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1.

Summary

Increasing habitat availabilitff.e. habitat suitable for occupandg)often assumed to
elevatethe abundancer production of mobile consumersever, this relationshiis
oftennonlinear (threshold or unimodal). Identifying the mechanisms underlying these
nonlinearities is essentiadr predicing theecological impactsf habitat change, yéte
funetionalforms andultimatecausatiorof consumeihabitat relationshipareoften
peorly-understood.

Nonlineareffects ofhabitat on animal abundancgy manifestthrough physical
constraints on foragintipat restricconsumerérom accessing their resources
Subsequerdgpatial incongruence betweesnsumers and resources should lead to
unimodal or saturating effects of habitat availabitityconsumer production if increasing
thearea ofhabitatsuitablefor consumenccupancyomes at the expenselabitatsthat

generatgesourcesHowever, the shape of thislationshipcould be sensitive to cross-
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ecosystem prey subsidies, whitlay be unrelated t@cipient habitat structur@nd result
in more linear habitat effects on consumer production.

3. Weinvestigated habitgtroductivity relationships fguveniesof streamrearingPacific
salmon and troutdncorhynchuspp.), which typically forage in low-velocity pool
habitats while ther prey (drifting benthianvertebratesare producedipstreamn high-
velocity.riffles. However, juvenile @morids also consume subsidies of terrestrial
invertebrateshat may be independent of padfle structure.

4. We'measuredalmonidbiomasgroduction inl3 experimental enclosuresch
containing a downstream pool and upstream riffle, sparagrgdient ofelativepool
area(14=80% pool). Increasing pomdlative to riffle habitaareadecreasegrey
abundance, leading to a nonlinear saturating effect on fish produsteihen used
bioenergetics model simulations to examine how the relationship between poaidirea a
salmonid biomass is affected barying levels of terrestrial subsidgmulations
indicated that increasirtgrrestrial prey inputs linearized the effect of halatailability
on salmonid biomass, while decreasiegestrialinputsexaggerated d@ump-shaped’
effect

5. Ourtesults imply thatonlinear effects of habitat availability on consumer production
can-arise frontradeoffs between habitauitable forconsumer occupancy and habitat
thatgenerates preyHowever crossecosystem prey subsidies can effectively decouple

this.tradeoff and modify consumenabitat relationships in recipient systems

I ntroduction

The abundance and productivity of mobile consuraegsften strongly linked to thavailability
of habitat suitable for gmth, survival, or reproduction. Consequenthere isoften an
expectation that increasimgbitat availability(e.g., abundance and connectiafyhabitat
suitable for.eonsumer occupanaeyill lead to greater population size or secondary production
(Palmer, Ambrose & Poff 199 \Vhile thisassumption usually underpihabitat restoration
efforts, ithas been complicatday numerous studiesocumenting nonlineaufimadal and
threshold) effects of habitat availability on consumer performé@vierier & Fahrig 1996;
Alloucheet al.2012; Shideleet al.2017).
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Identifying thesenonlinearities and thieunderlyingmechanisms is paramount for
understanding population limitation in physically heterogeneous environments anidigating
negative impacts of habitat alteratigfovalenko, Thomaz & Warfe 2011; Kellet al. 2017).
Onepathway through which nonlinearitiean arisagelates to habitat complementation
(Dunning, Danielson & Pulliam 1992), whet#ferent habitat types provide distinct non-
substitutable resourcésr a populationincreasing the abundance of habitat patches suitable for
occupancy across a landscape may then have limiting returns or even negativereffects
consumer‘populations if it comes at the expense of indirect functions provided by ottedr habi
patches that arnot directlyoccupied(Schlosser 1995)

A partieularly notable example of this phenomesaurs wherphysical heterogeneity
restrictspredatorgrom accessin@reas of high prey productig¢Rerssoret al. 1996; Kauffman
et al. 2007) for instance, ipreyoriginate in refugewvith harsh abiotic conditions that exclude
predator{Menge & Lubchenco 1981; Tunneyal.2012).If total preyabundance is positively
related to the area of refugthenincreasinghe availability othabitatsuitable for predators
should alsedecrease the abundance of their faedaB®rmproduction mayherefore exhibit
thresholds oreptima attermediate levalof habitat availabilitywhen energy intake is
maximized.relative to spatial requirements (e.g., territory Srant & Kramer 1990). In
essencgthisnonlinearityreflectsa tradeoff betweentwo key factors regulatingopulations
food abundance argpace suitable for occupancy

Despite broad support for foraging constraints as a mechanism generating nonlinear
habitat effect§Heck & Crowder 1991), few studies have explicitly quantified how different
configurationsof contrasting habitats influentiesbiomassproduction of mobile consumers.
Thus, thefunctional form afonsumeihabitat relationshipin heterogeneous environmeai®
oftenunknown andhe factorghat modify the shape diis relationshiparepoorly understood.

In particular,.consumers may respond to habitat availability differently ieregsiominated by
allochthony, where pregriginateoutside the system of interg8tolis, Anderson & Holt 1997) ).

For instanceyifenewal rates afrossecosystenpreysubsidies araenrelated to recipient habitat
structure(Riehardson, Zhang & Marczak 2010), increasing consumer habitat availability should
havelessinfluence ortotal resource abundanemdwe may expect more linear effects of habitat

availability on consumer production in highly subsidized systems.
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84 We experimentallyquantified the relationship betwebabitatavailability and production
85 of juvenilePacific salmon anttout (Salmonidaen a temperate forest streaand used
86  simulation modelling t@xplore how this relationship may be influenced by cexszsystem
87  prey subsidiesStreamrearing salmonids asgell-suited to address these questibasauséeheir
88  growthand.survivabrestrongly linked to geomorphic channel structure, which regulatesrboth
89  situprey production antabitat suitable for fisbccupancy (Rosenfeld & Boss 2001; Kennedy,
90 Nislow & Folt'2008). Salmonids typically forage in dominance hierarchies whereléiend
91 fixed, centratplace territories to intercept suspended invertebrates in downstream transport
92 (invertebrate drift; Chapman 1966; Naman, Rosenfeld & Richardson.2xif)originates
93  primarily insshallow highvelocity riffles wherebenthic invertebrates enter ditghavioually or
94  are dislodged by flow (Leung, Rosenfeld & Bernhardt 2009; Naghah 2017); however, many
95 salmonids preferentially use deeper low velocity pools where higher capture success and reduced
96 swimming costs make driforaging more energetically profitable (Fausch 1984; Hill &
97  Grossman,1993). This incongruence leads to the pradittat salmonigbroduction should peak
98  at intermediateatiosof pool+iffle habitat patchegPoff & Huryn 1998; Rosenfeld & Raeburn
99  2009).
100 However, crosgcosystem inputs of terrestrial invertebrates are also a key property of
101 smallforeststreams, often dominating annual energy budgets for salmonids (Kawaguchi &
102  Nakano 2001; Satet al.2011) Terrestrial inputs originate from the riparian z¢Rehardson &
103  Sato 2015) and while they are linked to geomorphology over larger §Baltaore & Baxter
104  2014), theydonnot vary systematically with poiffle channel structuréGowan & Fausch 2002;
105 Namanet ak2017). Consequently, terrestrial inputs could modify the influence ofrgtdel-
106  patch configuration on fish production, effectively decoupling the dependence otpoaly
107  salmonids, from riffleproduced drift.
108 We_conducted a field experiment to test the influence of habitat availgbditythe
109  proportion.of habitat area composed of pool relative to riffle) on consumption, produation, a
110 behaviourfan assemblag# drift-feedingsalmonic consisting of juvenile cohsalmon
111 Oncorhynchus kisutcand cutthroat trouD. clarki. We tested two alternative hypotheses of how
112 pool-riffle composition may influence productivity basedimtninsic vs. extrinsic resource
113 origin (i.e.drift vs. terrestrial drop). We hypothesized that if drift was the primaoge of
114  resource delivery, increasing pool proportion should impose adpack tradeff such thati(
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usable habitat should increase prgy encounter rateshould declinevith increasing pool
habitat and (i) consumption and production by fish stobtherefore peak anintermediate
pool proportion Alternatively, we hypothesized that if terrestrial inputs were the primary mode
of resource delivery to fish, pool-riffle composition would limit only the area of seitzdibitat
for occupaney,, such that increasing pool proportion would lead )o@ changes in energy
availabilitysanddv) a linear increase in consgption and production (Fig. 1). Givématdrift-
feedingfish'often exhibit plasticity in foraging behaviour (Fausch, Nakano & Khano, 1891)
also made'the'general predictitiat with increasing terrestrial prey inputg there should be a
shift from territarial central place foraging on drift to search foraging on terredtojal We link
thesetwo hypetheses using bioenergetic model simulations to explore the effects oifft@ol-
composition on production across a full gradient of dsftterrestrial resource inpuiBhus, the
experiment and\simulatioqgovide auniquetest ofthe mechanisms underlying the form of
habitatproductivity relationshipsand the potential influence of crossesystem resource
subsidies.

Materials and M ethods

Study system and logistic®\e conducted our study in Webster Creek, a tributary of the Cedar
River, a protected watershed on the west slope of the Cascade Mountains in Washington State,
USA (seeKiffney et al.2006) Webster Creek is a low gradierdcky-bottomedpool+iffle
stream draining,a conifefominatedsecondgrowth catchment with riparian vegetatitypical
of streams in‘the regiolVettedchannel width at the study site averaged and summer low
flow discharge ranged from 0.@03 n?-s*. Fish species in Webster Creek include coho,
cutthroat trout, brook lamprdyampetra richardsoniand several species of scul@ottusspp.
(P. Kiffney=unpublished).

Wesselected 13 rifflgpool sequenceg$-rissellet al. 1986)as experimental units within a
2 kmstream reackvith the goal of maximizing variation in the relative area of pools and riffles
(14-80% poolarea). The proportion of total area composed of pool relative to rifébafteer
“pool proportion”) was the independent variable in this stiRbtative pool area was not related
to longitudinal position of enclosures in the study reaadl, enclosuresere spaced at least 10

m apartsuch that invertebrates were unlikely to drift between tfigiott 2002). Pooliffle
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sequences were selectedninimizevariation inother physicafeaturesjncluding wood

density, canopy cover, pool depth, and riffle velocitgifle 3. To quantify differences in

hydraulic conditions between riffles and pools, we measured depth and velocity at 20 cm
intervals alon@-5 transects perpendicular to flaweachpool or riffle using a Marsh McBirney
flow meter (Hach Company, Californid)ater temperature wasntinuouslyrecordedwith

ibuttor® data loggers. Other physical features including residual pool depth, wood abundance,
and canopycover were measufelbwing methodslescribedn Pes<set al. (2011) anKiffney

& Roni (2007):

Tolconstruct enclosuresg@nchored nm grid wiremesh fences at the upstream and
downstream end of each padfe sequenceisingrebar stakes and sealed fenlbgdurying the
lower edge*10-«cm undéne substratd-ences allowed free passage of drifting invertebrates
while preventing movement of fish larger than 30 mm fork length and were cleanedutaib
the experiment to prevent cloggirignclosure fences that are permeable to invertebrates were
essentiato.avoidblocking flow and altering hydraulics within enclosures. However, high
permeabilitycouldreduce power to detetteatment effects prey abundance insidenclosures
was signifieantly influenced by drift of invertebrates from outsilenclosuregCooper, Walde
& Peckarsky 1990; Englund & Hamback 2004). While this is an inherent challenge to
experiments in flowing water, two lines of evidence suggest prey abundance was yrimaril
produced locally within our etosures: first, all enclosures were directly downstream of low
velocity pools or glides, where drift concentrations were reducegttigment and predation;
and second;the absolute lengbifisiffles weresufficientfor the majority of upstream drito
settle beforesbeing available to fish in po@sipporting Informatiorl). In addition drift from
outside enclosures wasrelated to pootiffle habitat structure (Supporting Information 1; Fig.
S2)thus, it would likely generate noise and reduce overall ptoveéetect habitat effects on total
prey abundanceather than cause a directional bias.

Quantifying prey availability Invertebrate drift was measurtédee times (day 5, 15,
and 25) during the experiment. Drift sampling involved setting 2-3 nets (308 &peming)
across the'downstream end of eanblogdriffle for 2-4 hours between 1000 and 1400.
Terrestrial invertebrate inpuigere measuredith 1-2 floating pan traps (400 é&pcontaining 10
mm of water and-5 ml of soap to reduce surface tension, placed haphazardly within each
enclogdpool. Pan traps were left for 6-8 h during daylight and were aggregated across three
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sampling events to calculate a mean value for each Albohvertebrates were stored in 75%
ethaml andthen sorted and identified (typically to family or genus) in the laboratory. We
measured the body length of each individual with a ocularometer and used allometric
equationdo conyeriength to masgHodar 1996, Benket al. 1999 Kiffney & Naman
unpublished.datapPrift and terrestrial inputs were computed as a total energy flux per area of
total enclosurekilojoules m? day®), with drift flux calculated as the product of drift
concentration'and stream discharge. Energy density was used as opposed to biomass as it more
explicitly integrates variation in prey qualiBeauchamp 2009Mass conversion factors from
Cummins& Wuycheck (1971) anMicCarthyet al. (2009)were used to convert biomass to
energy densitys

Fishsgrowth, productionpand habitat use We collected juvenile cohsalmonand
cutthroat trout using minnow traps and seine nets. Coho ranged frogm&iin length while
cutthroatranged from 500 mm. While these species interact and differ slightly in microhabitat
use(e.g., Glova 1986), previous work in the system suggests they are not strong competitors
(Buehrenset@als2014), andhey are treated here as a single dafaging assemblage. Fish were
held overnight:to allow gut clearance, then measured to the nearest mm, weidjecotarést
0.1 g, anduindividually markedith elastomer tags (Northwest Marine Technologies, Shaw
Island, WA)-Equal numbers of coho and cutthroat of a similar size range were stocked at a
density of 0.5 fish M per area of enclosure (i.e., area of pool and riffle combined). Before
stocking, we snorkelled through each enclosure to ensure all salmonids had been removed. We
recapturedsfish,36ays later and reneasured lengths and weights as described above. We
computed growth ratdg day’) for individuals as(mass final - (mass initial)]/duration and
total production as theummedmass change of all fish in each enclosure. Because enclosures
differed in_size, production values were standardized by enclosure ar&. @ of fish were
recaptured.across all enclosures suggesiagterrestrial predation was minimal.

Snorkel.surveys were conducted on four occasions to determinafflediabitat
preferencessand tledfectivedensity experienced by individuals foraging in pools. Starting from
upstream, we,counted all fish through the length of each pool to compare with the known
number of fish stocked into the enclosure. We assumed any unaccounted fish wereflesing rif
which were too shallow for snorkelling (< 20 crihe effective ish density in pools was then
computed as the quotient of the number of fish observed and pool area (nufjiber m
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Behaviourobservations We conducted observations of territoriality and foraging
behaviour on two occasions during the experiment. This involved a snorkelling observer lying
motionless at the midsection of each pool for 15 minutes to minimize disturbariaetsytien
recording the number of fish present and the foraging behaviour of each individual over 5
minutes. Snerkelingvas superior tother methods (e.g., video recording or streambank
observations).in that we could observe the foraging behavi@lriatlividualsfor a settime
period.We"classified fish as territorial if they maintained consistent foraging positions-or non
territorial ifthey'did not hold territories and fed on terrestrial or benthic inverteljNitdsen
1992).

Consumption and exploitatiafficiency- To estimate fish consumption, we used a
modified version of a Wisconsin bioenergetics model parameterizeddbrspeciegparameters
from: Deslaurierset al. 2017), which we fit to observed growth (Supporting Information 2).
There was strongorrespondence between fitted and observed growth values (Supporting
Information2; Fig. S3), suggesting the model approximated true consumption. We t@port
metrics of,eansumption in relation to pool proportiarstf we describe bulrey consumption
by the entire fiskassemblagas thetotal consumptiorf all individuals per area of enclosure (g
m?), and'secondye expresexploitation efficiencyas consumption relative to the energy
available.from the estimated prey flixploitaion efficiencywas standardized to fall between O
and 1, where 1 would indicate that 100% of the prey flux through an enclosure was consumed.
Estimated consumption exceeded prey availability for two @rit3osuredut the range of
variationinsexploitation efficiency overlapped 100%.

Statistical Analysis- We usedR version 3.3.2 (R Core Development Tedon)all
statistical @analysisThe effect of pool proportion on total fish production, consumption, and
mean individual growtkvas determined using ordinary least squares (OLS) regression with three
a priori model structures (linear, threshold, and quadratic). To furtherexpbtential unimodal
responses.to.increasing pool proportion, we also fit a Métaddane function thairovides
more flexibility in that it allows slopes to differ on the ascending and descendnsgoathe
curve (Bolker,2007). The model was fit with nonkndeast squares (nls) and was constructed

as:
mx

p(x)=a+bx+x2
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wherex is relative pool area and, a, andb are fitted constants. These four model structures
(along with an intercept only modetjere compared with Akiake’s Information Criteria

corrected for small sample sizes (A)@ising the MuMin package (Barton 200@hich selects

the most parsimonious model to explain the data (Burnham & Anderson 2002). For top ranked
models (AALCe Within 2 of best model; Burnham and Anderson 2002) we computed 95%
confidence.intervals around coefficients and evaluated overall fits Witin Ehe nonlinear case,

we evaluated'model fits with root mean square error (RSME).

OLSwasalso used to evaluate the effect of ppportionontotal energy flux (drift
plus terrestrial) and fish density in pools. For proportional responses includesgriat drop
proportion.exploitation efficiencyandforaging modeve used generalized linear models (GLM)
with a quasibinomial distribution to accau for over-dispersion. Underlying model assumptions
for GLMs wereanalyzed graphically with diagnostic plots using the R package rAodEV
(Mércia Barbosat al. 2013).AlIC . model selection (QAICfor overdispersed models) was
used to compare each response to a null m@delcept only)then likelihood confidence
intervals werescomputed around the coefficients and overall fits were evaluated with Pearson
using theRsqGLMfunction in modEVA.

Bioenergetic simulations of terrestrial prey additiongo-explore the sensitivity of our
results to.terrestrial subsidies, we usiegl bioenergeticsodel to simulate growth at different
levels of consumption correspondingataviderange oterrestrialinput rates. Production was
computed'in each simulation as the sum of growth (mass change) for all individe=dt$
enclosure sSimulations ranged from no terrestrial inputs (i.e., consumption equivasiént
terrestrial drep‘removed), up to input rates such that all fish were consuming threly at
physiological limit(i.e., satiation)While simulationeencompassed a range 1000 times the
average ambient input rates (0.005 g day’), theywerestill within thedocumented range of
variability in.terrestrial inputs across time and sp@cg.Wipfli 1997; Nakano & Murakami
2001). For.each simulation, AlG@vas used as described above to determine the most
parsimonious’OLS regression model form (linear, threshold, or quadratic) rgladthgetion to
relativepoolarea (further described in Supporting Information 2).

Unlike more computationally intensive drift-foraging models, our simulations did not
explicitly incorporateconsumer functional responses @odstraints on prey capture success,
i.e.,simulations assumall added prey would be captured. This assumption is probably
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unrealistic given prior empirical woilRiccolo, Hughes & Bryant 2008; Neuswangéenl.2014)
and giverthatour exploitatiorefficiencyestimates indicated a significant reduction in the
proportion of prey flux consumed at low pool proporti@eeResulty. To address this issue, we
modelled three potential scenarios: first, where no additional prey capture was allowed in
enclosures.where less than 95% of the observed prey was conseme@dsuming strong
constraints,on.capture success in rifftaninated enclosuresecond, where additional prey was
allowedto'be"consumed at the observed efficiency; and third, whereigilbaddprey was
consumed.

Results

Prey availability— Consistent with our first hypothesis, combined energy flux from drift and
terrestrial inputs dgined with pool proportiorfFig. 2a, OLSW; = 0.99, R = 0.60; full results
for all models are iBupporting Informatiord; TableS2). Thisreduction was driven byariation
in drift, which was the dominant mode of prey delivery (Table 1) and declined by an order of
magnitudesover'the gradient of relative pool area (OUS; 0.98, R = 0.64). As expected,
terrestrial invertebrate inputs were not related to pogbortion(OLS, W, = 0.99 for intercept
only model), howevehecause of the steep decline in dtlie proportion of terrestrial inputs
relative to.drift increased by ~30%rass the gradiemtf increasing pool proportiofFig. 2b,
GLM, W; = 0.98r% = 0.23). Similar to other studies, drift was composed primarilsnofature
stages of Ephemeroptera, Diptera, and Trichoptera and terrestrial drop wasembofpamult
Diptera, Hymenoptera, and Homoptera (Wipfli 1997).

Produgtion, growth, and habitat use by salmonid&a#nonid production (g 1)
exhibited a nonlinear relationship with pool proport{eig. 3a). A threshold model had the most
empirical supportW; =0.38, B = 0.71) but there was also strong support for a quadratic model
indicative of a unimodal relationship (AAIC. = 0.24,W; = 0.34, R= 0.70) and some support for
a linear model (AAIC. = 0.99,W; = 0.22, R = 0.53). Mean individual growth was also non-
linearly relatedtpool proportion with support for both a quadrdfitg. 3b; W, = 048, R* =
0.61) and"asthreshold relationshipAIC. = 0.67,W; = 0.34, B = 0.49. Snorkelobservations
indicated that fish consistently used pools throughout the experiment. Consequently, as the
proportion of pool area declineatross enclosuresffectivefish density in pools increased by
nearl six-fold (Fig. 3c, GLM, W, = 0.99,r* = 0.98).
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299 Foraging behaviour Fish fed on drift and terrestrial invertebrates during foraging

300 observations with only one benthic foraging attempt observed. The extent to which fish exhibited
301 territorial central place foraging vs. noerritorial surface foraging was influenced by patfle

302 composition. The proportion of fish holding territories declined by ~60% across the gradient of
303 increasing poel habitgFig. 3d: GLMW;=0.98,r? = 0.57), with more fish search foragiagthe

304 downstream ends of pools.

305 Consumption andxploitation efficiency- Total estimated consumption showed a

306 unimodal relationship with pool proportipsteeply increasing at lovalues then slowly

307 declining after a maximum attermediate pogbroportion(Fig. 4a). The MonoeHaldane

308 function had the most support to explain this result (NMSz 0.92, RMSE = 1.96).

309 Exploitation‘efficiencyalso exibited a strong trend (Figic) where less than 10% of available

310 preywereconsumed at the lowest pool proportiamich sharply increased tt00% of available

311  prey consumed at intermediate and higher pool proport®bsl, W; = 0.99,r* = 0.97).

312 Bioenergetic simulations of terrestrial prey additionsereasing terrestrial inputs across
313 thegradientwoincreasingoool proportiongenerally linearized the relationshigth fish

314  production(Fig. 5) but the specific shape of the curve, and the input required to change it,

315 differed among prey capture scenarios. In the most restrictive scenario,neteditional prey

316  capture was allowed in enclosures with less than @gdkitationefficiency, it took al00-fold

317 increase in input rate to alter the curve, and a 1000-fold increase tizknise relationship

318 (Fig. 5a). By contrast, in the second scenario where additional prey was consumed at observed
319 efficienciesythe pogbroportionrproduction relatiorfsip became linear at double the input rate,

320 with subsequent additionsdreasing the slope (Figb). It is important to note that model fits

321  were weaker at 2x and 10x input rates, and that there was also support for threshad model
322  (Supporting Infarmatio S3 Table S4), which would have resembled the first scenario. Finally,
323 in the third,scenario, where all additional inputs were consumed in all habitatpjired a

324  similar 100foldJncrease to linearize the curve; however, the slope of the line gradually

325 diminishedand ultimately flattened at the production level expected if all fish were fully satiated,
326 i.e., consuming at their physiological maximum (FHg). In all three scenarios, simulating

327 reduced terrestrial inputs caused the relationship to be increasmiglgdal and to decline at

328 the highest relative pool areas.

329 Discussion
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330

331 Habitat availability(i.e., the proportiorof pool relative to the upstream riffle) strongly mediated
332 bothspaceand food abundance for salmonids. Because fish overwhelmingly preferred pools and
333  were stocked at a constant density over total habitat area (pools and riffle conthimed),

334 effectivefish.density strongly declined with increasing relative pool area. However, prey

335 availabilityscorrespondingly declined with a decrease in relative riffle area that accompanied
336 increased'pool'habitat. These responses are consistent with previous work dgimgsstong

337 preference of'coho and cutthroat trout for pools (e.g., LonzariQui&n 1995; Roni 20023nd

338 a positiverelationship between drift flux and riffle length (Hansen & Closs 2007aNatral.

339  2017). Thesresulting tradeff between suitable foraging habitat and resource availability

340 imposed by‘these contrasting habitat patch types caused a nonlinear respdnsenad sa

341  consumption and production, whereby increasing pool proportion had diminishing returns
342  beyond a thresholdf ~45% pool. Thigatio of habitat types that maximized salmonid

343  productioniis similar to those predictedPgif & Huryn (1998) and Rosenfeld (2014) asdalso
344  comparablettowrelationships betwgmol-riffle composition and salmonid biomass observed in
345 field surveys'by Bowlby 8Roff (1985)

346 Ourexploitation efficiencyestimates corroborate the inference of a t@ffibetween

347  space (preferrebraginghabitat in pools) and food (prey production in riffles). Fish production
348  per nf of total enclosure area was lower at redysed| proportionslespite high prey

349  abundance, while production was elevated at higher pool proportions despite lower prey
350 abundance®Imthe smallest pools, fish had reduced growth, consumption, and production, yet
351  collectivelyseensumed only ~15% of the total prey flux. This unconsumedsprpiuscould in

352  principle be available to fisim adjacent habitats downstream of enclosurtewever, the extent
353  of this non-local prey source depends on drift distarveegh may be short in small streams

354 (Downes & Reich 2008)

355 Constraints on prey capturesmaller pools likely related to reduckataging area and
356  greater competition at higheffectivefish densities For instancemoreindividuals may have

357 occupied poorer quality foraging territorigmre, Grant & Keeley 2004), agonistic interactions
358 may have increased energy expenditurd decreaskforaging time (Wood, Grant & Belanger
359  2012), or a higher proportion of prey may have been able to drift through shorter pools without
360 detection. Increasing pool area appeared to partially relax these constraxydation
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361 efficiency reachedn estimated00% at an intermediate pool proportion &B% of total area)

362 that corresponded to an asymptote in total fish production.

363 Beyond an intermediate pool proportion, fish appeared to become increasingly food
364 limited as the slopef total production diminished. However, despite a clear decline in prey
365 abundance.and consumption by fish with increasing pool propaittiwas unclear whether

366  associated.fish‘production also declined or simply levelled off. This ambigaitfype assoeited
367  with increasingproduction efficiency, i.e., a larger proportion of famhverted into biomass,

368  with pool areaThe mechanismotentiallycausing higher efficiency is unclear, but could relate
369 to the reduced territoriality and increased search foraging we observed as pool area increased.
370  Territoriality becomes increasingly costly as prey availability becomes less pred{Geduhe

371 1993; Sloat'& Reeves 20%4herefore, one interpretation of these results is that fish increased
372  their growthefficiency n larger pools by shifting from defending central place territories to
373  search foraging to exploit the greater proportion of terrestrial drop, whigtbhenless spatially

374  predictable than drift at pooiffle scales(Gowan & Fausch 2002; Namahal.2017). However,
375  since we didmat measure the energetic consequences of fobaiagiour on individual fish,

376 this interpretation is speculative and other factelated to reduced density (elower activity

377  costg could.also have increasgdowth efficiency in larger pooléLi & Brocksen 1977)

378 Bioenergetic simulations allowed us to &xp the sensitivity of habitgiroduction

379 relationshipgo terrestrial subsidieQur simulation results should be tempered by uncertainty in
380 the functionaresponséy fish to prey subsidies, which would require direct empirical

381 validation;sneweverour results were qualitatively similar across the three capture efficiency
382  scenarioshat.we modelledsuggestinghatour inferences are likely robuskenerally, dding

383 subsidies/linearized the effect of p@obportion on production as predicted, while reducing

384  subsidies accelerated the decline of fish petida at high pool proportion. Taken together,

385 these results.implthatwhether pooldominated strearmabitatsareenergetic sources vs. sinks
386  depends on.the magnitude of terrestrial prey inputs. Whilspmaific predictiongre

387  constraineddo'the range of pool areas measured in this study (~13;I€rrastrial inputs may
388  be even more,important for sustaining fish production in largerIp@ohabitats with low drift

389 fluxes; for instance, side-channels, or floodplains (Rosenfeld & Raeburn 2009; Radinahr

390 2013).
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Taken together, our results suggest a general model for how hydraulic habitat
composition and resource delivery shape resuahe productiofor drift-feeding fishin small
streams. When invertebrate drift is the primary mode of prey delivery rifitekeompostion
will govern both suitable habitat area and resource renewal rates, but with increasing terrestrial
inputs resource availabilityprey flux) will become increasingly decoupled from paiffle
structure. Thisimodel is pertinent to defining rearing habitat capacity antd/daasalmonids, a
continuing'challenge in both basic and applied contexts (e.g., Rosenfeld 2003;ekdlon
2012). Foodand space have long been recognized as key factors regulating stream salmonid
populations, often through population bottlenecks during summer growth periods (Kehakdy
2008; Piccoloypkrank & Hayes 2014), yet theywe been integrated into assessments of habitat
quality only=relatively recentlf{Rosenfelcet al. 2014). Our study providesrare quantification
of population-level salmonid production across a gradient of habitat configuratioeiainices
the notion that maximizing production may involve trade-offs between pools and uffieh
have distinct functional roles (Poff & Huryn 1998; Wipfli & Baxter 20It)ey alsgprovide
new contextifor the effects &dod and spacen territorial species like stream salmonids in that
habitatproduction relationshiparefurther dependent on the origin and mode of resource
delivery (ive. invertebrate drift vs. terrestrial drdghte that this model does not consider
habitatrelatediradeoffs occurring at other salmonid life stages (e.g., spawning vs. rearing) that
may alsgplay animportantrole in population dynamics.

The.specific predictions from this model apply to pool-foragialgnonids in small
streams. Ipslarger rivers flow patterns may be considerably more complex in vertical and
transverse'dimensiorfsamourouxet al. 1999) however, the basic traadf between higher
resource fluxeandincreased energetic foraging costs in high velocity habitats still apply.
Similarly, the shape of non-linear responses to pool-riffle composition may vidwrpedy size
or taxon, both.of which strongly affect velocity toleraéslow, Folt & Parrish 1999;

Rosenfeld & Bass 2001). For instance, we may expect more rapidly decreasing produlation wit
increasingoeol area for species that forage at high velocities, (&tantic salmon). In addition,
other abiotie eonditions (e.g., temperature, light input) will further modifytagéffects on
salmonids (e.g., Harvey, White & Nakamoto 2005); therefore, optimal hydraulic configuration
that maximizes energy flux relative to spatediuirements may be dynamic and these conditions
should be considered in future investigations.
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More generally, our experiment provides a rare demonstration of a key mechanism
driving nonlinear effects of habitat availability on consumer productibis.has immediate
applied implicationsnsofar as it suggestsat adding preferred habitat farfocal species may
have limiting returns if it comes at the expenshaifitat that generatéiseir preyresources
While our studydealswith riffles and poolsn streams, similar inferences have been made in
other systems,e.g. mangro\esy., MumbyEdwards & AriasGonzalez 2004 yeefs(Paxtonet
al. 2017), ‘and'lakes (Tunney al.2012).In a more basic contexaur results highlighthe
importance of'both indirect and direct functions of habitat patchesdbile consumers
Quantifying the contributiohof these habitat functions to consumer produchay be critical
to understand-population regulation and energy flow in heterogeneous landscapes.

Ourwork also highlights several important baterappreciated ways in which cross
ecosystem pregubsidies interact with habitat heterogeneity. First, while many studies have
focused on the direct and indirect effects of subsidies on recipient conssoarce dynamics
and food webs (e.gMarcarelli et al. 2011 fewerhave examined hothese effects are mediated
by recipientshabitat structufeut see: Oret al. 2008; Tiegset al. 2008) Ourfindings indicate
that physical habitat heterogeneity may be a key factor mediatingyirgigy effects on
recipient'eensmers. Br instance, terrestriaivertebrateadditions may have limited effects in
riffle -dominated habitats where foraging efficiency is physically constrained, but sffectg e
in pools, which arenore suitable foforaging yet low in food supply. Second, the sensitivity of
the habitat-production relationship simulated variation in terrestrial prey inputglies that
subsidies ean"decouple not only food web dynaiicsel & McCann 1998put also consumer-
habitat relatienships in recipient ecosystems. This is an intriguing aspect eécosystem
resource subsidies thaarrants furtheattention.
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Table 1.Mean abiotic conditions and prey input rates in eagerimental enclosure.

Depth (m) Velocity (m %) Prey (mg day)
Pool Total

Enclosure 'proportion Area (nf) Canopy % Riffle Pool Riffle Pool Drift Terrestrial
1 0.66 27.57 70 0.08 0.29 0.31 0.05 3155 16.1
2 0.22 48.40 60 0.11 0.21 0.30 0.03 763.7 13.5
3 0.51 72.11 55 0.11 0.21 0.36 0.05 559.1 60.4
4 0.82 34.38 65 0.06 0.37 0.24 0.13 141.6 37.2
5 0.20 30.96 80 0.10 0.19 0.24 0.04 1473.9 4.7
6 0.70 18.61 80 0.09 0.26 0.29 0.08 141.0 1.7
7 0.39 19.54 15 0.09 0.22 0.25 0.05 402.7 3.7
8 0.22 41.49 70 0.11 0.22 0.32 0.04 5950.7 32.8
9 0.15 40.25 15 0.11 0.21 0.30 0.05 1167.8 32.5
10 0.48 50.56 5 0.11 0.35 0.35 0.03 498.9 40.5
11 0.27 19.36 60 0.10 0.20 0.35 0.04 775.9 10.9
12 0.45 31.89 30 0.11 0.22 0.24 0.04 8337 9.7
13 0.27 13.20 70 0.08 0.22 0.37 0.07 552.6 9.5
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Figures

Figure 1 Conceptual representation of how pool-riffle configuration may affect salmonid
productivity across a gradient of presigin (drift vs. terrestrial drop). For a given density of

fish, as the proportion of pools relativertffles increases along theaxis, the area of suitable
foraging habitat increasésolid line). When drift is the dominant mode of prey delivery, food
availability'will'decrease as the proportion of pool increases (dashedHiowgver, with an
increasing proportion derrestrialprey, food availability should be gradually decoupled from
pool+iffle configurationas shown by the light grey dashed lines up to the dotted line where all
prey is terrestrially derivedlaximum production will occur along the boldesti arrowat the
intersectionof the two lines (hollow points), where food abundance is optimized relative to
habitat availabilityThe two open circles show the optimal pool-riffle configurations at 0% and

100% terrestrial prey.

Figure 2 (a) Total prey flux (drift and terrestrial combined)kiiiojoules n¥ day'and p) the
proportion of total prey from terrestrial drop (TD) across the gradient of relative pool area. Solid
lines are,based,on the top ranked regression models; dasheddif&8mconfidence intervals.

Figure 3 The'effects of relative pool area on (a) Total fish productionfgahall coho and
cutthroat trout in each enclosu(b) instantaneous growth rates [bploints are the mean value
across all'fish in each enclosure; light points are individual fish (circlefar; triangles for
cutthroat];(e)density of all fish in pools based on snorkel observationsjnand (d) the
proportion‘ef.all fish observed in each pool defending territo8eBd and dashed lines are

consistent with Figure 2.

Figur e 4sTheseffect of relative pool area on (a) total consumptionfgahall fish in each
enclosure throughout the gariment as estimated with the bioenergetics model. Regression line
is from the Monod-Haldane function fit by nonlinear least squarg3.hgexploitation

efficiengy expressed as the proportion of total prey flux through each enclosure cdilisume
fish.

Figure 5 Bioenergetic model simulations tftal fishproduction across a gradient of subsidy

additions or reductions. The three panels depict three different scenarios of prey capture success:
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(@) where additional prey isnly consumed in enclosures where observed exploitatimmency

was greater than 95%h)(where additional igy isconsumed at the observexploitation

efficiency; and (fwhere all additional prey isonsumed. Each line represents the most
parsimonious (lowest Al§ linear regression model for the relationship between production and

pool proportion. p&Gax = 1 represents the physiological limit for daily consumption.
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