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Summary 9 

 10 

1. Increasing habitat availability (i.e. habitat suitable for occupancy) is often assumed to 11 

elevate the abundance or production of mobile consumers; however, this relationship is 12 

often nonlinear (threshold or unimodal). Identifying the mechanisms underlying these 13 

nonlinearities is essential for predicting the ecological impacts of habitat change, yet the 14 

functional forms and ultimate causation of consumer-habitat relationships are often 15 

poorly understood. 16 

2. Nonlinear effects of habitat on animal abundance may manifest through physical 17 

constraints on foraging that restrict consumers from accessing their resources. 18 

Subsequent spatial incongruence between consumers and resources should lead to 19 

unimodal or saturating effects of habitat availability on consumer production if increasing 20 

the area of habitat suitable for consumer occupancy comes at the expense of habitats that 21 

generate resources. However, the shape of this relationship could be sensitive to cross-22 
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ecosystem prey subsidies, which may be unrelated to recipient habitat structure and result 23 

in more linear habitat effects on consumer production. 24 

3. We investigated habitat-productivity relationships for juveniles of stream-rearing Pacific 25 

salmon and trout (Oncorhynchus spp.), which typically forage in low-velocity pool 26 

habitats, while their prey (drifting benthic invertebrates) are produced upstream in high-27 

velocity riffles. However, juvenile salmonids also consume subsidies of terrestrial 28 

invertebrates that may be independent of pool-riffle structure.  29 

4. We measured salmonid biomass production in 13 experimental enclosures each 30 

containing a downstream pool and upstream riffle, spanning a gradient of relative pool 31 

area (14-80% pool). Increasing pool relative to riffle habitat area decreased prey 32 

abundance, leading to a nonlinear saturating effect on fish production. We then used 33 

bioenergetics model simulations to examine how the relationship between pool area and 34 

salmonid biomass is affected by varying levels of terrestrial subsidy. Simulations 35 

indicated that increasing terrestrial prey inputs linearized the effect of habitat availability 36 

on salmonid biomass, while decreasing terrestrial inputs exaggerated a ‘hump-shaped’ 37 

effect.  38 

5. Our results imply that nonlinear effects of habitat availability on consumer production 39 

can arise from trade-offs between habitat suitable for consumer occupancy and habitat 40 

that generates prey. However, cross-ecosystem prey subsidies can effectively decouple 41 

this trade-off and modify consumer-habitat relationships in recipient systems. 42 

 43 

Introduction 44 

 45 

The abundance and productivity of mobile consumers are often strongly linked to the availability 46 

of habitat suitable for growth, survival, or reproduction. Consequently, there is often an 47 

expectation that increasing habitat availability (e.g., abundance and connectivity of habitat 48 

suitable for consumer occupancy) will lead to greater population size or secondary production 49 

(Palmer, Ambrose & Poff 1997). While this assumption usually underpins habitat restoration 50 

efforts, it has been complicated by numerous studies documenting nonlinear (unimodal and 51 

threshold) effects of habitat availability on consumer performance (Venier & Fahrig 1996; 52 

Allouche et al. 2012; Shideler et al. 2017).  53 
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 Identifying these nonlinearities and their underlying mechanisms is paramount for 54 

understanding population limitation in physically heterogeneous environments and for mitigating 55 

negative impacts of habitat alteration (Kovalenko, Thomaz & Warfe 2011; Keller et al. 2017). 56 

One pathway through which nonlinearities can arise relates to habitat complementation 57 

(Dunning, Danielson & Pulliam 1992), where different habitat types provide distinct non-58 

substitutable resources for a population. Increasing the abundance of habitat patches suitable for 59 

occupancy across a landscape may then have limiting returns or even negative effects on 60 

consumer populations if it comes at the expense of indirect functions provided by other habitat 61 

patches that are not directly occupied (Schlosser 1995).   62 

A particularly notable example of this phenomena occurs when physical heterogeneity 63 

restricts predators from accessing areas of high prey production (Persson et al. 1996; Kauffman 64 

et al. 2007); for instance, if prey originate in refuges with harsh abiotic conditions that exclude 65 

predators (Menge & Lubchenco 1981; Tunney et al. 2012). If total prey abundance is positively 66 

related to the area of refugia, then increasing the availability of habitat suitable for predators 67 

should also decrease the abundance of their food. Predator production may therefore exhibit 68 

thresholds or optima at intermediate levels of habitat availability when energy intake is 69 

maximized relative to spatial requirements (e.g., territory size; Grant & Kramer 1990). In 70 

essence, this nonlinearity reflects a trade-off between two key factors regulating populations: 71 

food abundance and space suitable for occupancy. 72 

Despite broad support for foraging constraints as a mechanism generating nonlinear 73 

habitat effects (Heck & Crowder 1991), few studies have explicitly quantified how different 74 

configurations of contrasting habitats influences the biomass production of mobile consumers. 75 

Thus, the functional form of consumer-habitat relationships in heterogeneous environments are 76 

often unknown and the factors that modify the shape of this relationship are poorly understood. 77 

In particular, consumers may respond to habitat availability differently in systems dominated by 78 

allochthony, where prey originate outside the system of interest (Polis, Anderson & Holt 1997) ). 79 

For instance, if renewal rates of cross-ecosystem prey subsidies are unrelated to recipient habitat 80 

structure (Richardson, Zhang & Marczak 2010), increasing consumer habitat availability should 81 

have less influence on total resource abundance and we may expect more linear effects of habitat 82 

availability on consumer production in highly subsidized systems.   83 
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We experimentally quantified the relationship between habitat availability and production 84 

of juvenile Pacific salmon and trout (Salmonidae) in a temperate forest stream and used 85 

simulation modelling to explore how this relationship may be influenced by cross-ecosystem 86 

prey subsidies. Stream-rearing salmonids are well-suited to address these questions because their 87 

growth and survival are strongly linked to geomorphic channel structure, which regulates both in 88 

situ prey production and habitat suitable for fish occupancy (Rosenfeld & Boss 2001; Kennedy, 89 

Nislow & Folt 2008). Salmonids typically forage in dominance hierarchies where they defend 90 

fixed, central-place territories to intercept suspended invertebrates in downstream transport 91 

(invertebrate drift; Chapman 1966; Naman, Rosenfeld & Richardson 2016). Drift originates 92 

primarily in shallow high-velocity riffles where benthic invertebrates enter drift behaviourally or 93 

are dislodged by flow (Leung, Rosenfeld & Bernhardt 2009; Naman et al. 2017); however, many 94 

salmonids preferentially use deeper low velocity pools where higher capture success and reduced 95 

swimming costs make drift-foraging more energetically profitable (Fausch 1984; Hill & 96 

Grossman 1993). This incongruence leads to the prediction that salmonid production should peak 97 

at intermediate ratios of pool-riffle habitat patches (Poff & Huryn 1998; Rosenfeld & Raeburn 98 

2009).  99 

However, cross-ecosystem inputs of terrestrial invertebrates are also a key property of 100 

small forest streams, often dominating annual energy budgets for salmonids (Kawaguchi & 101 

Nakano 2001; Sato et al. 2011). Terrestrial inputs originate from the riparian zone (Richardson & 102 

Sato 2015) and while they are linked to geomorphology over larger scales (Bellmore & Baxter 103 

2014), they do not vary systematically with pool-riffle channel structure (Gowan & Fausch 2002; 104 

Naman et al. 2017). Consequently, terrestrial inputs could modify the influence of pool-riffle 105 

patch configuration on fish production, effectively decoupling the dependence of pool-rearing 106 

salmonids from riffle-produced drift.   107 

We conducted a field experiment to test the influence of habitat availability (i.e., the 108 

proportion of habitat area composed of pool relative to riffle) on consumption, production, and 109 

behaviour of an assemblage of drift-feeding salmonids consisting of juvenile coho salmon 110 

Oncorhynchus kisutch and cutthroat trout O. clarki. We tested two alternative hypotheses of how 111 

pool-riffle composition may influence productivity based on intrinsic vs. extrinsic resource 112 

origin (i.e. drift vs. terrestrial drop). We hypothesized that if drift was the primary mode of 113 

resource delivery, increasing pool proportion should impose a food-space trade-off such that (i) 114 
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usable habitat should increase but prey encounter rates should decline with increasing pool 115 

habitat, and (ii ) consumption and production by fish should therefore peak at an intermediate 116 

pool proportion. Alternatively, we hypothesized that if terrestrial inputs were the primary mode 117 

of resource delivery to fish, pool-riffle composition would limit only the area of suitable habitat 118 

for occupancy, such that increasing pool proportion would lead to (iii ) no changes in energy 119 

availability and (iv) a linear increase in consumption and production (Fig. 1). Given that drift-120 

feeding fish often exhibit plasticity in foraging behaviour (Fausch, Nakano & Khano 1991), we 121 

also made the general prediction that with increasing terrestrial prey inputs (v) there should be a 122 

shift from territorial central place foraging on drift to search foraging on terrestrial drop. We link 123 

these two hypotheses using bioenergetic model simulations to explore the effects of pool-riffle 124 

composition on production across a full gradient of drift vs. terrestrial resource inputs. Thus, the 125 

experiment and simulations provide a unique test of the mechanisms underlying the form of 126 

habitat-productivity relationships, and the potential influence of cross-ecosystem resource 127 

subsidies. 128 

 129 

Materials and Methods 130 

 131 

Study system and logistics - We conducted our study in Webster Creek, a tributary of the Cedar 132 

River, a protected watershed on the west slope of the Cascade Mountains in Washington State, 133 

USA (see Kiffney et al. 2006). Webster Creek is a low gradient, rocky-bottomed pool-riffle 134 

stream draining a conifer-dominated, second-growth catchment with riparian vegetation typical 135 

of streams in the region. Wetted channel width at the study site averaged 2 m and summer low 136 

flow discharge ranged from 0.01-0.03 m3·s-1

We selected 13 riffle-pool sequences (Frissell et al. 1986) as experimental units within a 140 

2 km stream reach with the goal of maximizing variation in the relative area of pools and riffles 141 

(14-80% pool area). The proportion of total area composed of pool relative to riffle (hereafter 142 

“pool proportion”) was the independent variable in this study. Relative pool area was not related 143 

to longitudinal position of enclosures in the study reach, and enclosures were spaced at least 10 144 

m apart such that invertebrates were unlikely to drift between them (Elliott 2002). Pool-riffle 145 

. Fish species in Webster Creek include coho, 137 

cutthroat trout, brook lamprey Lampetra richardsoni, and several species of sculpin Cottus spp. 138 

(P. Kiffney unpublished).  139 
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sequences were selected to minimize variation in other physical features, including wood 146 

density, canopy cover, pool depth, and riffle velocity (Table 1). To quantify differences in 147 

hydraulic conditions between riffles and pools, we measured depth and velocity at 20 cm 148 

intervals along 3-5 transects perpendicular to flow in each pool or riffle using a Marsh McBirney 149 

flow meter (Hach Company, California). Water temperature was continuously recorded with 150 

ibutton®

To construct enclosures, we anchored 5 mm grid wire-mesh fences at the upstream and 154 

downstream end of each pool-riffle sequence using rebar stakes and sealed fences by burying the 155 

lower edge 10 cm under the substrate. Fences allowed free passage of drifting invertebrates 156 

while preventing movement of fish larger than 30 mm fork length and were cleaned daily during 157 

the experiment to prevent clogging. Enclosure fences that are permeable to invertebrates were 158 

essential to avoid blocking flow and altering hydraulics within enclosures. However, high 159 

permeability could reduce power to detect treatment effects if prey abundance inside enclosures 160 

was significantly influenced by drift of invertebrates from outside of enclosures (Cooper, Walde 161 

& Peckarsky 1990; Englund & Hamback 2004). While this is an inherent challenge to 162 

experiments in flowing water, two lines of evidence suggest prey abundance was primarily 163 

produced locally within our enclosures: first, all enclosures were directly downstream of low 164 

velocity pools or glides, where drift concentrations were reduced by settlement and predation; 165 

and second, the absolute lengths of riffles were sufficient for the majority of upstream drift to 166 

settle before being available to fish in pools (Supporting Information 1). In addition, drift from 167 

outside enclosures was unrelated to pool-riffle habitat structure (Supporting Information 1; Fig. 168 

S2) thus, it would likely generate noise and reduce overall power to detect habitat effects on total 169 

prey abundance, rather than cause a directional bias. 170 

 data loggers. Other physical features including residual pool depth, wood abundance, 151 

and canopy cover were measured following methods described in Pess et al. (2011) and Kiffney 152 

& Roni (2007). 153 

Quantifying prey availability - Invertebrate drift was measured three times (day 5, 15, 171 

and 25) during the experiment. Drift sampling involved setting 2-3 nets (306.5 cm2 opening) 172 

across the downstream end of each enclosed riffle for 2-4 hours between 1000 and 1400. 173 

Terrestrial invertebrate inputs were measured with 1-2 floating pan traps (400 cm2) containing 10 174 

mm of water and ~5 ml of soap to reduce surface tension, placed haphazardly within each 175 

enclosed pool. Pan traps were left for 6-8 h during daylight and were aggregated across three 176 
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sampling events to calculate a mean value for each pool. All  invertebrates were stored in 75% 177 

ethanol and then sorted and identified (typically to family or genus) in the laboratory. We 178 

measured the body length of each individual with a ocular micrometer and used allometric 179 

equations to convert length to mass (Hodar 1996, Benke et al. 1999, Kiffney & Naman 180 

unpublished data). Drift and terrestrial inputs were computed as a total energy flux per area of 181 

total enclosure (kilojoules m-2 day-1

 Fish growth, production, and habitat use - We collected juvenile coho salmon and 187 

cutthroat trout using minnow traps and seine nets. Coho ranged from 48-95 mm in length while 188 

cutthroat ranged from 50-100 mm. While these species interact and differ slightly in microhabitat 189 

use (e.g., Glova 1986), previous work in the system suggests they are not strong competitors 190 

(Buehrens et al. 2014), and they are treated here as a single drift-foraging assemblage. Fish were 191 

held overnight to allow gut clearance, then measured to the nearest mm, weighed to the nearest 192 

0.1 g, and individually marked with elastomer tags (Northwest Marine Technologies, Shaw 193 

Island, WA). Equal numbers of coho and cutthroat of a similar size range were stocked at a 194 

density of 0.5 fish m

), with drift flux calculated as the product of drift 182 

concentration and stream discharge. Energy density was used as opposed to biomass as it more 183 

explicitly integrates variation in prey quality (Beauchamp 2009). Mass conversion factors from 184 

Cummins & Wuycheck (1971) and McCarthy et al. (2009) were used to convert biomass to 185 

energy density. 186 

-2 per area of enclosure (i.e., area of pool and riffle combined). Before 195 

stocking, we snorkelled through each enclosure to ensure all salmonids had been removed. We 196 

recaptured fish 30 days later and re-measured lengths and weights as described above. We 197 

computed growth rates (g day-1) for individuals as [(mass final) - (mass initial)]/duration and 198 

total production as the summed mass change of all fish in each enclosure. Because enclosures 199 

differed in size, production values were standardized by enclosure area (g m-2

 Snorkel surveys were conducted on four occasions to determine pool-riffle habitat 202 

preferences and the effective density experienced by individuals foraging in pools. Starting from 203 

upstream, we counted all fish through the length of each pool to compare with the known 204 

number of fish stocked into the enclosure. We assumed any unaccounted fish were using riffles, 205 

which were too shallow for snorkelling (< 20 cm). The effective fish density in pools was then 206 

computed as the quotient of the number of fish observed and pool area (number m

). 92% of fish were 200 

recaptured across all enclosures suggesting that terrestrial predation was minimal. 201 

-2). 207 
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Behaviour observations - We conducted observations of territoriality and foraging 208 

behaviour on two occasions during the experiment. This involved a snorkelling observer lying 209 

motionless at the midsection of each pool for 15 minutes to minimize disturbance artefacts, then 210 

recording the number of fish present and the foraging behaviour of each individual over 5 211 

minutes. Snorkeling was superior to other methods (e.g., video recording or streambank 212 

observations) in that we could observe the foraging behaviour of all individuals for a set time 213 

period. We classified fish as territorial if they maintained consistent foraging positions or non-214 

territorial if they did not hold territories and fed on terrestrial or benthic invertebrates (Nielsen 215 

1992). 216 

Consumption and exploitation efficiency - To estimate fish consumption, we used a 217 

modified version of a Wisconsin bioenergetics model parameterized for each species (parameters 218 

from: Deslauriers et al. 2017), which we fit to observed growth (Supporting Information 2). 219 

There was strong correspondence between fitted and observed growth values (Supporting 220 

Information 2; Fig. S3), suggesting the model approximated true consumption. We report two 221 

metrics of consumption in relation to pool proportion: first, we describe bulk prey consumption 222 

by the entire fish assemblage as the total consumption of all individuals per area of enclosure (g 223 

m-2

Statistical Analysis – We used R version 3.3.2 (R Core Development Team) for all 229 

statistical analysis. The effect of pool proportion on total fish production, consumption, and 230 

mean individual growth was determined using ordinary least squares (OLS) regression with three 231 

a priori model structures (linear, threshold, and quadratic). To further explore potential unimodal 232 

responses to increasing pool proportion, we also fit a Monod-Haldane function that provides 233 

more flexibility in that it allows slopes to differ on the ascending and descending arms of the 234 

curve (Bolker 2007). The model was fit with nonlinear least squares (nls) and was constructed 235 

as: 236 �(�) = ��� + �� + �2 

), and second, we express exploitation efficiency as consumption relative to the energy 224 

available from the estimated prey flux. Exploitation efficiency was standardized to fall between 0 225 

and 1, where 1 would indicate that 100% of the prey flux through an enclosure was consumed. 226 

Estimated consumption exceeded prey availability for two of 13 enclosures but the range of 227 

variation in exploitation efficiency overlapped 100%.   228 
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where x is relative pool area and m, a, and b are fitted constants. These four model structures 237 

(along with an intercept only model) were compared with Akiake’s Information Criteria 238 

corrected for small sample sizes (AICc) using the MuMin package (Bartón 2009), which selects 239 

the most parsimonious model to explain the data (Burnham & Anderson 2002). For top ranked 240 

models (ΔAICc within 2 of best model; Burnham and Anderson 2002) we computed 95% 241 

confidence intervals around coefficients and evaluated overall fits with R2

OLS was also used to evaluate the effect of pool proportion on total energy flux (drift 244 

plus terrestrial) and fish density in pools. For proportional responses including terrestrial drop 245 

proportion, exploitation efficiency, and foraging mode we used generalized linear models (GLM) 246 

with a quasi-binomial distribution to account for over-dispersion. Underlying model assumptions 247 

for GLMs were analyzed graphically with diagnostic plots using the R package modEVA 248 

(Márcia Barbosa et al. 2013). AIC

. In the nonlinear case, 242 

we evaluated model fits with root mean square error (RSME). 243 

c model selection (QAICc for over-dispersed models) was 249 

used to compare each response to a null model (intercept only), then likelihood confidence 250 

intervals were computed around the coefficients and overall fits were evaluated with Pearson r2

Bioenergetic simulations of terrestrial prey additions - To explore the sensitivity of our 253 

results to terrestrial subsidies, we used the bioenergetics model to simulate growth at different 254 

levels of consumption corresponding to a wide range of terrestrial input rates. Production was 255 

computed in each simulation as the sum of growth (mass change) for all individuals in each 256 

enclosure. Simulations ranged from no terrestrial inputs (i.e., consumption equivalent to ambient 257 

terrestrial drop removed), up to input rates such that all fish were consuming prey at their 258 

physiological limit (i.e., satiation). While simulations encompassed a range of 0-1000 times the 259 

average ambient input rates (0.005 g m

 251 

using the RsqGLM function in modEvA.  252 

-2 day-1), they were still within the documented range of 260 

variability in terrestrial inputs across time and space (e.g.Wipfli 1997; Nakano & Murakami 261 

2001). For each simulation, AICc

Unlike more computationally intensive drift-foraging models, our simulations did not 265 

explicitly incorporate consumer functional responses and constraints on prey capture success, 266 

i.e., simulations assume all added prey would be captured. This assumption is probably 267 

 was used as described above to determine the most 262 

parsimonious OLS regression model form (linear, threshold, or quadratic) relating production to 263 

relative pool area (further described in Supporting Information 2).  264 A
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unrealistic given prior empirical work (Piccolo, Hughes & Bryant 2008; Neuswanger et al. 2014) 268 

and given that our exploitation efficiency estimates indicated a significant reduction in the 269 

proportion of prey flux consumed at low pool proportions (see Results). To address this issue, we 270 

modelled three potential scenarios: first, where no additional prey capture was allowed in 271 

enclosures where less than 95% of the observed prey was consumed (i.e., assuming strong 272 

constraints on capture success in riffle-dominated enclosures); second, where additional prey was 273 

allowed to be consumed at the observed efficiency; and third, where all additional prey was 274 

consumed.  275 

Results 276 

 277 

Prey availability – Consistent with our first hypothesis, combined energy flux from drift and 278 

terrestrial inputs declined with pool proportion (Fig. 2a, OLS, Wi  = 0.99, R2 = 0.60; full results 279 

for all models are in Supporting Information 3; Table S2). This reduction was driven by variation 280 

in drift, which was the dominant mode of prey delivery (Table 1) and declined by an order of 281 

magnitude over the gradient of relative pool area (OLS, Wi = 0.98, R2 = 0.64). As expected, 282 

terrestrial invertebrate inputs were not related to pool proportion (OLS, Wi  = 0.99 for intercept 283 

only model); however, because of the steep decline in drift, the proportion of terrestrial inputs 284 

relative to drift increased by ~30% across the gradient of increasing pool proportion (Fig. 2b, 285 

GLM, Wi  = 0.98 r2

Production, growth, and habitat use by salmonids – Salmonid production (g m

 = 0.23). Similar to other studies, drift was composed primarily of immature 286 

stages of Ephemeroptera, Diptera, and Trichoptera and terrestrial drop was composed of adult 287 

Diptera, Hymenoptera, and Homoptera (Wipfli 1997). 288 

-2) 289 

exhibited a nonlinear relationship with pool proportion (Fig. 3a). A threshold model had the most 290 

empirical support (Wi  =0.38, R2 = 0.71) but there was also strong support for a quadratic model 291 

indicative of a unimodal relationship (ΔAICc = 0.24, Wi = 0.34, R2 = 0.70) and some support for 292 

a linear model (ΔAICc = 0.99, Wi = 0.22, R2 = 0.53). Mean individual growth was also non-293 

linearly related to pool proportion with support for both a quadratic (Fig. 3b; Wi  = 0.48, R2 = 294 

0.61) and a threshold relationship (ΔAICc = 0.67, Wi = 0.34, R2 = 0.49). Snorkel observations 295 

indicated that fish consistently used pools throughout the experiment. Consequently, as the 296 

proportion of pool area declined across enclosures, effective fish density in pools increased by 297 

nearly six-fold (Fig. 3c, GLM, Wi = 0.99, r2 = 0.98). 298 
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Foraging behaviour – Fish fed on drift and terrestrial invertebrates during foraging 299 

observations with only one benthic foraging attempt observed. The extent to which fish exhibited 300 

territorial central place foraging vs. non-territorial surface foraging was influenced by pool-riffle 301 

composition. The proportion of fish holding territories declined by ~60% across the gradient of 302 

increasing pool habitat (Fig. 3d: GLM Wi=0.98, r2

 Consumption and exploitation efficiency – Total estimated consumption showed a 305 

unimodal relationship with pool proportion, steeply increasing at low values then slowly 306 

declining after a maximum at intermediate pool proportion (Fig. 4a). The Monod-Haldane 307 

function had the most support to explain this result (NLS, W

 = 0.57), with more fish search foraging at the 303 

downstream ends of pools.  304 

i  = 0.92, RMSE = 1.96). 308 

Exploitation efficiency also exhibited a strong trend (Fig. 4c) where less than 10% of available 309 

prey were consumed at the lowest pool proportion, which sharply increased to 100% of available 310 

prey consumed at intermediate and higher pool proportions (GLM, Wi  = 0.99, r2

Bioenergetic simulations of terrestrial prey additions – Increasing terrestrial inputs across 312 

the gradient of increasing pool proportion generally linearized the relationship with fish 313 

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

differed among prey capture scenarios. In the most restrictive scenario, where no additional prey 315 

capture was allowed in enclosures with less than 95% exploitation efficiency, it took a 100-fold 316 

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

(Fig. 5a). By contrast, in the second scenario where additional prey was consumed at observed 318 

efficiencies, the pool proportion-production relationship became linear at double the input rate, 319 

with subsequent additions increasing the slope (Fig. 5b). It is important to note that model fits 320 

were weaker at 2x and 10x input rates, and that there was also support for threshold models 321 

(Supporting Information S3, Table S4), which would have resembled the first scenario. Finally, 322 

in the third scenario, where all additional inputs were consumed in all habitats, it required a 323 

similar 100-fold increase to linearize the curve; however, the slope of the line gradually 324 

diminished and ultimately flattened at the production level expected if all fish were fully satiated, 325 

i.e., consuming at their physiological maximum (Fig. 5c). In all three scenarios, simulating 326 

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

the highest relative pool areas.  328 

 = 0.97). 311 

Discussion 329 
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 330 

Habitat availability (i.e., the proportion of pool relative to the upstream riffle) strongly mediated 331 

both space and food abundance for salmonids. Because fish overwhelmingly preferred pools and 332 

were stocked at a constant density over total habitat area (pools and riffle combined), the 333 

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

availability correspondingly declined with a decrease in relative riffle area that accompanied 335 

increased pool habitat. These responses are consistent with previous work demonstrating strong 336 

preference of coho and cutthroat trout for pools (e.g., Lonzarich & Quinn 1995; Roni 2002) and 337 

a positive relationship between drift flux and riffle length (Hansen & Closs 2007; Naman et al. 338 

2017). The resulting trade-off between suitable foraging habitat and resource availability 339 

imposed by these contrasting habitat patch types caused a nonlinear response of salmonid 340 

consumption and production, whereby increasing pool proportion had diminishing returns 341 

beyond a threshold of ~45% pool. This ratio of habitat types that maximized salmonid 342 

production is similar to those predicted by Poff & Huryn (1998) and Rosenfeld (2014) and is also 343 

comparable to relationships between pool-riffle composition and salmonid biomass observed in 344 

field surveys by Bowlby & Roff (1986) 345 

Our exploitation efficiency estimates corroborate the inference of a trade-off between 346 

space (preferred foraging habitat in pools) and food (prey production in riffles). Fish production 347 

per m2

 Constraints on prey capture in smaller pools likely related to reduced foraging area and 355 

greater competition at higher effective fish densities. For instance, more individuals may have 356 

occupied poorer quality foraging territories (Imre, Grant & Keeley 2004), agonistic interactions 357 

may have increased energy expenditure and decreased foraging time (Wood, Grant & Belanger 358 

2012), or a higher proportion of prey may have been able to drift through shorter pools without 359 

detection. Increasing pool area appeared to partially relax these constraints as exploitation 360 

 of total enclosure area was lower at reduced pool proportions despite high prey 348 

abundance, while production was elevated at higher pool proportions despite lower prey 349 

abundance. In the smallest pools, fish had reduced growth, consumption, and production, yet 350 

collectively consumed only ~15% of the total prey flux. This unconsumed prey surplus could in 351 

principle be available to fish in adjacent habitats downstream of enclosures; however, the extent 352 

of this non-local prey source depends on drift distances, which may be short in small streams 353 

(Downes & Reich 2008) 354 
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efficiency reached an estimated 100% at an intermediate pool proportion (45-50% of total area) 361 

that corresponded to an asymptote in total fish production. 362 

 Beyond an intermediate pool proportion, fish appeared to become increasingly food 363 

limited as the slope of total production diminished. However, despite a clear decline in prey 364 

abundance and consumption by fish with increasing pool proportion, it was unclear whether 365 

associated fish production also declined or simply levelled off. This ambiguity may be associated 366 

with increasing production efficiency, i.e., a larger proportion of food converted into biomass, 367 

with pool area. The mechanism potentially causing higher efficiency is unclear, but could relate 368 

to the reduced territoriality and increased search foraging we observed as pool area increased. 369 

Territoriality becomes increasingly costly as prey availability becomes less predictable (Grant 370 

1993; Sloat & Reeves 2014); therefore, one interpretation of these results is that fish increased 371 

their growth efficiency in larger pools by shifting from defending central place territories to 372 

search foraging to exploit the greater proportion of terrestrial drop, which may be less spatially 373 

predictable than drift at pool-riffle scales (Gowan & Fausch 2002; Naman et al. 2017). However, 374 

since we did not measure the energetic consequences of foraging behaviour on individual fish, 375 

this interpretation is speculative and other factors related to reduced density (e.g. lower activity 376 

costs) could also have increased growth efficiency in larger pools (Li & Brocksen 1977).  377 

Bioenergetic simulations allowed us to explore the sensitivity of habitat-production 378 

relationships to terrestrial subsidies. Our simulation results should be tempered by uncertainty in 379 

the functional response by fish to prey subsidies, which would require direct empirical 380 

validation; however, our results were qualitatively similar across the three capture efficiency 381 

scenarios that we modelled, suggesting that our inferences are likely robust. Generally, adding 382 

subsidies linearized the effect of pool proportion on production as predicted, while reducing 383 

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

these results imply that whether pool-dominated stream habitats are energetic sources vs. sinks 385 

depends on the magnitude of terrestrial prey inputs. While our specific predictions are 386 

constrained to the range of pool areas measured in this study (~14-70 m2), terrestrial inputs may 387 

be even more important for sustaining fish production in larger pool-like habitats with low drift 388 

fluxes; for instance, side-channels, or floodplains (Rosenfeld & Raeburn 2009; Bellmore et al. 389 

2013).   390 
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Taken together, our results suggest a general model for how hydraulic habitat 391 

composition and resource delivery shape reach-scale production for drift-feeding fish in small 392 

streams. When invertebrate drift is the primary mode of prey delivery, pool-riffle composition 393 

will govern both suitable habitat area and resource renewal rates, but with increasing terrestrial 394 

inputs, resource availability (prey flux) will become increasingly decoupled from pool-riffle 395 

structure. This model is pertinent to defining rearing habitat capacity and quality for salmonids, a 396 

continuing challenge in both basic and applied contexts (e.g., Rosenfeld 2003; Ayllón et al. 397 

2012). Food and space have long been recognized as key factors regulating stream salmonid 398 

populations, often through population bottlenecks during summer growth periods (Kennedy et al. 399 

2008; Piccolo, Frank & Hayes 2014), yet they have been integrated into assessments of habitat 400 

quality only relatively recently (Rosenfeld et al. 2014). Our study provides a rare quantification 401 

of population-level salmonid production across a gradient of habitat configuration and reinforces 402 

the notion that maximizing production may involve trade-offs between pools and riffles, which 403 

have distinct functional roles (Poff & Huryn 1998; Wipfli & Baxter 2010). They also provide 404 

new context for the effects of food and space on territorial species like stream salmonids in that 405 

habitat-production relationships are further dependent on the origin and mode of resource 406 

delivery (i.e. invertebrate drift vs. terrestrial drop). Note that this model does not consider 407 

habitat-related trade-offs occurring at other salmonid life stages (e.g., spawning vs. rearing) that 408 

may also play an important role in population dynamics.  409 

The specific predictions from this model apply to pool-foraging salmonids in small 410 

streams. In larger rivers flow patterns may be considerably more complex in vertical and 411 

transverse dimensions (Lamouroux et al. 1999); however, the basic trade-off between higher 412 

resource fluxes and increased energetic foraging costs in high velocity habitats still apply. 413 

Similarly, the shape of non-linear responses to pool-riffle composition may vary with body size 414 

or taxon, both of which strongly affect velocity tolerance (Nislow, Folt & Parrish 1999; 415 

Rosenfeld & Boss 2001). For instance, we may expect more rapidly decreasing production with 416 

increasing pool area for species that forage at high velocities (e.g., Atlantic salmon). In addition, 417 

other abiotic conditions (e.g., temperature, light input) will further modify habitat effects on 418 

salmonids (e.g., Harvey, White & Nakamoto 2005); therefore, optimal hydraulic configuration 419 

that maximizes energy flux relative to spatial requirements may be dynamic and these conditions 420 

should be considered in future investigations. 421 
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More generally, our experiment provides a rare demonstration of a key mechanism 422 

driving nonlinear effects of habitat availability on consumer production. This has immediate 423 

applied implications insofar as it suggests that adding preferred habitat for a focal species may 424 

have limiting returns if it comes at the expense of habitat that generates their prey resources. 425 

While our study deals with riffles and pools in streams, similar inferences have been made in 426 

other systems, e.g. mangroves (e.g., Mumby, Edwards & Arias-Gonzalez 2004), reefs (Paxton et 427 

al. 2017), and lakes (Tunney et al. 2012). In a more basic context, our results highlight the 428 

importance of both indirect and direct functions of habitat patches for mobile consumers. 429 

Quantifying the contributions of these habitat functions to consumer production may be critical 430 

to understand population regulation and energy flow in heterogeneous landscapes.  431 

Our work also highlights several important but underappreciated ways in which cross-432 

ecosystem prey subsidies interact with habitat heterogeneity. First, while many studies have 433 

focused on the direct and indirect effects of subsidies on recipient consumer-resource dynamics 434 

and food webs (e.g., Marcarelli et al. 2011), fewer have examined how these effects are mediated 435 

by recipient habitat structure (but see: Orr et al. 2008; Tiegs et al. 2008). Our findings indicate 436 

that physical habitat heterogeneity may be a key factor mediating prey subsidy effects on 437 

recipient consumers. For instance, terrestrial invertebrate additions may have limited effects in 438 

riffle -dominated habitats where foraging efficiency is physically constrained, but strong effects 439 

in pools, which are more suitable for foraging yet low in food supply. Second, the sensitivity of 440 

the habitat-production relationship to simulated variation in terrestrial prey inputs implies that 441 

subsidies can decouple not only food web dynamics (Huxel & McCann 1998) but also consumer-442 

habitat relationships in recipient ecosystems. This is an intriguing aspect of cross-ecosystem 443 

resource subsidies that warrants further attention. 444 

 445 

Acknowledgements 446 

We thank K. Seitz, H. Clipp, J. Moravek, D. Sacrison, and D. Arterburn for volunteering to help 447 

with fieldwork. D. Paige and Seattle Public Utilities, S. Morely, G. Pess, and B. Rebo provided 448 

logistical assistance. M. O’Connor, N. Furey, C. Greene, T. Beechie, G. Pess, and two 449 

anonymous reviewers provided helpful insights and comments on earlier drafts. A Canadian 450 

Natural Sciences and Engineering Research Council Discovery Grant to J. Rosenfeld #32110 451 

funded this work. This work complied with ethical standards set by the University of British 452 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved 

Columbia (Permit No. A13-0052) and the Washington Department of Fish and Wildlife (Permit 453 

No. 15-245). 454 

Data Accessibility 455 

Raw data are available on figshare http://doi.org/10.6084/m9.figshare.6025823 (Naman, et al  456 

2018a). R code for bioenergetics and drift model are available on Zenodo 457 

https://doi.org/10.5281/zenodo.1217156 (Naman et al  2018b). 458 

Supporting Information 459 

Supporting Information 1 Additional analysis of the potential influence of invertebrate drift 460 

produced outside enclosures. 461 

Supporting Information 2 Additional description of the Wisconsin bioenergetics model. Model 462 

calibrations of fitted to observed growth. 463 

Supporting Information 3 Output from regression models used for the analysis of the 464 

experiment and bioenergetics simulations. 465 

References 466 

Allouche, O., Kalyuzhny, M., Moreno-Rueda, G., Pizarro, M. & Kadmon, R. (2012) Area-467 

heterogeneity tradeoff and the diversity of ecological communities. Proceedings of the 468 

National Academy of Sciences, 109, 17495–17500. 469 

Ayllón, D., Almodóvar, A., Nicola, G.G., Parra, I. & Elvira, B. (2012) Modelling carrying 470 

capacity dynamics for the conservation and management of terrotorial salmonids. Fisheries 471 

Research, 134–136, 95–103. 472 

Bartón, K. (2009) MuMIn: Multi-model inference in R. R package version 1.15.1. 473 

Beauchamp, D.A. (2009) Bioenergetic ontogeny: linking climate and mass-specific feeding to 474 

life-cycle growth and survival of salmon. American Fisheries Society Symposium, 70, 1–19. 475 

Bellmore, J.R. & Baxter, C. V. (2014) Effects of geomorphic process domains on river 476 

ecosystems: A comparison of floodplain and confined valley segments. River Research and 477 

Applications, 30, 617–630. 478 

Bellmore, T., Baxter, C., Connely, P. & Martens, K. (2013) The floodplain mosaic: a study of its 479 

importance to production of salmon and steelhead. Ecological Applications, 23, 189–207. 480 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t

http://doi.org/10.6084/m9.figshare.6025823�
https://doi.org/10.5281/zenodo.1217156�


This article is protected by copyright. All rights reserved 

Benke, A.C., Huryn, A.D., Smock, L.A. & Wallace, J.B. (1999) Length-mass relationships for 481 

freshwater macroinvertebrates in North America with particular reference to the 482 

southeastern United States. Journal of the North American Benthological Society, 18, 308–483 

343. 484 

Bolker, B.M. (2007) Ecological Models and Data in R. Princton University Press. 485 

Bowlby, J.N. & Roff, J.C. (1986) Trout biomass and habitat relationships in southern Ontario 486 

streams. Transactions of the American Fisheries Society, 115, 503–514. 487 

Buehrens, T.W., Kiffney, P.M., Pess, G.R., Bennett, T.R., Naman, S.M., Brooks, G. & Quinn, 488 

T.P. (2014) Increasing juvenile coho salmon densities during early recolonization have not 489 

affected resident coastal cutthroat trout growth, movement, or survival. North American 490 

Journal of Fisheries Management, 34, 37–41. 491 

Burnham, K.P. & Anderson, D.R. (2002) Model Selection and Multi-Model Inference: A 492 

Practical Information Theoretic Approach. Springer Science and Buisiness Media. 493 

Chapman, D.W. (1966) Food and space as regulators of salmonid populations in streams. The 494 

American Naturalist, 100, 345–357. 495 

Cooper, S.D., Walde, S. & Peckarsky, B.L. (1990) Prey exchange rates and the impact of 496 

predators on prey populations in streams. Ecology, 71, 1503–1514. 497 

Cummins, K.W. & Wuycheck, J.C. (1971) Caloric equivalents for investigations in ecological 498 

energetics. International Association of Theoretical and Applied Limnology, 18, 1–158. 499 

Deslauriers, D., Chipps, S.R., Breck, J.E., Rice, J.A. & Madenjian, C.P. (2017) Fish 500 

Bioenergetics 4.0: An R-Based Modeling Application. Fisheries, 42, 586–596. 501 

Downes, B.J. & Reich, P. (2008) What is the spatial structure of stream insect populations? 502 

Dispersal behaviour at different life-history stages. Aquatic Insects: Challenges to 503 

Populations (eds J. Lancaster & R.. Briers), pp. 184–203. CABI Publishing. 504 

Dunning, J.B., Danielson, B.J. & Pulliam, H.R. (1992) Ecological processes that affect 505 

populations in complex landscapes. Oikos, 65, 169–175. 506 

Elliott, J.M. (2002) Time spent in the drift by downstream-dispersing invertebrates in a Lake 507 

District stream. Freshwater Biology, 47, 97–106. 508 

Englund, G. & Hamback, P. (2004) Scale-dependence of movement rates in stream invertebrates. 509 

Oikos, 1, 31–40. 510 

Fausch, K. (1984) Profitable stream positions for salmonids: relating specific growth rate to net 511 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved 

energy gain. Canadian Journal of Zoology, 62, 441–451. 512 

Fausch, K.D., Nakano, S. & Khano, S. (1991) Experimentally induced foraging mode shift by 513 

sympatric chairs in a Japanese mountain stream. Behavioral Ecology, 8, 414–420. 514 

Frissell, C.A., Liss, W.J., Warren, C.E. & Hurley, M.D. (1986) A hierarchical framework for 515 

stream habitat classification: Viewing streams in a watershed context. Environmental 516 

Management, 10, 199–214. 517 

Glova, G.J. (1986) Interaction for food and space between experimental populations of juvenile 518 

coho salmon (Oncorhynchus kisutch) and coastal cutthroat trout (Salmo clarki) in a 519 

laboratory stream. Hydrobiologia, 131, 155–168. 520 

Gowan, C. & Fausch, K.D. (2002) Why do foraging stream salmonids move during summer? 521 

Environmental Biology of Fishes, 64, 139–153. 522 

Grant, J.W.A. (1993) Whether or not to defend? The influence of resource distribution. Marine 523 

Behaviour and Physiology, 23, 137–153. 524 

Grant, J.W.A. & Kramer, D.L. (1990) Density of juvenile salmonids in streams. Canadian 525 

Journal of Fisheries and Aquatic Sciences, 47, 1724–1737. 526 

Hansen, E.A. & Closs, G.P. (2007) Temporal consistency in the long-term spatial distribution of 527 

macroinvertebrate drift along a stream reach. Hydrobiologia, 575, 361–371. 528 

Harvey, B.C., White, J.L. & Nakamoto, R.J. (2005) Habitat-specific biomass, survival, and 529 

growth of rainbow trout (Oncorhynchus mykiss) during summer in a small coastal stream. 530 

Canadian Journal of Fisheries and Aquatic Sciences, 62, 650–658. 531 

Heck, K.L. & Crowder, J.L.B. (1991) Habitat structure and predator-prey interactions in 532 

vegetated aquatic systems. Habitat structure: the physical arrangement of objects in space 533 

(eds S.S. Bell, E.D. McCoy & H.R. Mushinsky), pp. 281–299. Springer Science and 534 

Buisiness Media. 535 

Hill, J. & Grossman, G.D. (1993) An energetic model of microhabitat use for rainbow trout and 536 

rosyside dace. Ecology, 74, 685–698. 537 

Hodar, J.A. (1996) The use of regression equations for estimation of arthropod biomass in 538 

ecological studies. Acta Oecologia, 17, 421–433. 539 

Huxel, G.R. & McCann, K. (1998) Food web stability: the influence of trophic flows across 540 

habitats. The American naturalist, 152, 460–9. 541 

Imre, I., Grant, J.W.A. & Keeley, E.R. (2004) The effect of food abundance on territory size and 542 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved 

population density of juvenile steelhead trout (Oncorhynchus mykiss). Oecologia, 138, 543 

371–378. 544 

Kauffman, M.J., Varley, N., Smith, D.W., Stahler, D.R., MacNulty, D.R. & Boyce, M.S. (2007) 545 

Landscape heterogeneity shapes predation in a newly restored predator-prey system. 546 

Ecology Letters, 10, 690–700. 547 

Kawaguchi, Y. & Nakano, S. (2001) Contribution of terrestrial invertebrates to the annual 548 

resource budget for salmonids in forest and grassland reaches of a headwater stream. 549 

Freshwater Biology, 46, 303–316. 550 

Keller, D.A., Gittman, R.K., Bouchillon, R.K. & Fodrie, F.J. (2017) Life stage and species 551 

identity affect whether habitat subsidies enhance or simply redistribute consumer biomass. 552 

Journal of Animal Ecology, 1–10. 553 

Kennedy, B.P., Nislow, K.H. & Folt, C.L. (2008) Habitat-mediated foraging limitations drive 554 

survival bottlenecks for juvenile salmon. Ecology, 89, 2529–41. 555 

Kiffney, P.M., Greene, C.M., Hall, J.E. & Davies, J.R. (2006) Gradients in habitat heterogeneity, 556 

productivity, and biodiversity at tributary junctions. Canadian Journal of Fisheries and 557 

Aquatic Sciences, 63, 2518–2530. 558 

Kiffney, P.M. & Roni, P. (2007) Relationships between Productivity, Physical Habitat, and 559 

Aquatic Invertebrate and Vertebrate Populations of Forest Streams: An Information-560 

Theoretic Approach. Transactions of the American Fisheries Society, 136, 1088–1103. 561 

Kovalenko, K.E., Thomaz, S.M. & Warfe, D.M. (2011) Habitat complexity: approaches and 562 

future directions. Hydrobiologia, 685, 1–17. 563 

Lamouroux, N., Olivier, J., Persat, H., Pouilly, M., Souchon, Y. & Statzner, B. (1999) Predicting 564 

community characteristics from habitat conditions: fluvial fish and hydraulics. Freshwater 565 

Biology, 42, 275–299. 566 

Leung, E.S., Rosenfeld, J.S. & Bernhardt, J.R. (2009) Habitat effects on invertebrate drift in a 567 

small trout stream: implications for prey availability to drift-feeding fish. Hydrobiologia, 568 

623, 113–125. 569 

Li, H.W. & Brocksen, R.W. (1977) Approaches to the analysis of energetic costs of intraspecific 570 

competition for space by rainbow trout (Salmo gairdneri). Journal of Fish Biology, 11, 329–571 

341. 572 

Lonzarich, D.G. & Quinn, T.P. (1995) Experimental evidence for the effect of depth and 573 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved 

structure on the distribution, growth, and survival of stream fishes. Canadian Journal of 574 

Zoology, 73, 2223–2230. 575 

Marcarelli, A.M., Baxter, C. V., Mineau, M.M. & Hall, R.O. (2011) Quantity and quality: 576 

unifying food web and ecosystem perspectives on the role of resource subsidies in 577 

freshwaters. Ecology, 92, 1215–1225. 578 

Márcia Barbosa, A., Real, R., Muñoz, A.R. & Brown, J.A. (2013) New measures for assessing 579 

model equilibrium and prediction mismatch in species distribution models. Diversity and 580 

Distributions, 19, 1333–1338. 581 

McCarthy, S.G., Duda, J.J., Emlen, J.M., Hodgson, G.R. & Beauchamp, D.A. (2009) Linking 582 

habitat quality with trophic performance of steelhead along forest gradients in the south fork 583 

Trinity River watershed, California. Transactions of the American Fisheries Society, 138, 584 

506–521. 585 

Menge, B.A. & Lubchenco, J. (1981) Community organization in temperate and tropical rocky 586 

intertidal habitats: prey refuges in relation to consumer pressure gradients. Ecological 587 

Monographs, 51, 429–450. 588 

Mumby, P.J., Edwards, A. & Arias-Gonzalez, E. (2004) Mangroves enhance the biomass of 589 

coral reef fish communities in the Carribean. Nature, 108. 590 

Nakano, S. & Murakami, M. (2001) Reciprocal subsidies: dynamic interdependence between 591 

terrestrial and aquatic food webs. Proceedings of the National Academy of Sciences, 98, 592 

166–170. 593 

Naman, S.M., Rosenfeld, J.S., Kiffney, P.M. & Richardson, J.S. (2018a) Data from: The 594 

energetic consequences of habitat structure for forest stream salmonids. figshare, 595 

http://doi.org/10.6084/m9.figshare.6025823  596 

Naman, S.M., Rosenfeld, J.S., Kiffney, P.M. & Richardson, J.S. (2018b). fish-invertebrate-597 

simulations. v1.0.0. Zenodo, DOI: https://doi.org/10.5281/zenodo.1217156   598 

Naman, S.M., Rosenfeld, J.S. & Richardson, J.S. (2016) Causes and consequences of 599 

invertebrate drift in running waters: from individuals to populations and trophic fluxes. 600 

Canadian Journal of Fisheries and Aquatic Sciences, 73, 1292–1305. 601 

Naman, S.M., Rosenfeld, J.S., Third, L.C. & Richardson, J.S. (2017) Habitat-specific production 602 

of aquatic and terrestrial invertebrate drift in small forest streams: implications for drift-603 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved 

feeding fish. Canadian Journal of Fisheries and Aquatic Sciences, 74, 1208–1217. 604 

Neuswanger, J., Wipfli, M.S., Rosenberger, A.E. & Hughes, N.F. (2014) Mechanisms of drift-605 

feeding behavior in juvenile Chinook salmon and the role of inedible debris in a clear-water 606 

Alaskan stream. Environmental Biology of Fishes, 97, 489–503. 607 

Nielsen, J.L. (1992) Microhabitat-specific foraging behavior, diet, and growth of juvenile coho 608 

salmon. Transactions of the American Fisheries Society, 121, 617–634. 609 

Nislow, K.H., Folt, C.L. & Parrish, D.L. (1999) Favorable foraging locations for young Atlantic 610 

salmon: application to habitat and population restoration. Ecological Applications, 9, 1085–611 

1099. 612 

Orr, M., Zimmer, M., Jelinski, D.E. & Mews, M. (2008) Wrack deposition on different beach 613 

types: spatial and temporal variation in the pattern of subsidy. Ecology, 86, 1496–1507. 614 

Palmer, M.A., Ambrose, R.F. & Poff, N.L.R. (1997) Ecological theory and community 615 

restoration ecology. Restoration ecology, 5, 291–300. 616 

Paxton, A.B., Pickering, E.A., Adler, A.M., Taylor, J.C. & Peterson, C.H. (2017) Flat and 617 

complex temperate reefs provide similar support for fish: Evidence for a unimodal species-618 

habitat relationship. PLoS ONE, 12, 1–22. 619 

Persson, L., Bengtsson, J., Menge, B.A. & Power, M.E. (1996) Productivity and consumer 620 

regulation- concepts, patterns, and mechanisms. Food Webs (eds G.A. Polis & K.. 621 

Winemiller), pp. 396–434. Springer. 622 

Pess, G.R., Kiffney, P.M., Liermann, M.C., Bennett, T.R., Anderson, J.H. & Quinn, T.P. (2011) 623 

The influences of body Size, habitat quality, and competition on the movement and survival 624 

of juvenile coho Salmon during the early stages of stream recolonization. Transactions of 625 

the American Fisheries Society, 140, 883–897. 626 

Piccolo, J.J., Frank, B.M. & Hayes, J.W. (2014) Food and space revisited: the role of drift-627 

feeding theory in predicting the distribution, growth, and abundance of stream salmonids. 628 

Environmental Biology of Fishes, 97, 475–488. 629 

Piccolo, J.J., Hughes, N.F. & Bryant, M.D. (2008) Water velocity influences prey detection and 630 

capture by drift-feeding juvenile coho salmon (Oncorhynchus kisutch) and steelhead 631 

(Oncorhynchus mykiss irideus). Canadian Journal of Fisheries and Aquatic Sciences, 65, 632 

266–275. 633 

Poff, N.L. & Huryn, A.D. (1998) Multi-scale determinants of secondary production in Atlantic 634 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved 

salmon (Salmo salar) streams. Canadian Journal of Fisheries and Aquatic Sciences, 55, 635 

201–217. 636 

Polis, G.A., Anderson, W.B. & Holt, R.D. (1997) Toward an integration of landscape and food 637 

web ecology: the dynamics of spatially subsidized food webs. Annual Review of Ecology 638 

and Systematics, 28, 289–316. 639 

Richardson, J.S. & Sato, T. (2015) Resource subsidy flows across freshwater-terrestrial 640 

boundaries and influence on processes linking adjacent ecosystems. Ecohydrology, 8, 406–641 

415. 642 

Richardson, J.S., Zhang, Y. & Marczak, L.B. (2010) Resource subsidies across the land-643 

freshwater interface and responses in recipient communities. River Research and 644 

Applications, 66, 55–66. 645 

Roni, P. (2002) Habitat use by fishes and Pacific giant salamanders in small Western Oregon and 646 

Washington streams. Transactions of the American Fisheries Society, 131, 37–41. 647 

Rosenfeld, J. (2003) Assessing the habitat requirements of stream fishes: an overview and 648 

evaluation of different approaches. Transactions of the American Fisheries Society, 132, 649 

37–41. 650 

Rosenfeld, J.S. (2014) Modelling the effects of habitat on self-thinning, energy equivalence, and 651 

optimal habitat structure for juvenile trout. Canadian Journal of Fisheries and Aquatic 652 

Sciences, 71, 1395–1406. 653 

Rosenfeld, J.S. & Boss, S. (2001) Fitness consequences of habitat use for juvenile cutthroat 654 

trout: energetic costs and benifits in pools and riffles. Canadian Journal of Fisheries and 655 

Aquatic Sciences, 58, 585–593. 656 

Rosenfeld, J.S., Bouwes, N., Wall, C.E. & Naman, S.M. (2014) Successes, failures, and 657 

opportunities in the practical application of drift-foraging models. Environmental Biology of 658 

Fishes, 97, 551–574. 659 

Rosenfeld, J.S. & Raeburn, E. (2009) Effects of habitat and internal prey subsidies on juvenile 660 

coho salmon growth: implications for stream productive capacity. Ecology of Freshwater 661 

Fish, 18, 572–584. 662 

Sato, T., Watanabe, K., Kanaiwa, M., Niizuma, Y., Harada, Y. & Lafferty, K.D. (2011) 663 

Nematomorph parasites drive energy flow through a riparian ecosystem. Ecology, 92, 201–664 

207. 665 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved 

Schlosser, I.J. (1995) Critical landscape attributes that influence fish population dynamics in 666 

headwater streams. Hydrobiologia, 303, 71–81. 667 

Shideler, G.S., Araujo, R.J., Walker, B.K., Blondeau, J. & Serafy, J.E. (2017) Non-linear 668 

thresholds characterize the relationship between reef fi shes and mangrove habitat. 669 

Ecoshpere, 8, e01943. 10.1002/ecs2.1943. 670 

Sloat, M.R. & Reeves, G. (2014) Demographic and phenotypic responses of juvenile steelhead 671 

trout to spatial predictability of food resources. Ecology, 95, 2423–2433. 672 

Spiller, D.A., Piovia-scott, J., Wright, A.N., Yang, L.H., Schoener, T.W. & Iwata, T. (2010) 673 

Marine subsidies have multiple effects on coastal food webs. Ecology, 91, 1424–1434. 674 

Tiegs, S.D., Chaloner, D.T., Levi, P., Janine, R., Tank, J.L. & Lamberti, G.A. (2008) Timber 675 

harvest transforms ecological roles of salmon in Southeast Alaska rain forest streams. 676 

Ecological Applications, 18, 4–11. 677 

Tunney, T.D., McCann, K.S., Lester, N.P. & Shuter, B.J. (2012) Food web expansion and 678 

contraction in response to changing environmental conditions. Nature communications, 3, 679 

1105. 680 

Venier, L.A. & Fahrig, L. (1996) Habitat availability causes the species abundance-distribution 681 

relationship. Oikos, 76, 564–570. 682 

Wipfli, M.S. (1997) Terrestrial invertebrates as salmonid prey and nitrogen sources in streams: 683 

contrasting old-growth and young-growth riparian forests in southeastern Alaska, U.S.A. 684 

Canadian Journal of Fisheries and Aquatic Sciences, 1259–1269. 685 

Wipfli, M.S. & Baxter, C. V. (2010) Linking ecosystems, food webs, and fish production: 686 

subsidies in salmonid watersheds. Fisheries, 35, 373–387. 687 

Wood, J.L., Grant, J.W. & Belanger, M.H. (2012) Population density and territory size in 688 

juvenile rainbow trout, Oncorhynchus mykiss: implications for population regulation. 689 

Canadian Journal of Fisheries and Aquatic Sciences, 69, 1121–1128. 690 

691 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



 

This article is protected by copyright. All rights reserved 

Table 1. Mean abiotic conditions and prey input rates in each experimental enclosure.  

 

 

    Depth (m) Velocity (m s-1 Prey (mg day) -1

Enclosure 

) 

Pool 

proportion 

Total 

Area (m2 Canopy % ) Riffle Pool Riffle Pool Drift  Terrestrial 

1 0.66 27.57 70 0.08 0.29 0.31 0.05 315.5 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 0.04 833.7 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 prey origin (drift vs. terrestrial drop). For a given density of 

fish, as the proportion of pools relative to riffles increases along the x-axis, the area of suitable 

foraging habitat increases (solid line). When drift is the dominant mode of prey delivery, food 

availability will decrease as the proportion of pool increases (dashed line). However, with an 

increasing proportion of terrestrial prey, food availability should be gradually decoupled from 

pool-riffle configuration as shown by the light grey dashed lines up to the dotted line where all 

prey is terrestrially derived. Maximum production will occur along the bolded red arrow at the 

intersection of the two lines (hollow points), where food abundance is optimized relative to 

habitat availability. The 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) in kilojoules m-2 day-1 

Figure 3 The effects of relative pool area on (a) Total fish production (g m

and (b) 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; dashed lines are 95% confidence intervals. 

-2) of all coho and 

cutthroat trout in each enclosure; (b) instantaneous growth rates [bold points are the mean value 

across all fish in each enclosure; light points are individual fish (circles for coho; triangles for 

cutthroat]; (c) density of all fish in pools based on snorkel observations (n m-2

Figure 4 The effect of relative pool area on (a) total consumption (g m

); and (d) the 

proportion of all fish observed in each pool defending territories. Solid and dashed lines are 

consistent with Figure 2. 

-2

Figure 5 Bioenergetic model simulations of total fish production across a gradient of subsidy 

additions or reductions. The three panels depict three different scenarios of prey capture success: 

) of all fish in each 

enclosure throughout the experiment as estimated with the bioenergetics model. Regression line 

is from the Monod-Haldane function fit by nonlinear least squares. (b) The exploitation 

efficiency expressed as the proportion of total prey flux through each enclosure consumed by 

fish.  A
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(a) where additional prey is only consumed in enclosures where observed exploitation efficiency 

was greater than 95%; (b) where additional prey is consumed at the observed exploitation 

efficiency; and (c) where all additional prey is consumed. Each line represents the most 

parsimonious (lowest AICc) linear regression model for the relationship between production and 

pool proportion. pCmax = 1 represents the physiological limit for daily consumption.  
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