.D. Johnson & J. Reist. 2015. A new
probabilitstic method for quantifying n-dimensional ecological niches and niche overlap. Ecology

96: 318-324.

Taylor, E.B., J.W. Boughman, M. Groenenboom, M. Sniatynski, D. Schluter & J.L. Gow, 2006.
Speciation in reverse: morphological and genetic evidence of the collapse of a three-spined

stickleback (Gasterosteus aculeatus) species pair. Molecular Ecology 15: 343-355.

Velema G.J., J.S. Rosenfeld & E.B. Taylor, 2012. Effects of invasive American signal crayfish
(Pacifastacus leniusculus) on the reproductive behaviour of threespine stickleback (Gasterosteus

aculeatus) sympatric species pairs. Canadian Journal of Zoology 90: 1328-1338.

Verspoor, E., D. Knox, R. Greer & J. Hammar, 2010. Mitochondrial DNA variation in Arctic charr
(Salvelinus alpinus (L.)) morphs from Loch Rannoch, Scotland: evidence for allopatric and peripatric

divergence. Hydrobiologia 650: 117-131.

Vonlanthen, P., D. Bittner, A.G. Hudson, K.A. Young, R. Muller, B. Lundsgaard-Hansen, D. Roy, S.
Di Piazza, C.R. Largiader & O. Seehausen, 2012. Eutrophication causes speciation reversal in

whitefish adaptive radiations. Nature 482: 357-U1500.

This is a post-peer-review, pre-copyedit version of an article published in Hydrobiologia. The final authenticated version is available online at:
http://dx.doi.org/10.1007/s10750-019-3953-4.



724

725

726

727

728

729

730

731

732

733

734

735

736

Waeschenbach, A., J. Brabec, T. Scholz, D.T.J. Littlewood & R. Kuchta, 2017. The catholic taste of
broad tapeworms—multiple routes to human infection. International Journal for Parasitology 47: 831-

843.

Wallace R.K., 1981. An assessment of diet-overlap indexes. Transactions of the American Fisheries

Society 110: 72-76.

Westgaard, J.I., A. Klemetsen & R. Knudsen, 2004. Genetic differences between two sympatric

morphs of Arctic charr confirmed by microsatellelite DNA. Journal of Fish Biology 65: 1185-1191.

Williams, H.H. & A. Jones, 1994. Parasitic worms of fish. Taylor & Frances Ltd., London.

Winfield, 1.J., J. Hateley & J.M. Fletcher, 2010. Population trends of Arctic charr (Salvelinus
alpinus) in the UK: assessing the evidence for a widespread decline in response to climate change.

Hydrobiologia 650: 55-65.

This is a post-peer-review, pre-copyedit version of an article published in Hydrobiologia. The final authenticated version is available online at:
http://dx.doi.org/10.1007/s10750-019-3953-4.



737  Table 1. von Bertalanffy growth parameters for the three Arctic charr morphs found in Limingen.

Charr #fish  Asymptotic SE 95% C.I. Growth SE 95% C.I.
morph length, L. (lower and coefficient, k (lower and
upper bound) upper bound)
‘normal’ 132 496.2 36.2 4245 -567.7 0.14 0.02 0.11-0.18
‘dwarf’ 81 196.2 6.2 183.8-208.5 0.39 0.03 0.32-0.45
‘grey’ 18 360.3 38.7 278.3-442.4 0.20 0.05 0.08-0.31
738
739
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740  Table 2. Summary of parasite infection in the three Arctic charr morphs (‘normal’, ‘dwarf” and

741 ‘grey’) from Limingen, central Norway. Values are mean + SE.

’normal’ *dwarf’ ‘grey’ Contrast!”
n=35 n=24 n=14
Taxa richness 4.1+0.3 25%0.3 3.9+0.3 (normal:age = dwarf:age) # grey:age
Total abundance* 56.9+9.1 23.0+£57 39.6+110 (normal > dwarf) = grey

742  ”summary of inter-morph contrast analyses; 'see supplementary Table S1 for details. p < 0.05.
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743  Table 3. Summary of life stage, infection site, intermediate host and trophic transmission status of parasite taxa from three Arctic charr morphs
744  (‘normal’, ‘dwarf” and ‘grey’) in Limingen, central Norway. Prev = prevalence %; Abund = mean abundance * SE; stage (L = larval; A = adult),
745  infection site (v = viscera, i = intestine, k = kidney, sb = swim bladder, fg = fins/gills).
; 'normal ‘dwarf' 'grey’
Parasite taxa Stage Site Interm. host Irophlc Contrasts”
ransm.  prey Abund Prev Abund Prev Abund
Trematoda
Apatemon sp.# L e snails, fish No 60.0 1.3£0.3 45.8 0.9+0.3 57.1 1.6£0.6 NS
Crepidostomum spp. A i insect larvae Yes 62.9 9.7+£22 375 0.8+0.3 57.1 34+£17 normal > (dwarf = grey)
Diplostomum sp.* e snails, fish No 45.7 29+14 41.7 1.0+£0.3 64.3 1.3+03 age
Cestoda
Cyathocephalus truncatus A i amphipods Yes 2.9 0.9+0.9 0 0 0 0 -
Dibothriocephalus spp. L % copepods, fish Yes 80.0 14.0+£50 652 189+59 929 305=x114 NS
Eubothrium salvelini A i copepods, fish Yes 314 0.6+0.2 42 0.04+£004 143 06+£04 -
Proteocephalus sp. A % copepods, fish Yes 771 254+88 250 1.4+£0.8 35.7 0.6+0.2 grey = (no;rgzl > dwarf);
Nematoda
Cystidicola farionis A sb amphipods Yes 20.0 1.5+£0.9 29.2 0.6+0.2 50.0 1.4+£05 NS
Unidentified nematode A i unknown Yes 29 <0.01 42 004004 71 <0.01 -
Acanthocephala
Acanthocephalan sp. A i amphipods Yes 2.9 <0.01 0 0 0 0 -
Copepoda
Salmincola edwardsii A fg none No 20.0 05+0.2 42 0041004 7.1 <0.01 -
746 Notes: # prevalence and abundance estimated from single eye; * summary of inter-morph contrast analyses; see supplementary Table S2 for details. P < 0.05, NS — not
747  significant
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Table 4. Probabilistic niche overlap calculated from nicheRover using the 95% niche regions
between each pair of Arctic charr morphs from Limingen (Swanson et al., 2015). Mean [range 95%
credibility interval] probability (%) of finding an individual of the morph in the row within the niche

region of the morph in the column.

‘normal’ ‘dwarf’ ‘grey"
"normal’ - 145[5-27] 10.1[2- 28]
‘dwarf’ 31.7[9 - 59] - 69.9 [46 - 91]
'grey’ 255[2-65] 76.1[51-95] -
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Figure legends:

Figure 1. a) Habitat choice (relative CPUE %) and b) growth (mean +SD) of the ‘normal’ (red),

‘dwarf” (green) and ‘grey”’ (grey) morphs of Arctic charr found in Limingen.

Figure 2. The diet (prey abundance, %) of the a) Arctic charr along a gradient of increasing capture
depth and b) of different morphs ‘normal’ (red), ‘dwarf” (green) and ‘grey’ (grey) morphs found in

Limingen.

Figure 3. Parasite community composition for the three morphs of Arctic charr, the ‘normal’ (red),
the ‘dwarf” (green) and ‘grey’ (grey) found in Limingen, visualized using Nonmetric
multidimensional scaling based on Bray-Curtis dissimilarities of parasite infra-communities (n=59;

stress: 0.23). Letters denote the mean for each morph.

Figure 4. The relation between the most recent trophic niche (stomach content, blue text) and
community composition of trophically transmitted parasites representing a temporally integrated
trophic niche (red text) in 58 individuals of the three Arctic charr morphs found in Limingen:
‘normal’ (red), ‘dwarf” (green) and ‘grey’ (grey) morph. Letters denote the mean for each morph

(Canonical correlation: R%adj=0.30, p<0.001).

Figure 5.a) Boxplots and b) a biplot showing differences in §*C and §*°N values for the three Arctic
charr morphs: ‘normal’, ‘dwarf” and ‘grey” found in Limingen. The letters in a) indicate significant

differences (p < 0.05) in pairwise comparisons, based on Mann-Whitney U-tests. The 5'°C values
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775

776

777

778

reflect littoral (low 8'3C) versus pelagic (high 5!3C) resource use by fish, whereas 8*°N values reflect
trophic position of fish in the lake food web. Niche regions in b) are illustrated by ellipses containing

approximately 95% of the data points for each morph (Jackson et al., 2011).
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828
829  Table S1. Influence of morph and age (years) on parasite taxa richness and total abundance (number
830  of individual parasites) infecting Arctic charr in Limingen, Norway.

831

Index Morph Model type*  Parameter Contrast  SE t value P
Taxa richness 'normal’ complex intercept 2.45 0.82 3.00 0.004
‘dwarf' -1.35 111 -1.22 0.227

‘grey’ 3.38 1.38 2.45 0.017

age 0.23 0.11 2.05 0.044

‘dwarf':age -0.001 0.15 -0.01 0.995

'grey':age -0.43 0.16 -2.78 0.007

‘dwarf' intercept 1.10 0.75 1.47 0.147

‘grey’ 4.73 1.34 3.54 <0.001

age 0.22 0.11 2.07 0.042

'‘grey':age -0.43 0.15 -2.79 0.007

Total abundance  'normal’ simple intercept 4.03 0.38 10.50 <0.001
‘dwarf* -0.91 0.32 -2.81 0.006

‘grey' -0.37 0.34 -1.08 0.286

age 0.001 0.05 0.03 0.978

‘dwarf' intercept 3.12 0.43 7.31 <0.001

‘grey' 0.54 0.43 1.26 0.213

832 Note; *model type: complex (interaction between fixed factors).

833
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834  Table S2. Influence of morph and age (years) on the abundance of parasite taxa infecting Arctic
835  charr in Limingen, central Norway.

836
Parasites taxa Morph Parameter Contrast  SE t value P
Trematoda
Apatemon sp. 'normal’ intercept 0.96 0.54 1.79 0.078
‘dwarf' -0.50 0.42 -1.21 0.230
‘grey’ 0.40 0.42 0.96 0.340
age -0.10 0.07 -1.33 0.187
‘dwarf' intercept 0.46 0.54 0.84 0.405
'grey’ 0.91 0.51 1.78 0.080
Crepidostomum spp. ‘normal’ intercept 151 0.55 2.77 0.007
‘dwarf’ -2.45 0.79 -3.08 0.003
'grey’ -1.33 0.56 -2.38 0.020
age 0.10 0.07 1.55 0.127
‘dwarf’ intercept -0.94 0.91 -1.03 0.305
‘grey’ 1.12 0.94 1.19 0.238
Diplostomum sp. 'normal’ intercept -0.85 0.49 -1.74 0.086
'dwarf' 0.10 0.36 0.28 0.783
‘grey' -0.07 0.44 -0.17 0.869
age 0.12 0.06 2.08 0.042
‘dwarf’ intercept -0.75 0.49 -1.53 0.130
‘grey’ -0.17 0.46 -0.37 0.711
Cestoda
Dibothriocephalus spp. 'normal’ intercept 2.09 0.62 3.40 0.001
'dwarf' 0.34 0.48 0.72 0.477
‘grey' 0.58 0.52 1.11 0.270
age 0.08 0.07 1.07 0.287
‘dwarf’ intercept 2.44 0.60 4.06 <0.001
‘grey’ 0.24 0.55 0.43 0.667
Proteocephalus sp. ‘normal’ intercept 5.59 0.96 5.84 <0.001
‘dwarf’ -3.22 1.29 -2.49 0.015
‘grey’ -3.22 2.61 -1.23 0.223
age -0.36 0.16 -2.34 0.022
‘dwarf' intercept 2.37 1.47 1.61 0.113
‘grey’ 0.003 291 0.001 0.999
Nematoda
Cystidicola farionis 'normal’ intercept -0.15 1.02 -0.15 0.880
'dwarf' -0.92 0.92 -1.01 0.317
‘grey’ -0.29 0.88 -0.33 0.742
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age 0.08 0.12 0.65 0.518
‘dwarf’ intercept -1.08 1.19 -0.91 0.368

‘grey’ 0.63 1.14 0.55 0.581
837 Note; *model type: complex (interaction between fixed factors).

838
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