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Abstract

As water temperature is projected to increaseemixt decades and its rise is clearly identified
as a threat for cold water fish species, it is asagy to adapt and optimize the tools allowing to
assess the quantity and quality of habitats wighinlclusion of temperature. In this paper, a fuzzy
logic habitat model was improved by adding watengerature as a key determinant of juvenile
Atlantic salmon parr habitat quality. First, salmemperts were consulted to gather their
knowledge of salmon parr habitat, then the modek walidated with juvenile salmon
electrofishing data collected on the Sainte-MargeeMatapedia and Petite-Cascapedia rivers
(Québec, Canada). The model indicates that whem#iecontrasts exist at a site, cooler
temperature offered better quality of habitat. @eld data show that when offered the choice,
salmon parr significantly preferred to avoid botthdcareas (<15 °C) and warm areas (> 20.5 °C).
Because such thermal contrasts were not consigigmesent among the sites sampled, the model
was only validated for less than 60% of the sild® results nevertheless indicate a significant
correlation between median Habitat Quality Indexl garr density for the Sainte-Marguerite
River (R = 0.38). A less important, albeit significant @&t, p=0.036) relationship was observed
for the Petite-Cascapedia river’(R 0.14). In all instances, the four-variable (deptalocity,
substrate size and temperature) model providedtertexplanation of parr density than a similar

model excluding water temperature.

Keywords: Fuzzy logic, Habitat quality model, Atlartic salmon, parr, water temperature
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1. INTRODUCTION

Anticipated water temperature increase in rivengdd to climatic and anthropic changes is a
threat to aquatic ecosystems (Isatlal, 2018). In the recent past summers, water temyrerat
many Eastern Canadian rivers exceeded criticahthlethresholds for many cold water fish
species, such as Atlantic salm@ualmo salay (i.e. >27.8°C; Gendron, 2013; Jeong et al., 2013)
Even if Atlantic salmon is commonly recognized agetatively thermally tolerant species
(Garside, 1973; Jonssat al, 2009), it is known that juvenile salmon parr beeothermally
stressed when water temperature exceeds 23°C (Bted12011; Elliott, 1991). A continuous
exposure to extreme temperatures can cause masseivalities or alter considerably the health
of ectotherm fishes (Garside, 1973; McCullough, 99Despite the relative paucity of river
thermal information available for North Americaggdictions suggest a general increase of river
temperature, which depends in part on latitudiritpon (Morrill et al, 2005; van Vlietet al,

2013).

In this context, habitat models are key tools tbhroze management and conservation programs.
In habitat modelling, classical approaches detegntine quantity and quality of area potentially
useful for a species’ life stage or guild baseteziton expert knowledge or on observed habitat
use and physical data (Mt al, 2017). Classical variables used in habitat mddeljuvenile
Atlantic salmon include flow velocity, water dephd substrate size (Table 1). When the model
is based on habitat use solely (i.e. not taking adcount habitat availability), univariate Habitat
Suitability Indices (HSI) are defined from field asurements of presence-absence or

abundance/density of fish in sampling parcels. Agosite HSI is calculated by combining the
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univariate HSIs, using different methods (additivaction, arithmetic mean, lowest HSI, etc.).
The most commonly used method thus far has beegabmetric mean. A HSI of O describes a
poor habitat, while a HSI of 1 describes an optiladitat. Multiplying the composite HSI by the
surface area on which it applies provides a Wedjktsable Area (WUA). This approach is often
used in combination with hydraulic models to previgstimates of usable areas at difference
river discharges (e.g. Instream Flow Incrementaliddology Boveest al., 1998; DeGraaét al,
1986; Morantzt al, 1987).

Combining univariate HSIs usually rely on two asptions. First, that habitat variables are
independent, and second, that they exert an eaqdiaglemce on habitat selection (Ahmadi
Nedusharet al, 2008). However, those assumptions cannot beatalidin most cases, as some
habitat variables (e.g. depth and velocity) aratyeinterdependent, and some variables are more
important than others in the habitat selection sleni Furthermore, classical methods based on
field data typically require large amounts of d#tat are costly to acquire. They are also
generally obtained from a relatively small areg.(a.single river or catchment), which makes the
model poorly transferable to rivers other than dhe which served for calibration (Guay al,

2003; Millidine et al, 2016).

To overcome these gaps, Ahm&tbkdusharet al. (2008) and Moceet al. (2013) worked with

fuzzy systems inspired by the work of Jomteal. (2001) who developed the Computer Aided
Simulation Model for Instream Flow Requirements &IKIR) habitat model. Those authors
developed salmonids fuzzy habitat models considettie classical habitat variables of water
depth, flow velocity and substrate size. Ahmbldidusharet al. (2008) tested the models for two
Atlantic salmon life stages - spawning adults aad p and conducted a sensitivity analysis of

the fuzzy rules of the system based on six exppmians. Their suggestion was to further

4



91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

validate the model, increase the number of exmertsadd other habitat variables. Mostgal.
(2013) improved the model by adding a life stagaug of the year) and a considerable amount
of experts (30 experts in total) with European &atth American experience. The authors
partially validated their model and compared thipotuto a classical habitat model (Ayli@bal,
2012; Bourgeoiset al, 1996; Gibbins and Acornley, 2000) based on WeigHtsable Areas.
Both models were used to assess the variation oA\&4Ja function of discharge and uncertainty
around the relations were estimated using a beptsirethod. The results indicated that relations
of WUA as a function of discharge were similar anhbinstances, even though the fuzzy model
was based on expert knowledge only. Maaqal. (2015) also showed that the geographical
origin of the experts influenced the uncertaintyoasated with the delimitation of the categories
and they hypothesized that experts from differenintries were mostly drawing their knowledge
from their experience from local rivers. The fudagic approach also offers other advantages:
1) it helps describe imprecise processes througlhtgtive knowledge and human interpretation,
2) it is unimpaired by dependence between varialaled 3) it allows the easy addition of new

predictors or expert knowledge to the model.

Beyond the shortcomings of classical habitat mothelscould be addressed by fuzzy logic, there
are other deficiencies in current Atlantic salmabitat models. One such deficiency is that
models generally neglect water temperature dedtstamportance for the physiology and

phenology of the salmon. Indeed, water temperdtaserarely been included in habitat models
of this species (but see Stanley et al.,, 1995) whén it was included, it was through

approximation from air temperature (Careinal, 1999). Although this deficiency was probably
due in the past to the lack of suitable water tawmtpee data, there are now monitoring networks

of river temperature existing in the Pacific Nordst and in Eastern Canada (RivTemp,
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www.rivtemp.ca; Boyeret al, 2016), which offer the opportunity to improvelrsan habitat

models by adding water temperature.

The aim of this paper is to improve Atlantic salmuarr habitat modelling in Eastern Canada
using a fuzzy logic approach. First, a multi-experddel that includes water temperature is
developed to infer juvenile salmon parr habitatliggialhe model is then partially validated by
comparing values of habitat suitability obtainednfrthe model with parr density data collected

in thermally contrasted river reaches.

2. METHODOLOGY
2.1 Multi-experts model

2.1.1 Fuzzy sets and rules

In the context of juvenile salmon habitat modellinfuzzy logic is used to codify
experts' knowledge regarding the role of flow vélgcwater depth, substrate size and water

temperature salmon parr habitat quality.

The first step in designing a fuzzy model is calleazification”. The purpose of this step is to
divide each input variable into categories. In tase, input and output variables were classified
as “low”, “medium” or “high”. As an example, flowelocity was categorized as either “slow”,
“medium” or “fast”. The fuzzyfication was completdry interviewing experts on the selected
habitat variables and their impact on the suitgbdf parr habitat. The experts were ask to divide

the range of possible values of each variable ihtee categories using more or less precise
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ranges of values. The separation of variablesgategories is done by assigning a membership
degree to the values, thereby creating a membefshgtion (Figure 1). A habitat variable (e.g.
velocity) value with a membership degree of 0 metas it does not belong to the category.
Conversely, a membership degree of 1 means thah#bitat variable value belongs totally to
the category. For each variable, the experts tadgetnges of values for which they were certain

of full membership (i.e., membership degree =1hacategories.

As working with nominal categories leads to undatias, the experts were given the opportunity
to leave a range of values that can belong to &tegories, thereby representing the uncertainty
(or fuzziness) of the expert on the definition otihdaries between categories (e.g. for velocity,
0.3-0.5 m/s; 0.7-0.9 m/s; Figure 1). The uncertaiervals are called the “fuzzy zones”. It is

possible to model a value in a fuzzy zone by atthily it proportionally to two categories at the

same time. To help the expert delineate the catgore asked them to think about parr habitat
in a context of survival. We did not predetermimgper boundary values for the variables. The

experts had to fix them themselves according tw ggerience.

Once the categories were delimited, the expertstbagualify the habitat resulting from the
combination of each category of variables. The yuzies are all constructed using the following
format: IF the substrate size is large, AND IF wélpis medium AND IF depth is low AND
temperature is warm THEN habitat suitability igither "poor”, "medium" or "high" according
to experts. Considering three categories for edctineo four variables, there are a total of 81
combinations and their consequences (habitat sktyalare defined based on the experience of
the respondent. Some habitat variables combinatiomsot found or are very rare in nature and

therefore, are rarely used in the model. For exapipan expert determined that a fast velocity is
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greater than 2 m/s and a small substrate is legss2lmm. All the rules involving a fast velocity
and a small substrate would be unrealistic becausevers, the water flowing at such high

velocity would most likely flush out such fine stitage.

2.1.2 Experts selection

From April to October 2017, we interviewed expentidh a concrete knowledge of Atlantic
salmon parr habitat in order to gather and codmfg knowledge (Mocq et al., 2015). We
gathered the opinions of 22 experts through megtofgwhich 18 answered the questions on
their own. Two teams of two were also counted as @xpert each. Among the participants, 17
work in the public sector, while five are in theivate sector. Public organizations include
teaching and research institutions (8), governndepartments (5) and non-profit organizations
(5). There were eight technicians, three professdeyen managers and three graduate students.
Some of them occupied more than one position. @argpy criterion for selecting an expert was
that the person had at least one year of handsquerience with Atlantic salmon parr in Eastern
Canada to optimize the model for this region, as dhigin of the expert has been shown to
influence the model outcome (Moocet al, 2015). The geographic origin of the expert's
experience has been separated into seven diffgreaps: Saguenay (15 experts; Qc), North
Shore (10 experts; Qc), Ungava (3 experts; Qc)@nébec City area (1 expert; Qc) which are
located on the north shore of the St. Lawrence Rilewer-St.Lawrence (6 experts; Qc),
Gaspésie (10 experts; Qc) and New-Brunswick (3 mgp&B) are located south of the St.
Lawrence River. Their knowledge about habitat pexfees could come either from literature or
field experience. We did not measure their levat)xgiertise, however experts were asked to rate

their level of confidence in their response fronildw confidence) to 10 (high confidence). We
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also contacted some of the experts who had alrdadg a similar exercise with Moag} al.

(2013).

2.2 Field sampling

2.2.1 Sites selection and description

The second specific objective of the project wavdlidate whether the experts’ opinion was
consistent with what we could observe in the riv@ite selection was based on three main
criteria. The first was presence of parr in the sitea. The second criterion refers to the initial
hypothesis of the study, i.e. that water tempeeaiafluences the quality of parr habitat as
defined by the expert and that it influences halstdection. Thus, we looked for sites where
there was a potential thermal contrast such asnluemce of a river with a colder or warmer
tributary. Since the hypothesis guiding the studyswemperature-related, we defined the two
compared areas as the “warm area” and the “cold’afi better understand the sampling
protocol, Figure 2 illustrates the definition of athis considered in this project as a site, an area
(cold or warm) and a patch. The last criterion hoase the site was that similar habitats (depth,
velocity and substrate size) exist in the warm #uedcold areas. Comparing similar habitat types

in both areas is an attempt to isolate the effeatater temperature.

The warm and the cold areas had to be more thamrteters wide and no less than 40each.
The sampled area could be located directly in tibatary, in the tributary plume downstream of
the confluence, upstream or downstream in the rohannel, as long as the temperature was
different and the other variables were comparafteording to those criteria, four sites were

selected. The A and B sites are in the Sainte-MarguRiver (SMA). This 100 km long river is
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in a mainly forested area between Chicoutimi andr&g&oeur on the Quebec North shore,
Canada. The salmon population for this river wasual360 spawning adults in 2016 (MFFP,
2017) and the regional average summer air temperébu the last ten years is about 20.8 °C.
The C and D sites are in the Matapedia River cagctiron the Quebec South shore, Canada.
Mean summer air temperature is about 21.6 °C. Spawadult population on this river was
about 1940 in 2016 (MFFP, 2017). Figure 3 givesardrtails about the geographic position of
the sites. In total 12 surveys were completed, Wwhionsist of electrofishing and habitat

characterization.

2.2.2 Electrofishing protocol

A field campaign was undertaken from July"26 September 252017. We sampled five times
site A, three times site B, three times site C ane time site D to compare parr densities in two
thermally contrasted areas (see Figure 3). Onlyardigb validation was performed since, as
previously explained, it is not the full suite df 81zzy rules that were found to apply when using
variable values measured in the field during thenmeng campaign. Furthermore, the
electrofishing method restricted the sampling ateaslatively shallow reaches with relatively
slow flowing water. We could not fish in an areaeper than hip height or when the water

velocity was greater than 1.5 m/s with water ddépgfmer than the knees.

When arriving at a fishing site, the area was sedrusing the Seek Thermal Compact XR device
to visualize water temperature spatial variabilfigure 4 shows a typical site picture taken with
the thermal camera. This infrared camera picture assessed against spot measurements of

temperature using a digital thermometer. Dependingthe availability of contrasted habitat

10



230 observed by thermal camera, warm and cold areas dalimited to form fishing zones, each
231 with an area between 50 and 150 (Rigure 2). In a designated site, we tried to carepareas
232 with roughly the same surface area. Habitat useevakiate by electrofishing in groups of three
233 people. The team included one person handling kbetrefisher (Smith-Root LR-42 model)
234 accompanied with two catchers holding a net. Tleetedfisher parameters (voltage, frequency,

235 duty cycle) were programmed iffDirect Current” and according to water conductiwitith the
236 automatic “Quick set-up” option in the menu. The voltage wdgisted in increments of 20 V

237 until the optimum fish response was achieved, th&t, galvanotaxi (e.g.
238 involuntary swimming towards the anode) followeddyigorous recovery in the following 20
239 seconds. The electrofisher holder was placed wupstrand perpendicular to the catchers to
240 perform a large sweeping gesture with the anod€ ihvhped motion) in front of them, shocking
241 an area of approximately 0.80°nThe electrofishing was repeated and carried @abter the

242 entire delimited area.
243

244  When a parr was caught, its location was identith a tag, the temperature was measured and
245 the fish was placed in a container. The capturestispens were all weighed and measured. If

246 two individuals were captured in the same 0.5 nmusagatch (Keelewt al, 1995; Lindemaret

247 al., 2015), they were associated with the same haln&stsurements. Once the measurements
248 were made, fish were returned to the river, doveastr of the sampling area. The electrofishing

249 was made from downstream to upstream while takarg oever to trample the patches before

250 fishing. The same exercise was performed in thd eold the warm area. We noted the total

251 fishing time in each thermally contrasted areartsuee a constant fishing effort and the number

252  of parr caught in each area have been used tolat@@idensity over a surface of 100 m
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2.2.3 Habitat

In the sampling areas, habitat variables were siseeyed in at least ten patches where no fish
was caught or observed. While performing the ebdistning, patches were selected in a stratified
random manner, so that the range of available itedecdepth and substrate were covered in the
samples. The selected patches for characterizateya also identified with tags. Temperature
was measured instantly because it is a variableddya change over the fishing period. Once
electrofishing was completed in the areas, therotfabitat variables were measured at each
location. The diameter (B-axis) of the dominant sitdte was evaluate out of the 0.79 m
window around the tag. Depth and velocity at 40%hef total depth of the water column from
the bed (Marsh McBirney flowmeter) was taken at fitheal location of the tag. Sampling tags
(placed for fishing and/or characterisations) weseer located in the same 0.78 mabitat patch.

At every site, two temperatures sensors (Hobo RenBiemperature/Light Data Logger) were
also placed, one in the main channel and one inriibatary. Water temperature £ 0.5 °C was
recorded every 15 minutes from Juff # September 202017 to characterize the plume at sites
A and B and to assess the thermal contrast bettheareceiving river and the tributary at sites C

and D.

2.3 Model application

All field measurements were used as inputs in thezyf logic model to calculate Habitat
Suitability Indices (HSI) using the Fuzzy logic tbox in Matlab R2016b software. The toolbox
Is used for the construction of fuzzy sets usingdr functions defined by the experts. The rules

defining how each combination of habitat variablesd to different HIS categories are also
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entered. Like Moccet al. (2013) and Ahmadi Nedusharet al. (2008), the Mamdani inference

was used to calculate HSI of patches sampled isuh@mer of 2017. This implies that when two
fuzzy sets are combined in a rule, with specifiombership function values, the minimum is
used to quantify the membership function valuehef HSI. When more than one rule is needed
to describe the combination of habitat variablég tesulting fuzzy set is a sum of the HSI

membership functions.

The two main steps in the fuzzy inference useditoutate HSI are called the implication and the
defuzzification. This latter step allows to convarfuzzy HSI set to a real HSI value. Those
operations were completed for all sampled habigthes, considering individual expert fuzzy
sets and rules separately. When the values dhalhabitat variables in the patch have a full
membership to their respective category (membersieigree of 1), a single fuzzy rule is
involved. In this case, the conclusion functioméined by the full range of the consequence of
the rule determined by the expert (low, medium ghhhabitat quality). As illustrated in
Figure 5, considering a substrate of 12 mm, a Wgleé¢ 0.1 m/s, depth: 1.4 m and a temperature
of 10°C, an expert model would considerer thaplaitch has a small substrate, low velocity, high
depth, medium temperature and the consequencdaso€dmbination is low HSI. Since all the
variables in the parcel have a membership degrd®) (i 1, the minimum of the conclusion
function (implication) is also 1 or 100%. The nuinal HSI of the patch will be determined by

defuzzifying using the center of gravity of theatender the curve of the conclusion function.

Sometimes, many rules are necessary to describih. pepending on the expert, the number of

fuzzy rules applying to a habitat patch can vatyvieen one to a maximum of 16. For instance, if

13



299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

the values of three variables (out of four) in plaéch are in a fuzzy zone (i.e. having membership
in two categories), eight rules will be needed ¢ésatibe the patch. As seen on Figure 5, when
one value is in the fuzzy zone, two rules are reagsto describe the patch. Supposing a patch
with a median substrate diameter of 100 mm, a uglad 0.5 m/s, a depth of 1.2 m and a
temperature of 6 °C (in the fuzzy zone). Accordioghis expert this patch has a small substrate,
low velocity, high depth. Temperature belongs Ipatd the medium and partly to the high
categories and the consequence of this combinetian aggregation of medium and high habitat
quality. As the minimum membership degree (MD) aghtme variables for the first rule is 0.4,
the membership of the partial conclusion functisraiso 0.4 and it is 0.6 for the second rule.
Making an aggregation, by combining the fuzzy sefwresenting the conclusion functions of
each rule, provides the total conclusion set. Téngar of gravity of the area under the curve of

this resulting aggregated fuzzy set becomes theerioah value of the HSI.

2.4 Model validation

2.4.1 Validation in a thermal contrast

The partial validation of the model was completed dvery electrofishing and habitat survey
(one day, one site), considering all experts’ furrydels separately. A HSI was calculated for
each sampled habitat patch, in presence and imedsé# parr. Then, a non-parametric Kruskal-
Wallis test was used to verify the null hypothebket the median HSI of the warm and cold areas
of a fishing survey were equal with a confidencele=0.05. To facilitate the description of the
results, we identified so-called “significant exgsérwhen the experts’ model rejected the null
hypothesis for an electrofishing survey, i.e. thedel showed a significant difference in HSI

values between thermally contrasted habitats. Toleajmodel was considered validated when
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the majority of the significant experts expresdghér HSI in the area where higher parr density

was measured.

2.4.2 Validation of observed densities

A second partial model validation was conductechgisi different data set from field surveys
undertaken during summer 2017 between Jul{y@&¥d September T%6on the Sainte-Marguerite
(previously described in Section 2.2.1) and thet&&ascapedia rivers located in the Gaspésie
region (Eastern Québec). See Figure 6 for rivecation. On these rivers, various sites were
surveyed to cover a wide heterogeneity of salmdnitéta In total, 30 sites were surveyed on the
Petite-Cascapedia River whereas 27 sites were ygaven the Sainte-Marguerite River. These
sites were at least separated by 500 m along veatese to ensure independence between sites.
At each site, 30 equally spaced 4 patches along 5 transects (6 patches per transece
electrofished and physically characterized astilisd on Figure 6. The same physical habitat
variables were measured at each of those patcteggh(dvelocity, substrate size and water
temperature). The only difference is that the vigyoand temperature were measured using an
acoustic velocity meter (Sontek Flow Tracker 2) the Petite-Cascapedia River. After all
measurements were completed in all patches, the radae of these measurements was used as
an input for the expert’'s models to obtain a H3ugdor each of the sites. Finally, electrofishing
was conducted using also the Smith-Root LR24 Edéstrer at each of these 30 patches. The
parr density for a site was then obtained by surgrtie individual parr densities at each patch
within the site. Hence, the relation between thd bi8n by the experts and the relative parr

density at each site can be investigated as ana#ifidation of the developed expert model.
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3. RESULTS

3.1 Experts based model

All 20 experts had to design fuzzy sets for eactheffour input variables (temperature, velocity,
depth and substrate) with three categories (lowdiume, high). Table 2 shows the medians and
ranges (maximum and minimum) of selected limits fiszzy sets defining the categories of
habitat variables. It can be seen that typicaléyvariability (median/range) is between 0.2 and
2 %. For instance, experts defined roughly the "loategory for temperatures between 0 and 8

°C, “medium” category between 12 and 18 °C andlihigategory over 22 °C.

The 20 experts had to assign a consequent Hahittth8ity (poor, medium or high) for each
combination of velocity, depth, substrate and tenajpee categories. Like Mocq et al. (2013), we
identified the most frequently selected conseqt#itcategory as the “consensus” response and
we calculated how many experts were part of thisseasus. Considering the 81 rules, experts
have a mean consensus of 63.7 %. In others wdndsit 43 experts out of 20 generally agree on
rules consequence. Experts attributed a poor hdbites64% of the rules, with a consensus of
68%. For half of those rules, there is about 11%hefexperts that conclude, conversely, that
these same rules lead to a high habitat qualitypubR25 % of the rules have “medium” HSI as
consequence, with a consensus of 53%. Only 9%seofules have been associated with a “high”
HSI and about 56% of experts were part of this ensss. For 71 % of the rules with a high HSI
consequence, a minority (2.8 %) of the experts lcoled the opposite, i.e. that habitat was of
poor quality. Two rules have no consensus, i.deidiht consequent categories were selected by

an equal number of experts.
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3.2 Habitat characterization

During the summer, water temperature was measweny &5 minutes for July"7to September
20". The average summer water temperature in the ofeinnel and in the tributary as well as
the maximum temperature reached for study sitescangpiled in Table 3. For all surveys,
physical habitat variables measurements were tdWdedlian values measured for the velocity
ranged from 0.11 to 0.76 m/s, depths ranged frdrh t 0.38 m and substrate sizes ranged from
85 to 190 mm. Median temperatures ranged from 43.fo 19.5 °C in the cold areas and from
16.1 °C to 21.8 °C in the warm areas. The theroatrasts (median temperature differences)
between cold and warm areas varied from 1.4 °C.@°€. For all electrofishing surveys
completed, this thermal difference was statistycalgnificant (Kruskal-Wallis; p < 0.05).
Despite efforts to sample areas with similar valiggshabitat variables other than temperature,
for four electrofishing surveys, there were twongigantly different habitat variables including
water temperature and three surveys had threefisamtly different variables between cold and
warm areas, when the Kruskall-Wallis test was a&gpliTable 4 gives more details about the

median values of the variables sampled for eadttrefeshing survey..

We characterized a total of 451 patches. From thesssurements, a HSI value was calculated
for each of the 20 experts. The analysis of the giithes also generated 21 031 applications of
66 different rules. The other 15 rules were new&¥du The most frequently used rule (3 798
times) is when the values of the four variableobglthe medium category, represents 18% of
uses and 80% of experts agree on the consequenfoHBlis rule (high HSI). The seven most

frequently used rules are shown in Table 5. Thpyagent 63% of rule applications, with a mean
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expert consensus of 60%.

As already stated, HSI for each of the 20 expedrewealculated for each sampled habitat patch.
The mean standard deviation for HSI was 0.18 (Hf8ileg between 0 and 1). Only expert models
that expressed a significant difference betweenianetabitat quality in the colder and the
warmer area were considered to partially validaeerhodel. As shown in Table 6, four experts
expressed significant differences for more than 3fi%he fishing surveys, two experts never
expressed significant differences and two otherresqed differences for less than 10 % of
fishing surveys. For 50% of the surveys, expertd toncluded to significant differences were
unanimous to determine that the colder area hacdhigieest habitat quality. For 17% of the
surveys, opinions were more split. Respectivelysite A day 269 and site B day 201 (Table 5),
56% and 57% of the significant experts agreedtthatcold area was of better quality compared
to 44% and 43% who said the opposite. For the athereys, over 70% of the experts agreed on

the model conclusion.

3.3 Electrofishing

For our analysis, we considered only the specimetisfork length >55 mm as parr. A total of

226 parr (1+ and 2+), in 201 different patches weaptured or clearly observed during the
summer. For all the electrofishing surveys, we dgéadized the number of fish that we caught in
each area (colder vs warmer) by prorating densitiesin area of 100 mAs seen in Table 4,

among all the electrofishing surveys, the highestsity of fish was found in median temperature
ranges of 15.2 to 20.2 °C, which is in agreemeni wWie known temperature optimum for parr
feeding (15 to 19 °C according to the literaturedola, 1970; Elliott, 1991; Elson, 1969; Stanley

et al, 1983). We did not find any fish in the warmestaa(21.8°C). Moreover, when the warm
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areas exceeded 20.9 °C, 42% more fish were cangheicolder area. We also saw that when
the colder area offers temperatures lower tharidbding optimum range (<15.0 °C), parr were

mostly found (48% more) in the warm area.

3.4 Model application and validation

3.4.1 Validation in a thermal contrast

As indicated in Table 4, the model was partiallyidated seven times and was shown to be
inconclusive five times. As already explained, gation was conclusive when the highest fish
density was found in the area with the highest riedeHSI| values for a majority of experts.
Every time the model was not validated, most ofegtgppredicted a better quality of habitat in
the cooler area while the highest parr density wake warmer area. For site A, the model was
validated three times out of five surveys. Whenrtiaglel was not validated for this site (day 214
and 229; table 4), the temperatures of the cold arere respectively 14.2 and 13.1 °C. For
day 214, we note that the velocity and the sulessate were also significantly different between
the two areas (lower velocity and larger substiatdhe warm area). For site B, the model was
always validated. At that site, temperature valuese always in a range that is adequate for parr
(15.2-20.9 °C). For day 201, depth was significahilgher in the warm area (0.21 vs 0.33 m)
than in the colder area and for day 209, the satestwas significantly larger in the colder area
(100 vs 140 mm) than in the warmer area. At sit¢h€,model was invalidated for the first two
electrofishing surveys. In the first case, the temapure of the cold area was 13.9 °C while
temperature in the warm area was 19.2 °C. Also,v#lecity and the substrate size were
significantly higher in the cold area than in therm area. In the second case, the temperature of

the cold area was 16.1 °C while the temperatuteefvarm area was only 19.3 °C. The velocity
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was also significantly faster in the cold area. Toalel was validated for the third electrofishing
survey at this site while the temperature in themvarea was 21.1 °C and 16.2 °C in the cold
area. The depth was also significantly greatehénwarm area (0.11 vs 0.17 m) and the substrate
was larger in the cold area (90 vs 105 mm). Finddly site D, the model has not been validated
for the only electrofishing survey that was comgdeat that site. The temperatures in the warm

and cold areas were respectively 18.3 °C and X8.5 °

3.4.2 Validation of observed densities

Validation of the model with the additional datasetlected on Sainte-Marguerite and Petite-
Cascapedia River is shown in Figure 7. This figlustrates the link between the logarithmic
transformation of parr density (1+ and 2+) at eadk and predicted HSI from the model
considering only depth, velocity and substrate §&®evs our expert's model including the same
three variable and water temperature (b). Our mesgplains respectively 37% and 15 % of the
parr density for Sainte-Marguerite and Petite-Cpsda rivers while the model without water
temperature explains respectively 18% and 1®ased on a F-test comparing the model that
includes HSI to explain log density to a simplerdelothat includes only an intercept, the p-value of

0.036 means that the model that includes HSI isfstgntly different than an intercept-only model.

20



454 4. DISCUSSION

455 The main objective of this project was to includatev temperature in an expert based model to
456 better quantify and qualify habitat preferencesAtantic salmon parr. This main objective was
457 achieved by completing two steps. The first one twasodify the knowledge of selected experts
458 on four habitat variables: water temperature, degglocity and substrate size. These experts also
459 had to qualify the Habitat Suitability Index resod from the different combinations of these
460 variables. The second step was to perform a pasialation of the model by putting field data
461 into the model in order to obtain a numerical H81d compare it against parr density with and
462 without a thermal contrast at different sites. Thisrk therefore presents an improvement from
463 the models developed by Ahmadedusharet al.(2008) and Mocegt al.(2013).

464

465 We selected 20 professionals with an Eastern Canaiperience to optimise the model for this
466 region. The model has been validated for 58 % efdhirveys. Considering that it is the first
467 fuzzy model that includes water temperature foraAfic salmon parr, and considering that
468 sampling was completed in a summer with relatidely temperature contrasts (i.e. no heat
469 waves or sustained warm periods) this result ism@img and constitutes an important
470 advancement.

471

472 The first validation method aimed to compare hahiaality between cold and warm areas.
473 When the model was not validated, it predicted thigher quality habitat would be in a cold
474 area, whereas parr were mostly in warm areas. \8fgestl that the main cause explaining why
475 42% of the electrofishing surveys did not agreehwviiie model is that the summer 2017 in

476 Quebec was not particularly warm and hence, colteméemperature refuges in the sampled
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rivers were often not necessary for parr. The teatpee sensors placed at the sites under study
revealed that the hottest temperature of the whiteng the summer period, all sites combined,
was 25.8°C which is not close to the upper incipiethal temperature for parr (27.8 °C; death of
50% of fish after 7 days). When this temperaturs mwached, it generally lasted for less than two
hours. For sites A, B and C there was respectit®)y7 and 18 days where temperature exceeded
22 °C. This temperature represents the upper aritemge where normal metabolic functions
cease, but parr can still survive for a long peraidtime at that temperature (Jonsson and
Jonsson, 2009). However, 22 °C exceedances nex&sted for more than 12 hours. At night,
the temperature generally decreased below 20 °G.might give a respite to fish by recreating
the effect of a thermal refuge. Nonetheless, & Bit there were 31 days where temperature
exceeded 23 °C and rarely cooled down below 20 Tii&re was a particular warm period
between day 195 and day 207 (from July 17 to JWBy ®here the average daily water
temperature remained above 22 °C. The maximum tetpe reached during this period was
25.8 °C while the minimum never went below 20.6 %hich is considerably high for a
prolonged period. Even if Site D was the warmest,anly electrofishing survey at this site was
completed during a cooler period and we suspedtithéhe reason why the model was not
validated for this survey. Furthermore, among lafl surveys, it was common to compare two
areas whose average temperatures were both inlénalile, almost optimal range for parr. Such

ranges generally do not trigger movement to cdidgia (Breauet al, 2011).

We also attempted to test and compare the propuseel on a different, larger dataset, which is
an approach suggested by many authors (Fukuda; R@®8pichleret al, 2000; Moutonret al,
2008). We can see on Figure 7 that in both casesfoor-variable model explains better parr

densities then the three-variable model, and fiois,every site. This suggests that adding a
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variable such as water temperature improves thdigtability of the model. The correlation
between the median HSI and the density of parreisker for Petite-Cascapedia’(R0.15) than

for Sainte-Marguerite data {R 0.37). This could be explained by the low hegerwity of the
habitats studied on the former river. In fact, fbevest HSI model assigned in the Petite-
Cascapedia River was 0.4, which is generally cansid an average value, according to most
experts. Thus, the patches sampled were all ofideradble interest for parr and relatively
similar. It goes without saying that all the pascelnnot be occupied, thus leaving several
interesting habitat patches vacant. Although thecept of transferability is not accepted by all
(Groshens and Orth, 1993; Leftwiehal, 1997; Strakoslet al, 2003), the correlations revealed
by these linear regressions allow us to be enthtisiabout the possibility of transferring this
model to several rivers. Although some authors hasted the transferability of regional models,
the correlation that we obtained on the Sainte-Mearige River has not, to our knowledge, been
previously equaled (e.g.’R 0.02 to 0.31; Guay et al., 2003, Hedgeal., 2004). The fact that
the correlation is considerably higher for the EaiMarguerite River raises new questions about
the possible bias of the experts, some of whom h@asg never seen rivers such as the Petite-
Cascapédia. In fact, it is possible to note thatetkpertise of our respondents comes mainly from
the north shore of Quebec (60%). Thus, perhapsnttadel could be better optimized for cooler
rivers considering that the specific adaptationsjusieniles in the north and south may be

different (Glozier et al., 1997, Hedger et al., 200

Even if the proposed model is less parsimonious ttsapredecessors, it is still a simplification
of a complex system that influences parr habitdectien. It includes only four physical
variables, but excludes many important ones foirtatelection such as habitat connectivity

(Bardonnetet al, 2000), biomass cover and food abundance (Wilzb&8B5), circadian and
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seasonal cycle (Cunjak, 1996; Maki-Petaysl, 2004), density dependent relationship (Jonsson
et al, 1998; Lindemaret al, 2015), etc. As habitat selection by parr is Hase many biotic and
abiotic factors (Armstrongt al, 2003; Klemetsert al, 2003), it has been shown many times
that HSI and WUA are ambiguous concepts because daften hard to link them to fish
abundance and density (Bourgeetsal, 1996; Milhouset al, 1989). Even in the case where a
large number of good habitat patches exist on arrigarr could actually use few of them.
Conversely, it is also possible to find parr in ikatis of poor quality with little or no explanation

for their presence.

Globally, our expert models suggest that a coelempierature would offer a better habitat quality,
which is probably more exact during warmer peribdsless accurate when both sections offer a
tolerable range of temperature or a contrast ghabt optimal, e.g. an area that is too cold vs a
tolerable warm area. We did see that when the veaga was hotter than 20.8 °C, the model is
always validated and parr were mostly in the coldaaas predicted by the experts. This
systematic validation for higher temperatures sstggthat the model is adequate when limiting

temperatures are reached (Breaal, 2007; Elliottand Elliot, 2010; Jonssaet al, 2009).

On the other hand, even if parr can survive nea€@nd still feed at 3.8 °C (Elliott, 1991),
growth is largely linked to feeding (Storebakkenal, 1987) and it starts being suboptimal
below 15 °C (DeCola, 1970). Despite this, for soebectrofishing surveys, the majority of
significant experts indicated that 14.2 °C, 13.1&@l 13.9 °C would offer respectively better
habitat quality than 20.2 °C, 16.1 °C and 19.500r electrofishing results suggest that this may
not be accurate. In that context, it would be bieradfto review with the experts, the parameters

assigned for the temperature categories, and thgegoent HSI category (de Littk al, 2018).
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549 Especially considering that a part of the modelsbizould come from an incomplete
550 understanding of the instructions to prepare thezyflumodel for the expert or from a
551 misinterpretation between the interlocutors. Fads timodel, we suspect that questioning the
552 expert in a feeding context rather than in a savoontext would provide a better setting when
553 discussing parr preferences.

554

555 Also, several experts verbally testified during theercise that having four categories instead of
556 three for the output variable (habitat quality) Wbéacilitate the attribution of consequences to
557 the rules. These categories could be poor, mediugh and very high HSI. Unlike adding a
558 category to input variables, adding an output acategvould not affect the number of rules to
559 answer by experts. This modification could be ddneng a new consultation with the experts.
560

561 As many other studies on habitat model there Isastieed for further validation to prove that
562 this model could be an effective management tobhjAdiNedusharet al, 2008; Bargairet al,
563 2018; Guayet al, 2000; Lamourowet al, 2002; Mocget al, 2013). Even if multiple-experts
564 based model have been identified as potentiallisligxportable (Anneagt al, 2002) It would
565 be important to gather data from other studies am fyom different river types and different
566 thermal regimes for further validation. Additionalidation should include sites within a river
567 that are separated by a distance that is suffiteeminimize the risk of movement of individual
568 fish from the warm to the cold area during sampling

569
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Tables

Table 1: Preferred parr physical habitat variablesiges found in the literature

Depth (m) Velocity (m/s) Substrate (mm) Reference
1+ parr*
0.10-0.40 0.00-0.20 16-256 Heggenes et al.
1999
0.16-0.28 0.10-0.30 - Gibson, 1993
0.10-0.35 0.15-0.60 25-125 Scruton and Gibs
1993
0.1-0.50 0.00-0.60 Gravel-pebbles Jonsson and
Jonsson, 2011
0.20-0.40 0.20-0.60 20-200 Finstad et al., 20
2+ parr**
0.17-0.76 0.35-0.80 200-300 Armstrong et al
2003
<0.50 0.0-0.25 Small gravel and Gibson, 1993
cobble
0.20-0.60 0.03-0.25 64-512 Heggenes et al.
1999
0.19-0.31 0.11-0.29 Gibson, 1993
0.10-0.55 0.10-0.70 30-200 Scruton and Gibs
1993
0.10-0.80 0.0-0.80 Gravel, pebble, Jonsson and
cobble Jonsson, 2011
0.20-0.70 0.00-0.90 25-450 Finstad et al., 20

on,

on,

* Second summer of growth in river
**Third summer of growth in river

Table 21: Medians and ranges (maximum and mininafreglected limits for fuzzy sets defining the gaties of habitat variables.

Substrate size Velocity Depth Temperature
(mm) (m/s) (m) (°C)
Als|lc || A 8B c|o|la ] B] c |bpla]lsB|c]|o
Minimum 5 10 45 64 0.05 0.2 045 055|002 015 035 04 4 8 16 19
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583  Where A represents the upper limit values fullpbging to the low category, B and C the limitshef values fully belonging to the medium categoxy Rrihe
lower limit of the values fully belonging to theyhicategory. See Figure 1
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Table 3: Average summer water temperature in thimistem and in the tributary for study sites fraufy 4" to September 302017

Main stem| Tributary | Maximum
temperaturgtemperature temperature*
S

Site A 17.3 10.7 25.2

Site B 16.5 14.8 23.5

Site C 17.7 154 25.3

Site D 14.8* 20.7* 25.8

*experienced at the site

Table 4: Median values for each sampled variablé parr density (standardized on 10%)rn the different areas (warm and cold) for eatéceofishing

survey.
Day of the Depth Velocity Substrate size Temeerature Fish density Model
year (m) (m/s) (mm) CC) validation
Cold | Warm Cold | Warm Cold | Warm | Cold | Warm | Cold | Warm
A 201 0.29 0.38* 0.29 0.42 110 145 17.6 21.8* 14 0 Yes
208 0.20 0.28 0.21 0.25 150 150 16.1 21.2* 16 8 Yes
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214 0.23 0.20 0.24* 0.13 115 175* 14.2 20.2* 9 28 No
229 0.22 0.26 0.20 0.11 150 140 13.1 16.1* 7 11 No
269 0.24 0.28 0.27 0.40 85 88 17.1 20.1* 7 6 Yes
201 0.21 0.33* 0.48 0.71 90 120 19.5 20.9* 5 3 Yes
B 209 0.28 0.34 0.76 0.74 140* 100 15.2 18.1* 13 1 Yes
215 0.27 0.29 0.68 0.63 120 120 17.0 19.2* 7 0 Yes
206 0.32* 0.20 0.52* 0.42 165 190 13.9 19.5*% 4 22 No
C 212 0.19 0.22 0.33* 0.24 110 130 16.1 19.3* 9 20 No
234 0.11 0.17* 0.26 0.36 105* 90 16.2 21.1% 16 13 Yes
D 206 0.22 0.25 0.43 0.52 100 95 16.5* 18.3* 6 14 No
595 (¥ indicates that the median was significantlyheg.
596 Table 5: The most frequently used fuzzy rules
Number of
Rule Substrate Velocity Depth Temperatureapplications
41 Medium Medium Medium Medium 3798
42 Medium Medium Medium Warm 2047
29 Medium Slow Low Medium 1927
32 Medium Slow Medium Medium 1789
68 large Medium Medium Medium 1379
50 Medium Fast Medium Medium 1162
33 Medium Slow Medium Warm 1074
597 Table 6 : Median HSI for both warm and cold arefigach site, according to the 20 experts
Experts
Day of
Sites | the year | Sections| 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
201 cold 0.57 | 0.68 | 0.59 | 0.64 | 0.33 | 0.54 | 0.64 | 0.65 | 0.53 [ 0.77 | 0.56 | 0.53 | 0.81 | 0.86 | 0.48 | 0.72 | 0.70 | 0.37 | 0.52 | 0.43
A warm | 0.38 | 0.34 | 0.29 | 0.80 | 0.30 | 0.63 | 0.78 | 0.87 | 0.55 [ 0.80 | 0.33 | 0.59 | 0.36 | 0.29 | 0.50 | 0.55 | 0.73 | 0.13 | 0.54 | 0.48
208 cold 0.60 | 0.64 | 0.69 | 0.56 | 0.31 | 0.54 | 0.51/0.57|0.380.49|0.67 | 0.51|0.61 |0.88|0.50|0.60]|0.62|0.47 | 0.29 | 0.20
warm | 0.38 (0.54 | 0.36 | 0.51|0.30|0.59|0.55|055|0.19|0.77|0.33|0.48 0.39|(0.54|050|0.60|0.61|0.13 | 0.44 | 0.37
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214 cold |0.66 |0.70 | 0.69 | 0.55| 0.30 | 0.54 | 0.43 | 0.53 | 0.40 | 0.54 | 0.68 | 0.51 | 0.64 | 0.87 | 0.50 | 0.60 | 0.59 | 0.48 | 0.24 | 0.26
warm | 0.38 | 0.62 | 0.46 | 0.52 | 0.30 | 0.53 (| 0.44 | 0.49 | 0.18 | 0.46 | 0.33 | 0.50 | 0.42 | 0.87 | 0.50 | 0.61 | 0.59 | 0.12 | 0.17 | 0.17
cold |0.790.75|0.69 | 0.61 | 0.30 | 0.56 | 0.41 | 0.58 | 0.55 | 0.63 | 0.68 | 0.51 | 0.75 | 0.87 | 0.50 | 0.64 | 0.64 | 0.48 | 0.23 | 0.27
229 warm | 0.77 | 0.62 | 0.69 | 0.53 | 0.35 | 0.56 | 0.35 | 0.57 | 0.54 | 0.41 | 0.68 | 0.52 | 0.54 | 0.87 | 0.50 | 0.67 | 0.69 | 0.47 | 0.15 | 0.17
269 cold |0.61|0.63|0.50 [0.49 | 0.32 | 0.54 | 0.47 | 0.60 | 0.52 | 0.68 | 0.59 | 0.51 | 0.73 | 0.86 | 0.50 | 0.68 | 0.64 | 0.38 | 0.37 | 0.43
warm | 0.38 | 0.66 | 0.40 | 0.80 | 0.31 | 0.53 [ 0.70 | 0.78 | 0.52 | 0.80 | 0.33 | 0.63 | 0.52 | 0.86 | 0.31 | 0.70 | 0.68 | 0.13 | 0.52 | 0.52
501 cold |0.42 | 0.64 | 0.43 | 0.58 | 0.29 | 0.53 | 0.60 | 0.65 | 0.52 | 0.77 | 0.42 | 0.52 | 0.59 | 0.63 | 0.40 | 0.79 | 0.59 | 0.12 | 0.52 | 0.47
warm | 0.38 | 0.88 | 0.40 | 0.38 | 0.31 | 0.53 | 0.78 | 0.56 | 0.55 | 0.80 | 0.33 | 0.58 | 0.45 | 0.50 | 0.50 | 0.67 | 0.63 | 0.13 | 0.65 | 0.52
B 509 cold |0.80|0.88|0.69 [0.38 | 0.35 | 0.54 | 0.76 | 0.57 | 0.88 | 0.80 | 0.85 | 0.70 | 0.85 | 0.49 | 0.75 | 0.82 | 0.63 | 0.68 | 0.56 | 0.58
warm | 0.56 | 0.88 | 0.61 | 0.39 | 0.36 | 0.52 | 0.73 | 0.57 | 0.66 | 0.78 | 0.52 | 0.88 | 0.81 | 0.50 | 0.35 | 0.82 | 0.67 | 0.34 | 0.74 | 0.63
915 cold |0.66 |0.88|0.69 | 0.49 | 0.35|0.54 |0.73|0.59|0.74 | 0.78 | 0.63 | 0.67 | 0.84 | 0.50 | 0.69 | 0.82 | 0.63 | 0.44 | 0.52 | 0.58
warm | 0.46 | 0.88 | 0.51 | 0.59 | 0.32 | 0.53 (| 0.78 | 0.59 | 0.59 | 0.78 | 0.44 | 0.81 | 0.65 [ 0.50 | 0.50 | 0.81 | 0.64 | 0.13 | 0.52 | 0.58
cold |0.80|0.88|0.69 | 0.63|0.33 |0.54|0.52|0.60 |0.88 | 0.80|0.85|0.57|0.85|0.55|0.59|0.78 | 0.64 | 0.49 | 0.52 | 0.54
206 warm | 0.42 | 0.72 | 0.49 | 0.55|0.29 | 0.53 | 0.54 | 0.57 | 0.27 | 0.58 | 0.40 | 0.52 | 0.61 | 0.87 | 0.50 | 0.76 | 0.59 | 0.12 | 0.52 | 0.46
C 212 cold |0.75|0.80|0.69 | 0.72 | 0.32 | 0.54 | 0.70 | 0.74 | 0.55 | 0.76 | 0.80 | 0.51 | 0.85 | 0.87 | 0.50 | 0.73 | 0.62 | 0.47 | 0.52 | 0.47
warm | 0.44 | 0.73 |0.52 | 0.63{0.30|0.53|0.71|0.59|0.26 | 0.62 | 0.43 | 0.52 | 0.62 | 0.87 | 0.50 | 0.69 | 0.61 | 0.13 | 0.37 | 0.34
234 cold |0.49(0.71|0.69 | 0.60 | 0.27 | 0.54 | 0.52 | 0.51 | 0.33 | 0.50 | 0.72 | 0.51 | 0.83 | 0.87 | 0.50 | 0.63 | 0.53 | 0.46 | 0.30 | 0.34
warm | 0.36 | 0.53 | 0.36 | 0.61 | 0.28 | 0.53 | 0.58 | 0.56 | 0.36 | 0.66 | 0.33 | 0.46 | 0.43 | 0.61 | 0.40 | 0.55 | 0.58 | 0.12 | 0.44 | 0.46
b 206 cold |0.69 |0.88|0.69 | 0.58 | 0.33 |0.54 | 0.69|0.60 | 0.76 | 0.78 | 0.68 | 0.52 | 0.85 | 0.86 | 0.50 | 0.76 | 0.61 | 0.46 | 0.52 | 0.49
warm | 0.52 | 0.74 | 0.50 | 0.48 | 0.31 | 0.53 | 0.58 | 0.57 | 0.58 | 0.72 | 0.50 | 0.51 | 0.76 | 0.50 | 0.43 | 0.81 | 0.62 | 0.31 | 0.52 | 0.47
598 The boxes in gray indicate a significant differebeséween cold and warm areas. The light gray bmdisate that a majority of significant experts who
599 established that habitat quality was better incthie area than in the warm area for this electhirfig survey. In dark grey boxes, the experts eistadd that
600 habitat quality was significantly better in the wearea.
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Figure 1 : Example of fuzzy sets defined by anréxpethe velocity.
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Figure 2 : Fictitious site to represent the samglimodel. A site is composed of a cooler area ugugherated by
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Highlights:

« A fuzzy rules-based model was developed for Attaséilmon parr habitat that
includes water temperature.

« A multi-expert approach was used to build the model

« The model was partially validated by conducting&tefishing surveys in
thermally contrasted areas.

- Mutational processes similar in primary and relapaéiotherapy can damage
genome

+ Significant correlations between median Habitatl@uindex and parr density
were found in multiple rivers in Québec, Canada.

« The four-variable (depth, velocity, substrate simd temperature) model
provided a better explanation of parr density thammilar model excluding water
temperature.



