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Aim: Mounting ecological impacts of invasive species on freshwater ecosystems are among the greatest challenges confronting ecologists and decision-makers in conserving biodiversity and ecosystem function. Tools to slow the proliferation of aquatic invasive species are still needed to guide the allocation of limited resources more effectively and efficiently once a species is already established. Here we develop mechanistic models to recreate the invasion history of the rusty crayfish Faxonius rusticus in the John Day River (JDR) basin, forecast its future distribution, and evaluate the management efficiency of, and trade-offs among, population control actions.

INTRODUCTION

Invasive species are a primary threat to global biodiversity, economies and human health [START_REF] Mack | Biotic invasions: causes, epidemiology, global consequences, and control[END_REF]. Recent decades have witnessed considerable advancement in our understanding of invasive species ecology, yet there is a widening disparity between the growth in knowledge and the management capacity to effectively respond [START_REF] Early | Global threats from invasive alien species in the twenty-first century and national response capacities[END_REF]. Together with pre-emptive policy enforcement and funding for monitoring and control, there is a fundamental need for quantitative models that are tailored to specific stages of the invasion process, relevant to particular pathways of invasion, and whose framework can be applied to similar species [START_REF] Ibanez | Integrated assessment of biological invasions[END_REF][START_REF] Lodge | Risk Analysis and Bioeconomics of Invasive Species to Inform Policy and Management[END_REF]. The ability to modify the complexity of these models based on management objectives, data availability, and ecological knowledge of the focal species remains a research frontier [START_REF] Gallien | Predicting potential distributions of invasive species: where to go from here?[END_REF].

Efforts to prohibit the initial introduction of non-native species are widely recognized as the most cost-effective management and policy strategy [START_REF] Lodge | Risk Analysis and Bioeconomics of Invasive Species to Inform Policy and Management[END_REF]. Studies have combined distributional data with the ecological niche requirements of non-native species to identify the species for which establishment is most likely (e.g. [START_REF] Howeth | Predicting invasiveness of species in trade: climate match, trophic guild and fecundity influence establishment and impact of non-native freshwater fishes[END_REF], apply species distribution models to identify invasion proneness across landscapes (e.g. [START_REF] Jiménez-Valverde | Use of niche models in invasive species risk assessments[END_REF] and deploy risk-analyses to determine those species likely to cause environmental and economic harm (e.g. [START_REF] Leung | TEASIng apart alien species risk assessments: a framework for best practices[END_REF]. By contrast, once a non-native species has established a reproducing population, actions available to decision-makers narrow considerably [START_REF] Lodge | Risk Analysis and Bioeconomics of Invasive Species to Inform Policy and Management[END_REF]. Slowing the secondary spread from the initial point of establishment and suppressing population numbers of the non-native species often are the most viable options [START_REF] Vander Zanden | A management framework for preventing the secondary spread of aquatic invasive species[END_REF].

Our understanding of the patterns and mechanisms of invasive species dispersal have advanced considerably in recent years [START_REF] Arim | Spread dynamics of invasive species[END_REF][START_REF] Hastings | The spatial spread of invasions: new developments in theory and evidence[END_REF], including studies on movement behaviour [START_REF] Rubenson | Dynamism in the upstream invasion edge of a freshwater fish exposes range boundary constraints[END_REF], determinants of spread [START_REF] O'reilly-Nugent | Landscape effects on the spread of invasive species[END_REF], time lags [START_REF] Crooks | Lag times and exotic species: the ecology and management of biological invasions in slow-motion[END_REF], leading edge dynamics [START_REF] Johnson | Allee effects and pulsed invasion by the gypsy moth[END_REF], and evolution through range expansion [START_REF] Shine | An evolutionary process that assembles phenotypes through space rather than through time[END_REF]. Nevertheless, mechanistic models of biological invasions addressing the needs of decision-makers that are both spatially explicit and dynamic in time are still underrepresented in conservation research [START_REF] Buchadas | Dynamic models in research and management of biological invasions[END_REF]. Limited resources allocated to invasive species control leaves managers grappling with where, when, and how to implement management strategies to maximize their effectiveness [START_REF] Drury | Offense and defense in landscape-level invasion control[END_REF]. Ideal modelling efforts should support collaborations between scientists and decision-makers where, among many outcomes, the trade-offs between alternative actions can be evaluated. This is particularly critical when decisions regarding the intensity and spatiotemporal allocation of species control efforts are necessary [START_REF] Epanchin-Niell | Optimal surveillance and eradication of invasive species in heterogeneous landscapes[END_REF][START_REF] Papes | invasive species research to meet the needs of resource management and planning[END_REF]. Dynamic models have demonstrated increasing utility in this respect, where users are able to predict future species spread and quantitatively evaluate the efficiency of control measures differentially allocated across both space and time [START_REF] Buchadas | Dynamic models in research and management of biological invasions[END_REF][START_REF] Travis | Improving prediction and management of range expansions by combining analytical and individual-based modelling approaches[END_REF].

Here, we illustrate the application of a SEIBM as a mechanistic and flexible approach to understand the secondary spread dynamics of a freshwater invasive species and evaluate tradeoffs between control strategies implemented across heterogeneous riverscapes. SEIBMs are a bottom-up approach to simulating population dynamics [START_REF] Grimm | Pattern-oriented modeling of agent-based complex systems: lessons from ecology[END_REF] in that they account for the effects of stochasticity and environmental factors on the biology and behaviour of each individual organism in the population. Individual life histories can be modelled through a series of events including movement, reproduction, and survival that are iterated over time. Emergent properties of this modelling process include population dynamics, species interactions, and dispersal [START_REF] Dunning | Spatially explicit population models: current forms and future uses[END_REF].

Our study focuses on the secondary spread of the invasive rusty crayfish, Faxonius (formerly Orconectes) rusticus in the John Day River (JDR), a major tributary of the Columbia River (Fig. 1) and the only known occurrence of this species west of the North American continental divide [START_REF] Olden | First record of Orconectes rusticus (Girard, 1852) (Decapoda, Cambaridae) west of the Great Continental Divide in North America[END_REF]. One of the largest free-flowing rivers in the United States, the JDR is of high conservation importance as it supports a variety of fish species of significant cultural and economic value, including a population of endangered spring Chinook salmon Oncorhynchus tshawytscha and threatened steelhead Oncorhynchus mykiss. Rusty crayfish is an invasive species of concern because of its potential to spread rapidly, ability to reach extremely high densities, and polytrophic feeding habits that cause severe ecological impacts. They have been associated with declines in macrophytes, insects, snails, crayfish, and fish populations in a wide array of systems [START_REF] Twardochleb | A global meta-analysis of the ecological impacts of nonnative crayfish[END_REF][START_REF] Olden | Assessing ecosystem vulnerability to invasive rusty crayfish (Orconectes rusticus)[END_REF].

Our study seeks to demonstrate the utility of SEIBMs to forecast the spread of aquatic invasive species and assess trade-offs among different watershed management strategies. First, we simulated the recent and rapid spread of rusty crayfish in the JDR watershed from the putative time and location of initial introduction to present-day, and quantified the magnitude and geography of invasion spread at the watershed scale. Second, we deployed the SEIBM to forecast the spread of rusty crayfish throughout the mainstem and tributaries of the JDR into the future at management-relevant time scales. Third, we evaluated the efficiency of, and trade-offs among, population control actions that allocate variable effort levels distributed across both space and time. This retrospective approach provides new insight into the value of early detection and rapid response strategies for invasive species management, and offers a framework that is readily applicable to other systems and species whose biology are well known.

METHODS

Modelling approach

We use HexSim, an SEIBM framework, to simulate population dynamics given spatial data layers and population parameters [START_REF] Scheffer | Superindividuals a simple solution for modelling large populations on an individual basis[END_REF]. We are the first to apply a recent advancement in this modelling framework, an aquatic module that facilitates the modelling of populations in dendritic or networked landscapes (HexSim 4.0 available at http://www.hexsim.net/). HexSim relies on a sequential-event architecture, whereby the user defines a sequence of life history events (e.g., reproduction, movement, survival) that vary spatially and are iterated for every individual in the population at each time step over the study period (see Appendix S1 in Supporting Information).

Study system

Evidence suggests that rusty crayfish were first released in the JDR near the town of Mount Vernon, Oregon, by a teacher and students of a nearby school [START_REF] Olden | First record of Orconectes rusticus (Girard, 1852) (Decapoda, Cambaridae) west of the Great Continental Divide in North America[END_REF]. Distributional data for rusty crayfish are available for 2005 and 2010 [START_REF] Olden | First record of Orconectes rusticus (Girard, 1852) (Decapoda, Cambaridae) west of the Great Continental Divide in North America[END_REF][START_REF] Sorenson | Rapid range expansion of rusty crayfish Orconectes rusticus (Girard, 1852) in the John Day River, Oregon, USA[END_REF] from opportunistic sampling at public river access sites (Fig. 2). Between these surveys, the leading edge of the invasion advanced downstream at an estimated rate of 13.5 km/year [START_REF] Sorenson | Rapid range expansion of rusty crayfish Orconectes rusticus (Girard, 1852) in the John Day River, Oregon, USA[END_REF] and densities approximating 50 individuals/m 2 were observed in some areas (J.D. Olden, per. com. September 2016).

HexSim relies on a network structure whereby the movement of each crayfish takes place at the river reach scale and therefore crayfish life history events unfold in response to environmental conditions in the particular reach. Here, the National Hydrography Dataset Plus version 2 (NHDplus) was used as the stream network basic structure (Horizon Systems Corporation, 2007) -'reaches' in this study thus represented individual segments (~2-km long on average) in the NHDplus network. The NHDPlus stream network comes with a set of attributes for each reach, including total reach length (km), gradient (%), and modelled mean monthly and annual discharge (m 3 /s). River width (m) for each reach was modelled with a loglog linear regression between mean annual discharge from the NHDPlus and satellite imageryderived estimates of wetted river width (Appendix S2). The surface area (m 2 ) of each reach was then computed as the product of its estimated width and the NHDPlus length. The literature suggests that rusty crayfish do not occupy or survive in reaches characterized by intermittent hydrology [START_REF] Claussen | The effects of temperature, body size, and hydration state on the terrestrial locomotion of the crayfish Orconectes rusticus[END_REF] so intermittent tributaries were omitted from the analysis (Appendix S2). Only one potential physical barrier to dispersal, a low head dam, exists on the mainstem of the JDR about 15 km upstream of the putative location of rusty crayfish introduction. We did not include this dam in the dispersal model as it appeared too small to act as a permanent barrier [START_REF] Kerby | Barriers and flow as limiting factors in the spread of an invasive crayfish (Procambarus clarkii) in southern California streams[END_REF].

Average daily water temperatures from 1999 to 2016 were estimated for each reach using multiple linear regression models with remotely-sensed daily land surface temperature as the main predictor variable following [START_REF] Mcnyset | Developing an effective model for predicting spatially and temporally continuous stream temperatures from remotely sensed land surface temperatures[END_REF]Appendix S2). The mean predicted daily water temperature in each reach from 2012-2016 (representing 5 out of the 10 hottest years over the study period) was then used to simulate water temperatures from 2017 to 2025.

Crayfish life history

To estimate rusty crayfish population dynamics, a number of model structures and parameters using the same common life history were evaluated on the basis of 10 replicate runs.

Rusty crayfish is a particularly well-studied species; a systematic literature review of their biology yielded 210 publications that informed the parameterization of the models. See Appendix S3 and S4 for details on the literature review and the parameterization of the model.

All models rely on female-only demography and are initiated in June 1999 (i.e., the end of the school year in which the classroom release of crayfish likely occurred, Appendix S4) by the introduction of 10 female rusty crayfish propagules in the river reaches adjoining a public park between the towns of Mount Vernon and John Day in Oregonnear 44.416°N, 119.090°W. All crayfish in the model undergo a four-age class-life cycle in which a portion of the population moves and dies every month, and mating occurs yearly. Every July, an age-class specific percentage of individuals produce a number of offspring drawn from a normal distribution whose mean and standard deviation depend on the parent's age class and the density of crayfish in their reach. Density dependence was therefore included in the model as a linear relationship between recruitment and local crayfish density, such that the crayfish density at which mean recruitment reached 0 was considered a proxy for the reach-scale 'carrying capacity' of the population.

Because the factors that can contribute to mortality are numerous and their specific influence is unknown, mortality differed among age classes but was kept constant for all crayfish of a given age class and occurred as a stochastic process at every monthly time step.

Due to the computational requirements of the model, juvenile crayfish (age 0) were aggregated into "super-individuals" [START_REF] Scheffer | Superindividuals a simple solution for modelling large populations on an individual basis[END_REF], each representing four individuals, for their first year. Both the number of offspring per crayfish and age-0 crayfish mortality were divided by four, yielding the same number of age-1 individuals by the following recruitment season in July. Based on our preliminary analysis, we observed that the effect of this approach on model predictions was consistent over time and space, and only resulted in a slight underestimation of spread.

Crayfish dispersal

In the HexSim aquatic module, crayfish movement was performed along a network of one-dimensional branching segments over distances stochastically drawn monthly from a defined dispersal kernel. Often derived from mark-recapture data, a dispersal kernel is the probability of an individual moving a given distance away from its original location. In contrast to the wealth of information regarding the ecology of rusty crayfish, fewer estimates of dispersal rates exist that are specific to river systems; and rates of rusty crayfish spread observed in the JDR far exceed those reported in the literature (Appendix S4). Therefore, the monthly dispersal kernel of rusty crayfish individuals for this model was determined through inverse modelling and calibration. See Appendix S4 for a review of the literature on crayfish dispersal and details on the parameterization of the dispersal kernel.

The broader crayfish literature points to the primary influence of water temperature and flow velocity on individual dispersal rates (Appendix S4). However, given the scarcity of studies quantitatively examining the influence of water temperature on crayfish movement, the model assumed that movement distance of each crayfish was linearly dependent on the proportion of days each month when average daily water temperature exceeded 6°C, using a daily binary response of crayfish to this threshold (but see sensitivity analysis in Appendix S5). This calculation was performed at the reach scale. For example, if average daily water temperature exceeded 6°C for 15 days in a month, crayfish moved half the distance relative to what is possible if all days exceed 6°C. If a crayfish reached a confluence where one tributary's water temperature was lower than 6°C for at least one day of the month while the other's exceeded 6°C all month, it would disperse to the warmer tributary with a probability of 0.8. This probability was chosen to account for the reported thermal preferences of rusty crayfish (Appendix S4).

Evidence from the literature points to a directional bias of crayfish dispersal in river networks, with invasions spreading faster downstream than upstream (Appendix S4).

Accordingly, an "upstream resistance" parameter was created that proportionally decreases the upstream distance moved by crayfish according to the slope of the river reach they are traversing, as reach slope is a reliable correlate of flow shear stress and physical barriers experienced by crayfish. Parameter values were iteratively examined to correspond to observed patterns of dispersal in the JDR (Appendix S4).

Model calibration and validation

A pattern-oriented modelling approach was used to ensure that the SEIBM possessed a satisfactory accuracy for its intended application [START_REF] Grimm | Pattern-oriented modeling of agent-based complex systems: lessons from ecology[END_REF]. The initial model structure and parameters derived from the literature were calibrated by comparing modelled crayfish spread throughout the JDR to known occurrences according to two comprehensive surveys. For 2005, data consisted of 10 presence and 8 absence records accompanied by qualitative assessments of relative density [START_REF] Olden | First record of Orconectes rusticus (Girard, 1852) (Decapoda, Cambaridae) west of the Great Continental Divide in North America[END_REF]J. Adams, per. com. January 2016). For 2010, 12 presence and 10 absence observations were recorded, accompanied by semiquantitative estimates of crayfish density [START_REF] Sorenson | Rapid range expansion of rusty crayfish Orconectes rusticus (Girard, 1852) in the John Day River, Oregon, USA[END_REF]. The precise downstream leading-edge locations could not be determined for both these times due to limited access to the river but the tapering of crayfish densities towards the distributional extent limit was used as the basis for an estimation.

We assessed model performance in two ways. First, we calculated model correct classification, sensitivity (the percentage of correctly classified presences) and specificity (the percentage of correctly classified absences). Each survey site was matched to a reach in the NHDplus river network, and an observed presence of rusty crayfish in a given site was deemed to be correctly classified if the HexSim model predicted that at least one individual was established in the corresponding reach that month. Second, we compared the mean watercourse distance between the modelled and observed invasion edges. We calculated the mean and standard deviation of both sets of performance metrics over 10 runs for each model structure.

After this initial calibration, we assessed model performance using these same metrics in reference to the present-day distribution of rusty crayfish. Guided by the predicted distribution of rusty crayfish for August 2016, surveys were conducted at 60 sites distributed every 5-10 km on the mainstem and primary tributaries of the JDR from August 1 st to 22 nd , 2016. Lower-order tributaries were also visited to assess their hydrologic condition and determine the occurrence of rusty crayfish. At each site, area-standardized kick-seining was performed in six locations across a 50-m long reach. One person disturbed 1 m 2 of substrate upstream of a seine net held by another team member to flush crayfish downstream, yielding a mean and standard deviation of crayfish density at each site. To ensure consistency in our measure of relative density, we exclusively sampled in runs when possible, as this mesohabitat provides the most adequate flow velocity and depth for this sampling method [START_REF] Larson | Field sampling techniques for crayfish[END_REF]. To avoid false absences, we conducted three additional survey approaches when rusty crayfish were not detected using seining. First, one person snorkelled the entire survey reach for 20 minutes, visually inspecting and lifting substrate to count crayfish. Second, another person walked the streambed to search for and capture crayfish with a hand-net in coarse substrate (optimal habitat for rusty crayfish) for 20 minutes. Third, 10 cylindrical, wire-mesh crayfish traps (0.42 m long, 0.21 m diameter with two 60-mm openings) baited with ~100 ml volume of commercial crayfish bait were set overnight in pools and deeper runs. 

Model refinement and sensitivity analysis

Assessing the effectiveness of crayfish control strategies

We quantified the potential effects of control measures on the distribution, density, and rate of spread of rusty crayfish in the JDR. The most common outcome from previous crayfish control attempts is that eradication is not a feasible goal once a population of invasive crayfish is established, particularly in open systems like rivers [START_REF] Stebbing | The Management of Invasive Crayfish[END_REF]. However, control measures to slow the spread of a population and reduce overall densities (a direct determinant of ecological impacts), can be successful and desirable [START_REF] Simberloff | We can eliminate invasions or live with them. successful management projects[END_REF]. Here, we simulated hypothetical control efforts involving mass crayfish removal through trapping occurring across the entire population range with different levels of intensity reflecting additional yearly mortality of 10%, 17.5%, 25%, 37.5%, and 50%. Moreover, we examined the effect of initiating these control strategies at different times since initial invasion: two years ( 2001 To evaluate whether the tested control measures were realistic, we also estimated the trapping effort (in number of trap nights) that would be required to achieve these levels of mortality. This estimation accounted for both decreased trapping efficiency and increased crayfish fecundity as the local density of crayfish decreased with trapping. For each reach in the watershed, we computed the required effort E (number of trap nights) to achieve a given level of mortality M (% of crayfish in each reach) based on the population size in that reach N and the trapping catch-per-unit-effort (CPUE, crayfish caught/trap night) corresponding to the density of crayfish D (crayfish/m 2 ) in that reach. To account for reduced trapping efficiency with reduced population density, we used data from [START_REF] Dorn | Evaluating active and passive sampling methods to quantify crayfish density in a freshwater wetland[END_REF] and from our field survey to define the relationship between D and CPUE according to:

E = M*N/CPUE where CPUE = D 1/1.3 (equation 1)
Assuming that crayfish would preferentially occupy optimal mesohabitat when competition is limited, we used a minimum density of 0.1 crayfish/m 2 when computing CPUE to account for targeted trapping by managers This avoided unrealistically high efforts needed to achieve the required levels of trapping mortality in reaches with very low crayfish densities. We assessed the effectiveness of control measures by comparing the population size and invasion extent of rusty crayfish in 2025 among the different management scenarios, and quantified tradeoffs by comparing required trapping effort over time.

RESULTS

Model performance and predictions

The modeled spread of rusty crayfish across the JDR Basin, from initial introduction in 1999 to distributional extent in 2005, 2010, and 2016, accurately reproduced the observed distribution of rusty crayfish over that period (Fig. 2). The initial model calibrated using data 3). In both the initial and final models, crayfish densities were generally underestimated throughout the watershed in the initial years of the simulation. Modelled crayfish densities in the mainstem did not exceed 0.1 crayfish/m 2 for the summer of 2005 and 1.0 crayfish/m 2 for the summer of 2010 but were within the range of observed densities in 2016 (Appendix S7). In addition, core areas of high population density were predicted further downstream than observed during the survey in 2016 (Appendix S7).

Model predictions supported the high likelihood that rusty crayfish will spread and invade the mainstem of the Columbia River at least by 2025 (Figs 2-3). At that time, the crayfish population is expected to exceed 350 million individuals and extend over more than 1,100 km of river, including almost all major tributaries of the JDR.

Sensitivity analysis

The model results were robust to parameter changes within 20% of their calibrated value, particularly for the estimates of spread (see summary table in Appendix S5). Estimates of population size were most sensitive to life history parameters such as yearly survival of juveniles and fecundity (e.g. 190% increase in estimated population size in 2016 with 20% increase in fecundity) and relatively invariant to changes in dispersal structure and parameters (Appendix S5).

The extent of river predicted to be occupied by rusty crayfish was sensitive to both life history parameters and dispersal parameters, though it varied the most to changes in the latter.

Small changes in life history parameters, on the order of ±20%, only marginally influenced estimates of spread (< 20% difference in invasion extent for all parameters and years).

Interestingly, a change in the influence of temperature on movement, from a dependence on the number of days above 6°C to a parabolic response, did not significantly influence spread (< 5% change in invasion extent). Furthermore, changes from a constant movement distance for all individuals in the population to a leptokurtic dispersal kernel with rare long-distance events nearly doubled the spread of rusty crayfish, despite the mean movement distance remaining the same. Indirect patterns also arose. For instance, increased resistance to upstream dispersal not only reduced the amount of RK invaded by rusty crayfish but also indirectly increased the speed of downstream dispersal (not shown).

Given that the rusty crayfish population in the JDR exhibited near-exponential growth in the first years of the simulation, increasing net population growth rates in the model led to dramatic increases in population size within a few generations. A doubling in juvenile survival led to a surge in population size in 2005 and 2010 by more than an order of magnitude compared to our final model. Yet, smaller increases in 2016 population levels reflected the dampening role of density dependent processes on the effect of increased survival or fecundity.

Comparing management strategies for controlling invasion spread

Our analysis showed that control of rusty crayfish spread would have been both possible and cost-effective if started during the early years of its invasion (Fig. 4). Model simulations demonstrated that yearly removal of 25% of the rusty crayfish population starting in 2001 could have led to a 95% decline in population and a 44% decrease in invaded river kilometres (625 km) by 2025 compared to projected levels without actions (Fig. 5a). Initiating the same level of yearly removal effort in 2009 could have led to a 70% decline in population and a 27% decrease in invaded river kilometres (806 km) by 2025 (Fig. 5b). Encouragingly, our model showed that high levels of efforts (50% mortality), even if enacted relatively late (e.g. 10 years after the introduction and 4 years after the detection of rusty crayfish, in 2009) could have appreciatively slowed the spread of rusty crayfish in the JDR (Fig. 4c). In this scenario, the leading edge was predicted to have progressed downstream by only 95 RK between 2010 and 2025 as compared to the projected spread of 215 RK into the mainstem of the Columbia River without action.

In terms of cost, our model demonstrated that early action at moderate (25% mortality) to high (50% mortality) levels of effort would have not only been most effective but also required the least overall expenditure (Fig. 6). By 2025, we estimate that removing 25% of the rusty crayfish population yearly starting in 2001 would have required half of the cumulative trapping effort as if starting in 2009. Nonetheless, insufficient efforts, even if implemented early, could lead to runaway increases in costs regardless of the starting year given the high fecundity of crayfish. Specifically, responding early to the invasion (in 2001) but with insufficient levels of efforts (10%) would still be less effective and costlier than more intense control (25%)

undertaken much later (2017).

Attempts to control the spread of rusty crayfish starting in 2017 would have been extremely challenging unless large resources were invested. Doubling control mortality would have been required to achieve similar results as 25% removal efforts starting in 2001. It would have resulted in a 90% decline in population size and constrain crayfish spread by 37% by 2025, likely preventing it from reaching the mainstem of the Columbia River (Fig. 4d). Implementing this approach would have required setting over 60,000 trap-nights every year from 2017 on (a trap night represents one trap set for 12h overnight; 1,000 trap nights can be 1,000 traps set over one night or 100 traps set over 10 separate nights).

DISCUSSION

Using dynamic simulation modelling of rusty crayfish spread over a two-decade period and forecasting its future distribution, we demonstrated that rapid response to their detection could have prevented their quick advance and avoided potentially dramatic consequences.

Enacting substantial removal efforts upfront, in addition to being more effective, would also have resulted in much lower costs of action if prolonged population control is anticipated, according to our model. Model outcomes provide guidance to managers grappling with the minimum effort levels required to limit both spread and cost. For example, we estimated that removing 50% of the population of rusty crayfish throughout their range yearly starting in 2009 would have considerably slowed the invasion and required about 15,000 trap nights per year until 2024, the equivalent of 3 months per year of work for a field technician. Halving the removal rate would not prevent dramatic population growth and would thus require over 4 times more trapping, yearly, by 2024.

The fisheries of the Columbia River are paramount to the culture and economy of the region; therefore, the rapid advance of the only known infestation of rusty crayfish in the western United States towards the river's mainstem and upstream into salmon spawning grounds is a cause of significant concern. Rusty crayfish have already colonized numerous reaches known to contain steelhead salmon redds in the John Day River [START_REF] Falke | Spatial Ecological Processes and Local Factors Predict the Distribution and Abundance of Spawning by Steelhead (Oncorhynchus mykiss) across a Complex Riverscape[END_REF], and are predicted to invade substantial portions of Chinook salmon spawning grounds by 2025 [START_REF] Bare | Chinook Salmon productivity and escapement monitoring in the John Day River Basin. Retrieved from the Middle Fork John Day River Intensively Monitored Watershed Website[END_REF]. Following their colonization of the mainstem Columbia River, we expect that they will continue to spread into adjacent river basins (e.g. Deschutes River) and areas of the river that are critical habitat for several salmon species (e.g. Hanford Reach). It appears that only a large-scale mobilization of resources will slow the current rate of spread of this invasion. However, our model simulations suggest that management efforts can still reduce overall population size, thus potentially minimizing the ecological impact of rusty crayfish (e.g. [START_REF] Moorhouse | Intensive removal of signal crayfish (Pacifastacus leniusculus) from rivers increases numbers and taxon richness of macroinvertebrate species[END_REF]. Evidence shows that signal crayfish (Pacifastacus leniusculus), a widespread invader in Europe, lower eggs-to-fry escapement, increase fry mortality, and decrease juvenile sheltering in Atlantic salmon Salmo salar [START_REF] Edmonds | Predation by Pacifastacus leniusculus on the intra-gravel embryos and emerging fry of Salmo salar[END_REF][START_REF] Griffiths | Competition for shelter among overwintering signal crayfish and juvenile Atlantic salmon[END_REF]. The ability to reduce crayfish impacts via removal efforts is therefore particularly relevant in the John Day River and Columbia River where threats to Pacific salmon by rusty crayfish are possible, but still unknown.

Our modelling approach seeks to bridge the management gap that arises once a nonnative species becomes established and provides strong quantitative evidence for the importance of early detection and rapid response for managing expanding populations. Even though

eradication in an open system such as the JDR is unrealistic [START_REF] Myers | Eradication revisited: dealing with exotic species[END_REF], low surveillance levels can lead to the early detection of introduced populations and trigger swift responses, greatly reducing long term control and damage costs [START_REF] Epanchin-Niell | Optimal surveillance and eradication of invasive species in heterogeneous landscapes[END_REF]. The prioritization of surveillance across the Columbia River Basin could be guided by the combination of a broad-scale screening model to identify high-risk locations of initial introduction and a SEIBM to predict the spatiotemporal dynamics of secondary spread [START_REF] Ibanez | Integrated assessment of biological invasions[END_REF]. Decision-makers can leverage this predictive model to ask "what if" questions, assessing the optimal intensity and most efficient allocation of control efforts to achieve desired reductions in population levels and invasion extent.

HexSim is a flexible framework in which simulation models can be designed around available data, with poorly understood processes being either omitted, represented probabilistically, or explored via sensitivity analysis. The wealth of literature on rusty crayfish biology was key in determining the structure and parameters of our model, yet there was little information on the dispersal ability of rusty crayfish in rivers, and our knowledge of its invasion history in the JDR was imperfect. However, each life history event in HexSim can be parameterized with different levels of complexity. This flexibility allows for matching the degree of structural realism of the model to the availability of empirical data and knowledge of ecological processes influencing the species population structure in space and time; a relevant feature for the often uncertain and highly adaptive context in which invasive species are managed.

By using processes as the building blocks of spatial population modelling, SEIBMs allow us to explore discrepancies between predictions and observed patterns to implicate potential alternative or unknown mechanisms in operation. Our results suggest that the rusty crayfish invasion is advancing downstream at an increasing pace in the JDR, involving non-linear dynamics that the model did not capture. Indeed, although the final model overestimated the distribution of rusty crayfish in 2005, it underestimated their spread in 2016. Accelerating speed of invasions are often attributed to long-distance movements, environmental heterogeneity, temporal variability in reproduction and dispersal, and evolution [START_REF] Hastings | The spatial spread of invasions: new developments in theory and evidence[END_REF]. It may be that the dispersal kernel in our model was not sufficiently leptokurtic (fat-tailed), and thus misjudged the number of extreme distance dispersal events. Higher temperatures and productivity downstream could also lead to increased metabolism and fitness at the downstream edge of the invasion. However, neither relaxing the minimum temperature at which crayfish move in the model (resulting in longer annual periods of downstream movement) nor allowing for a parabolic increase in movement distances with temperature better accounted for the observed rates of spread (Appendix S5). Furthermore, increases rather than decreases in the abundance of fish predators downstream are evident (personal observation), and so do not explain the downstream acceleration of spread.

The observed acceleration of rusty crayfish invasion may stem from phenotypic shifts favouring dispersal traits at the invasion edge and/or increased passive dispersal as the edge advances downstream. Several studies have shown that shifts in the phenotype of invasive species populations at their expanding edge could lead to the dispersal kernel changing over time, leading to greater movement [START_REF] Phillips | Reid's paradox revisited: The evolution of dispersal kernels during range expansion[END_REF]. In the case of rusty crayfish, it is possible that strong selection on enhanced dispersion at the invasion edge has occurred over the nearly 20 generations since initial introduction in the JDR, leading to increasing rates of spread [START_REF] Shine | An evolutionary process that assembles phenotypes through space rather than through time[END_REF]. Future developments of the model could test this hypothesis by incorporating a genetic component whereby dispersal distance is controlled by a heritable trait.

Crayfish spread may occur through both active dispersal (i.e. crawling) and passive drift during high flows. Given that flow velocity and water depth increase downstream, the distance travelled by crayfish if dislodged by high flows would increase moving downstream, potentially leading to the observed acceleration of spread. In the JDR, higher numbers of crayfish in rotary screw traps during flood periods suggest that crayfish drift in response to high flow events (Keith DeHart, per. com. March 2016). Long distance passive dispersal during high flows could thus explain the unusually large distances required in our model to reproduce the downstream spread of rusty crayfish, the accelerating rates of spread downstream, and the asymmetry between upstream and downstream.

Our model reproduced the historical distribution of rusty crayfish with high specificity and sensitivity, yet absolute modelled densities were difficult to validate and thus should be considered with caution. On the one hand, modelled densities were consistently underestimated compared to surveyed densities in [START_REF] Crooks | Lag times and exotic species: the ecology and management of biological invasions in slow-motion[END_REF][START_REF] Gallien | Predicting potential distributions of invasive species: where to go from here?[END_REF], and 2016 (Appendix S7) (Appendix S7). This pattern could be explained if rusty crayfish were introduced earlier than previously thought in the JDR and reached high local densities without spreading during the initial stages of the invasion, either due to a prolonged lag in long distance dispersal [START_REF] Crooks | Lag times and exotic species: the ecology and management of biological invasions in slow-motion[END_REF] or to initial depensatory fish predation [START_REF] Baldridge | Intraguild predation between spawning smallmouth bass (Micropterus dolomieu) and nest-raiding crayfish (Orconectes rusticus): implications for bass nesting success[END_REF]. On the other hand, the kick-netting catch-per-unit-effort reported in this study was collected in optimal rusty crayfish habitat and thus do not reflect reach-averaged crayfish densities. A full validation of site-level density would require an intensive survey design relating the spatial distribution of mesohabitats in a given reach with crayfish densities for each habitat type at that site.

A decision-support model such as the one introduced in this study could significantly strengthen existing efforts to promote invasive species management as a pillar of the Columbia River Basin restoration program [START_REF] Naiman | Developing a broader scientific foundation for river restoration: Columbia River food webs[END_REF]. In the case of rusty crayfish, our recommended trapping effort intensity given rapid action (2001)(2002)(2003)(2004)(2005)(2006)(2007)(2008)(2009) is similar to the successful five-year large-scale removal of rusty crayfish in Sparkling Lake, WI [START_REF] Hein | Intensive trapping and increased fish predation cause massive population decline of an invasive crayfish[END_REF] and slightly inferior to that in the experimental removal of signal crayfish in the River Windrush in the U.K [START_REF] Moorhouse | Intensive removal of signal crayfish (Pacifastacus leniusculus) from rivers increases numbers and taxon richness of macroinvertebrate species[END_REF].

Although promising, the implementation of any large-scale control action should involve a transparent evidence-based assessment of risks and uncertainty by an independent research group to avoid undesirable outcomes [START_REF] Kopf | Confronting the risks of large-scale invasive species control[END_REF].

A combination of control methods could also be assessed to find the most effective strategy that fits the current stage and context of the invasion [START_REF] Stebbing | The Management of Invasive Crayfish[END_REF]. For instance, the HexSim model can be used to test a management strategy that focuses on curbing the spread of rusty crayfish upstream into salmon spawning grounds. Physical barriers could be installed to slow or halt the upstream spread of crayfish [START_REF] Dana | Effectiveness of dam construction to contain the invasive crayfish Procambarus clarkii in a Mediterranean mountain stream[END_REF]. The model may thus be altered to evaluate whether demographic Allee effects upstream of barriers could be exploited by trapping to prevent further spread [START_REF] Tobin | Exploiting Allee effects for managing biological invasions[END_REF]. Salmon populations are already exposed to multiple stressors in the upper reaches of the John Day River, including the upstream advance of non-native smallmouth bass and warming summer temperatures [START_REF] Lawrence | The interactive effects of climate change, riparian management, and a nonnative predator on stream-rearing salmon[END_REF][START_REF] Rubenson | Dynamism in the upstream invasion edge of a freshwater fish exposes range boundary constraints[END_REF]. Accordingly, the coupled effect of riparian vegetation restoration on salmon habitat availability and rusty crayfish spread via stream cooling could also be assessed by integrating HexSim with additional models [START_REF] Mchugh | Linking models across scales to assess the viability and restoration potential of a threatened population of steelhead (Oncorhynchus mykiss) in the Middle Fork John Day River, Oregon, USA[END_REF][START_REF] Ruesch | Projected Climate-Induced Habitat Loss for Salmonids in the John Day River Network, Oregon, USA[END_REF].

Our sensitivity analysis, together with a review of the literature, provided confidence regarding the model parameter estimates (Appendix S4 and S5). By varying parameters in small (±20%) and large increments (-75%, +100%), we demonstrated that the population size projected by our model was sensitive to changes in juvenile survival and intrinsic fecundity for population size, but was largely invariant to carrying capacity or the number of propagules seeding the initial invasion. Although we recommend caution in the interpretation of model outputs for direct management, the model predictions under alternative scenarios can be improved through adaptive management. Control efforts can yield additional information on crayfish densities, dispersal, and trapping efficiency that may be leveraged to refine the model structure and parameters.

In this study, we show that early action may stall the projected invasion of rusty crayfish into the mainstem of the Columbia River by 2025, based on an accurate model of the spread of rusty crayfish in the JDR from 1999 to 2016. Our model also suggests that considerable investment in removal efforts now could still curb the rate of spread and population growth of rusty crayfish downstream. Although numerous models exist to assess those areas most at risk of invasive species introductions [START_REF] Olden | Assessing ecosystem vulnerability to invasive rusty crayfish (Orconectes rusticus)[END_REF], the current dearth of quantitative tools available to resource managers limits the effectiveness of control measures aimed at limiting the spread of invasive species that are already established [START_REF] Vander Zanden | A management framework for preventing the secondary spread of aquatic invasive species[END_REF][START_REF] Ibanez | Integrated assessment of biological invasions[END_REF]. We demonstrate here the utility of SEIBMs to forecast the secondary spread of aquatic invasive species and evaluate different management strategies aimed at population control.

Beyond enhancing our current understanding of the invasion of rusty crayfish in the JDR, our work therefore demonstrates that controlling the spread of invasive species is possible even after their establishment and provides a novel way to allocate limited management efforts effectively in the fight against aquatic invasive species.

. Native and introduced range of rusty crayfish Faxonius rusticus in the conterminous

United-States (inset) and regional map of the John Day River basin with the hypothesized point of initial introduction [START_REF] Olden | First record of Orconectes rusticus (Girard, 1852) (Decapoda, Cambaridae) west of the Great Continental Divide in North America[END_REF]. 

Following

  our assessment of the accuracy of the initially chosen model with 2005 and 2010 rusty crayfish distributional data, we used the data on the distribution of rusty crayfish in August 2016 (while still considering 2005 and 2010 distributions) to adjust the dispersal kernel of the model. Our aim was to retain the same model structure but adjust the dispersal parameter through pattern-matching such that our model could both adequately hindcast crayfish spread from initial introduction to 2016 and capitalize on all available data to produce the most robust forecasts for 2025. Next, local sensitivity analysis was performed by varying one parameter at a time in the final model (Appendix S5). We tested 4 different values in addition to these in the final model (+20%, -20%, -75%, and +100% of the parameter values in the final model) for the following parameters: number of initial propagules introduced at the beginning of the model, intrinsic fecundity, carrying capacity, and juvenile survival. Moreover, we tested different shapes of the dispersal kernel, influence of temperature on movement, and upstream resistance values. Sensitivity to these changes was assessed by comparing the modelled mean population size and invasion extent (length of invaded watercourse) of rusty crayfish in 2005, 2010, and 2016 over 10 replicates among model structures.

  ), six years, (2005), 10 years (2009), 14 years (2013), and present-day (2017).

  from 2005 and 2010 prior to our survey of crayfish distribution in 2016 yielded specificities (percentages of accurately predicted presences) of 91%(2005, n=10),83% (2010, n=12), and 78% (2016, n=46), and sensitivities (accurately predicted absences) of 90% (2005, n=8), 80%(2010, n=10), and 69% (2016, n=8). Most unmatched absences in 2016 were in small side tributaries where no crayfish were found during our survey.The 2016 distribution of rusty crayfish indicated rates of downstream spread that exceeded model predictions by at least 50 river km (RK) and perhaps as much as 80 RK Consequently, the dispersal component of our initial model was re-calibrated to account for the model tendency to under-predict the downstream edge. We increased the probability of long distance movement in the dispersal kernel while keeping all other model parameters identical to the initial configuration (Appendix S6). This appreciably improved the performance, increasing the predicted downstream spread in 2016 by 49 RK. The sensitivity and specificity of the resulting model decreased for 2005 (86% and 80%, respectively), but increased for 2010 (87% and 80%) and 2016 (84% and 74%) compared to the initial model. Whereas this new model overestimated rusty crayfish downstream spread in 2005, it accurately hind-casted the leading edge in 2010 and only slightly underestimated it in 2016. Upstream, the leading edge in the North Fork of the JDR was overestimated in 2010 by at least 15 RK while it was accurately predicted in 2016. Furthermore, the upstream leading edge was also accurately predicted for all years of record in the South Fork JDR and the mainstem. Thereafter, any mention of 'the model' will refer to the final model after re-calibration with 2016 data, unless otherwise specified.The HexSim model predicted, likely conservatively, that by August 2016, the population of rusty crayfish in the JDR was 48 million individuals (including juveniles) and occupied 705 km of river throughout the watershed (Figs 2-
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 2 Figure 2. Model predictions (after re-calibration with 2016 survey data) and known occurrences
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 4 Figure 4. Modelled effects of control strategies on the distribution of rusty crayfish in 2025 in
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 6 Figure 6. Projected yearly trapping effort required to achieve mortality rates of rusty crayfish
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