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Abstract

Proliferative kidney disease (PKD) poses a threat to wild salmonids, yet its spatial patterns remain poorly understood, particularly at large scales and across varied ecosystems. We combined the largest nationwide screening of brown trout (Salmo trutta), consisting of 1072 fish from 155 locations, spanning a 1480 km latitudinal gradient, with process-based stream-temperature modelling. From this data, we map infection by the parasite Tetracapsuloides bryosalmonae (T.b), quantify parasite load (using qPCR from kidney tissue), and calculate renal hyperplasia across Sweden under different thermal regimes. PKD emerged if study-period mean water temperatures approached a threshold of approximately 15.4 °C and renal hyperplasia peaked near 17 °C; however, warm water did not always cause disease: asymptomatic individuals were common above the temperature threshold. Spatial mixed-effects models revealed that parasite load and temperature interacted to determine disease severity, whereby severe PKD was associated with lower parasite loads under warmer conditions. Furthermore, deviations from broad latitudinal patterns were observed, where distinct coastal hotspots in central Sweden would be overlooked by assuming a simple temperature-driven latitudinal gradient. Our model shows that such patterns remain after accounting for temperature and parasite load, indicating that local conditions and additional environmental drivers are likely affecting epidemiology at relatively small spatial scales. Management actions that moderate stream temperatures, such as riparian shading or the removal of impoundments, or reduce suitable habitat for bryozoan hosts, may therefore mitigate disease impacts under a warming climate.
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1 Introduction
Under the current trajectory of climate change, aquatic species are becoming increasingly vulnerable to emerging diseases (Marcogliese, 2008; McCullough et al., 2009; Reid et al., 2019). Among salmonids, proliferative kidney disease (PKD) represents a significant emerging threat. First described by Roberts and Shepherd (1974), PKD is characterised by pronounced renal hyperplasia and is caused by the myxozoan parasite Tetracapsuloides bryosalmonae (Canning et al., 1998). The parasite has a complex two-host life cycle, using freshwater bryozoans as its primary host and salmonid fish as intermediate hosts. Infection of a compatible salmonid enables the parasite’s transmission back to bryozoa, through the fish’s urine, completing the life cycle and spreading the parasite throughout the river (Morris and Adams, 2006).
For T. bryosalmonae infections to cause PKD, elevated water temperatures are required. Laboratory experiments as early as 1986 indicated that the minimum temperature required for parasite infection can be as low as 9°C in rainbow trout (Oncorhynchus mykiss) (Clifton-Hadley et al., 1986; Gay et al., 2001). However, the temperature threshold for PKD development, following parasite infection, ranges from 12°C to 15°C with symptoms intensifying under warmer thermal regimes (Morris et al., 2005; Bettge et al., 2009; Strepparava et al., 2018), leading to higher mortality rates (Waldner et al., 2021). Young-of-the-year (YoY) fish are most vulnerable to PKD, but any fish that has not previously been considered susceptible (Ferguson and Ball, 1979). Subsequently, adult fish that have survived previous disease are remarked as “immune” to PKD symptoms whilst remaining a host of T. bryosalmonae (Klontz et al., 1986). Beyond the laboratory, PKD development may be influenced by additional ecological and environmental factors beyond temperature alone, such as low levels of dissolved oxygen increasing the susceptibility of fish to diseases in general (Wang et al., 2023) and high nutrient loads enhancing primary host habitat (Hartikainen et al., 2009).
PKD has been extensively researched in wild rivers and lakes across Europe and North America (Seagrave et al., 1981; MacConnell and Peterson, 1992; Sterud et al., 2007; Wahli et al., 2002; Kristmundsson et al., 2010; Dash and Vasemägi, 2014; Lewisch et al., 2018; Lauringson et al., 2022). However, research aiming to advance the understanding of PKD epidemiology with respect to real-world temperatures is often limited by resources. In-stream water temperature observations are often/mainly restricted to limited spatial scales featuring a single catchment, climate or region (Bruneaux et al., 2017; Lauringson et al., 2021; Debes et al., 2017; Schmidt-Posthaus et al., 2015, 2017; Rubin et al., 2019). However, the consideration of small spatial scales limits the understanding of T. bryosalmonae presence, infection prevalence and disease severity across different climates and geographies. When spatial scales are larger, in-stream temperature measurements are often substituted for air temperature or altitude as a proxy (Ros et al., 2021; Wahli et al., 2008). Yet since in-stream temperature can vary greatly at small spatial scales due to heat exchange processes such as cool groundwater input, or variation in riparian vegetation that can offer shade from solar radiation (Caissie, 2006), such proxies can be inaccurate.
One alternative to increase the accuracy of a temperature proxy without the use of temperature loggers is process-based temperature modelling. Process-based models can simulate energy exchanges with many heating or cooling inputs with a resolution that ranges from global grids (van Vliet et al., 2012; Wanders et al., 2019) to river reach scales (Bartholow, 1989). Notably, at the reach scale, in-stream water predictions can be a stark improvement over air temperature proxies (Ficklin et al., 2012). One such model, used within the focal country of this study (Sweden), is S-HYPE, which is a semi-distributed model developed and maintained by the Swedish Meteorological and Hydrological Institute (Lindström et al., 2010), building on the widely used HBV (Bergström et al., 1976; Lindström et al., 1997). S-HYPE provides robust river flow, nutrient and temperature predictions at a sub-catchment scale.
The Swedish Veterinary Institute (SVA) confirmed the first presence of T. bryosalmonae in Sweden in 2008, with infections identified in both Atlantic salmon (Salmo salar) and brown trout (Salmo trutta) at six of the thirteen locations screened in the counties of Jämtland and Västerbotten (Alfjorden and Hellström, 2008). The extent of T. bryosalmonae distribution in Swedish waters beyond these regions remains unknown, yet observations of T. bryosalmonae in northernmost Norway (Lauringson et al., 2022) suggest that parasite presence is not latitudinally limited by temperature and could be expected nationally. Since river temperatures in the south of Sweden are comparable to those of many central European rivers, severe cases of PKD could be expected, while many northern rivers may remain too cold for PKD to develop. Regional analyses show that the Swedish climate is warming, and snow cover days are reducing (Graham et al., 2007; Schimanke et al., 2022), posing a potential threat to cold-water-adapted species such as the brown trout in regions where river temperatures are reduced by snowmelt input.
The broad range of thermal regimes across Swedish waterways provides an ideal opportunity to study the complex interactions between T.b, PKD pathology and temperature, on brown trout across a broad ecological scale. By combining large-scale parasite screening and disease assessment with process-based in-stream temperature models, this study aims to determine the spatial distribution of T. bryosalmonae and the severity of PKD in wild Swedish brown trout populations whilst assessing how the differing temperature regimes may influence PKD development with respect to disease pathology and parasite intensity.
2 Materials and methods
2.1 Sample collection
Young-of-the-year (YoY) brown trout were sampled during 2022 and 2023 using standardised wading electrofishing in coordination with the Swedish national fish monitoring program from sites spanning a 1480 km latitudinal gradient in a 358,000 km2 region. Approximately 10 fish were sampled per site unless, in infrequent circumstances, it was deemed a risk to the local population. Subsequently, the median number of lethally sampled fish per site was 7 (SD: 3.2, Range 1-15). Sampling windows were determined by the Swedish survey window for standardised electrofishing (late summer and autumn), which is suitable given the knowledge that renal hyperplasia should be evident following multiple months of elevated water temperatures (Strepparava et al., 2020). In 2022, 863 fish were sampled from 129 locations with a mean sampling day of 29-Aug-2022 (SD: 16.3). In 2023, 209 fish were sampled from 32 locations with a mean sampling day of 29-Aug-2023 (SD: 17.7) (Fig. 1). In total, 155 unique sites across 105 rivers were sampled at altitudes ranging from 1 m to 605 m, with river sizes varying from <1 m to 40 m wet width (data recorded by individuals conducting the electrofishing and stored in the Swedish Electrofishing Register database, https://www.slu.se/elfiskeregistret/).
	[image: thumbnail]	Fig. 1 Study area and sampling year of the 155 sites coloured by mean annual water temperature as retrieved from S-HYPE for the relevant sampling year.



2.2 Renal hyperplasia and parasite load estimation
Renal hyperplasia was calculated as the residuals of the measurement of kidney cross-sectional area from a model of expected uninfected kidney cross-sectional area given fish length (for YoY brown trout) (Philpott et al., 2025). To determine the parasite load in T. bryosalmonae-infected individuals, a TaqMan real-time qPCR assay targeted a 91 bp fragment of the T. bryosalmonae 18S rRNA gene with the primers PKX18s1266-f1426r and a PKX18s_1399 probe (both developed by Hutchins et al., 2018) in a 10 µL reaction comprising HOT FIREPol Probe qPCR Mix Plus, primers and probe at 100 pmol/µL, and 3 µL of DNA template (20 ng/µL), run on a Bio-Rad CFX384 Touch with a two-step protocol (12 min at 95 °C, then 40 cycles of 95 °C denaturation and 60 °C annealing/plate read). The starting quantity (formula 1) of parasite DNA was calculated by the use of plate-specific standard curves produced from a synthetic PKX standard dilution series spanning five 10-fold dilutions. Curves were calculated across the fourteen plates to assess inter-assay, and each sample was analysed in three technical replicates to ensure robust quantification. The mean starting quantity across three technical replicates of each sample was used in this study:
[image: equation](1)
Where Ct is the threshold cycle value, m is the slope of the standard curve, and b is the intercept of the standard curve. Seventy-five individuals from the 2022 collection were excluded from renal hyperplasia calculation due to a lack of reported body length at capture. These samples were still included in analyses concerning parasite load and temperature.
Additional details concerning sample dissection, measurement, kidney size modelling and preservative adjustment can be found in the method paper by Philpott et al. (2025).
2.3 Temperature data
Due to the broad spatial extent of the study area, modelled water temperature values from the Swedish-HYPE model (S-HYPE; Lindström et al., 2010) version 5_27_0 were used to ensure full geographical and temporal data coverage. Study point data and S-HYPE sub-catchments (derived from SVAR2022 vector, Swedish Meteorological and Hydrological Institute (SMHI, 2025)) were spatially joined by intersection using a GIS, ArcGIS Pro version 3.2.0 (Esri Inc., Redlands, CA) to obtain subcatchment identifiers for each site (median catchment size: 13 km2, min: 0.2 km2, max: 90 km2. Subcatchment sizes varied with respect to complexity). In the S-HYPE model areas, the temperature values are calculated at the outflow point of the sub-catchment. A manual validation of each site and associated temperature calculation point was performed in the GIS, and subsequent reallocation of twelve study sites was performed where more hydrologically suitable sub-catchments were available. For instance, when a point intersected a subcatchment close to its upstream limit, the next upstream subcatchment was selected to ensure the minimum distance between subcatchment outflow and the study site, whilst improving hydrological similarity between the temperature calculation point and site location. The temperature data from the matched sub-catchments were retrieved at daily resolution for each data year (Fig. 1).
Additional long-term temperature data, matching 57 sites, was retrieved from the Miljödata MVM database (SLU, 2023). These data were spatially joined with a 200-m search radius and watercourse name validation. Thirty years of S-HYPE modelled temperatures were compared against real-world monthly samples to verify model accuracy (supplementary material S1).
Comparison with long-term MVM observations revealed abnormal residuals for one site (Norrhultsbäcken); therefore, it was excluded from the temperature-dependent analyses since it transpired that the stream received flush water from a wastewater treatment plant, which is not accounted for in the S-HYPE processes.
The large span of latitudes across the study area and different sampling dates required unique temperature windows for each location. The temperature window from which mean temperature statistics were derived began once a 5-day rolling mean exceeded 12 °C and ended upon the sampling of the fish. The choice of 12 °C mirrors the coldest temperatures employed in laboratory infection studies (of brown trout) by Bailey et al. (2017), whereby parasite load is still demonstrated to increase. Furthermore, 12 °C ensured all sites were included since some of the mountain streams fed by snowmelt did not reach 15 °C water temperature.
2.4 Spatial statistics
Global spatial autocorrelation of prevalence, renal hyperplasia and parasite load attributes was assessed with Moran’s I statistic (Moran, 1950) using a permutation test within the spdep package (Bivand et al., 2002) using 9,999 random permutations. The test compares the calculated Moran’s I against random permutations of the attribute values (while maintaining the spatial structure) to determine if the result differs significantly from the null hypothesis that the data is randomly spread. Weights were calculated using 10 k-nearest neighbours and an adaptive Gaussian kernel to account for the uneven sampling efforts (median kernel size: 111 km, 90th percentile: 352 km; the number of neighbours was determined by sensitivity analysis, indicating stable results when choosing between 8 and 12 neighbours).
For the identification of hot spots, cold spots and outliers, local indicators of spatial association were calculated with Local Moran’s I (Anselin, 1995). The calculation was performed using the rgeoda package (Li et al., 2025). Clusters were extracted and mapped at three significance intervals: 0.05 ≥ p > 0.01, 0.01 ≥ p > 0.001, and p < 0.001.
2.5 Bayesian change point analysis
Change point analysis was conducted with the R package mcp (Lindeløv, 2024) to identify a mean temperature window associated with renal hyperplasia. Such an approach allows for the modelling of changes in both the mean and the variance of the residuals, which provides flexibility to account for the large number of infected but asymptomatic fish (subclinical infections) across the range of temperatures in the dataset.
A two-segment model (i.e., single change point) was fitted. A constant mean was specified across the range of temperatures before the change insertion after: (formula 2), such that kidney size is expected to remain constant under non-stressful temperature regimes. After the change (formula 2), both the mean (i.e., linear trend) and residual variance are free to change (formula 3). An uninformative prior for the change point of uniform probability across the range of temperature values was used.
Before the change point:
[image: equation](2)
After the change point:
[image: equation](3)
where yt = renal hyperplasiat, Tt= mean study-period site temperaturet. Posterior distributions of the change-point parameter were obtained from Markov Chain Monte Carlo (MCMC) sampling, and both the posterior mean and 95% credible interval were extracted to estimate the change point and uncertainty of the threshold. The plots of the posterior densities and model fit were used to assess convergence and fit quality (supplementary material).
2.6 Spatial mixed-effects modelling
To quantify the effects of temperature and parasite load on renal hyperplasia whilst accounting for site-level replication and spatial autocorrelation, we fitted a spatial generalised linear mixed model using the sdmTMB package (Anderson et al., 2023). Renal hyperplasia was rescaled to strictly positive values and modelled using a Gamma distribution with a log link function, which is well-suited for skewed continuous response variables with variance increasing with the mean.
In consideration of the thermal threshold identified by the changepoint analysis, temperature values were split into a baseline linear term and an additional slope above the threshold in a “hockey-stick” fashion. This was done by creating a new temperature variable (T+), where temperatures below a threshold were set to zero. The fixed effects included temperature terms, T. bryosalmonae load and their interaction, permitting the effect of parasite load on renal hyperplasia to vary with temperature. The interaction of temperature and parasite load was permitted through the full range of temperature values since bryozoan growth and densities are not subject to the same thermal threshold. All of the covariates were scaled by subtracting the mean and dividing by the standard deviation to ease model fitting and interpretation of coefficients. We let the intercept vary by sampling site to account for unmeasured local effects and non-independence among samples collected from the same location. In addition to these site-level random effects, we included spatial random effects, representing a spatially correlated latent process. We assumed these spatial random effects to be drawn from a Gaussian Markov random field, constrained by Matérn covariance functions. The SPDE approach (Lindgren et al., 2011) requires a triangulated mesh, which we constructed with a 5 km cutoff between vertices using the function fm_rcdt_2d_inla() from the fmesher R package (Lindgren 2023), ensuring the estimated spatial correlation range was at least three times this minimum distance.
The final model was specified for an individual fish sampled at site g, where the expected renal hyperplasia μg was described as:
[image: equation](4)
[image: equation](5)
[image: equation](6)
where ys,t is the response (renal hyperplasia) at location s, η is the linear predictor in link space, μs is the conditional mean, β0,…,4 are coefficients for variables temperature (T), temperature above the threshold of 15.45 °C (T+), load (L) and the interaction between load and temperature, respectively. Site-specific random deviations from the overall intercept are denoted bg, and ωs represent a Gaussian Markov random field, where [image: equation].
2.7 Data analysis and visualisation
All statistical and spatial analyses were performed in R version 4.4.1 (R Core Team 2024). Summary site-level statistics were derived from individual-level data for both T. bryosalmonae presence and prevalence, mean renal hyperplasia and mean parasite load. Only the sites with confirmed T. bryosalmonae presence were used in subsequent analyses for renal hyperplasia and parasite load.
Spatial objects visualising the distributions of T. bryosalmonae presence, renal hyperplasia, prevalence and parasite load were prepared using the sf package (Pebesma, 2018). Data cleaning, rearrangement and visualisation of graphical, tabular, time series and spatial data were performed using the tidyverse, table1, zoo, ggspatial, spdep and patchwork set of R packages (Wickham et al., 2019; Rich, 2023; Pedersen, 2025; Zeileis et al., 2025; Bivand et al., 2002).
3 Results
3.1 Detection of T. bryosalmonae, calculated renal hyperplasia, parasite load, and site prevalence
Of the 1072 individuals screened using qPCR for T. bryosalmonae, 439 were infected by the parasite (Tab. 1). Renal hyperplasia peaked at a score of 17.8 mm2, and proliferative kidney disease (clinical infection) occurred at a renal hyperplasia score >1.3 mm2 (kidney scores greater than the 99th percentile of uninfected fish)(Fig. 2b). Following this definition, 154 individuals in this study were afflicted with PKD.
Parasite loads ranged from 7.5 copies of parasite DNA to 4740000 copies. (assay limit of quantification, LoQ was 18 copies per reaction, effective limit of detection, LoD = 2.8 copies over three technical replicates (Philpott et al., 2025)). Seven samples were below LoQ but above LoD.
At the population-level, uninfected and infected locations spanned similar temperature ranges (Tab. 2); however, sites with T. bryosalmonae present had slightly higher mean study-period temperature (16.8 °C) than uninfected locations (15.7 °C), while sites with PKD symptoms were considerably higher (17.4 °C). Furthermore, this trend persisted across mean annual temperatures; lowest at T. bryosalmonae absent sites (7.6 °C), higher at T. bryosalmonae present sites (9.2 °C), and highest at PKD sites (9.8 °C). Prevalence differed substantially between populations with T. bryosalmonae present, 54.9% (SD 36.9), and the populations with visible PKD symptoms, 91.3% (SD 17.5). Generally, at sites where T. bryosalmonae was present, prevalence frequently approached 100% (Fig. 2a) with a single infected individual occasionally found in an otherwise healthy location (i.e., prevalence values ranging 0–25%).
	[image: thumbnail]	Fig. 2 a. Histogram of infection prevalence counts across the 155 locations. b. distributions of the densities of renal hyperplasia grouped by infection status. The threshold for symptomatic fish, score = 1.3, is marked with a dashed horizontal line.



Table 1 
Individual-level qPCR and phenotypic results.

Table 2 
Population-level temperature model data and prevalence.

3.2 Spatial distribution of parasite presence, prevalence, renal hyperplasia and parasite load
T. bryosalmonae was detected across a broad latitudinal range, with presence decreasing from south to north (Fig. 3a). Most sites in southern and south-western Sweden contained infected trout, yet differences in parasite presence occurred in as little as 0.5 km range. Infected fish were also detected at the northernmost and high-altitude sites (in western Sweden).
Infection prevalence varied strongly at small spatial scales (Fig. 3b). Although 100% prevalence was observed even in northern populations, high prevalence occurred more frequently in the south, and sharp contrasts between neighbouring sites reduced spatial autocorrelation.
Severe renal hyperplasia was concentrated in coastal streams in southern and south-western Sweden (Fig. 3d), with the river Loån (60°N, east coast) exhibiting the most extreme cases. Northern sites were largely unaffected, with renal hyperplasia detected at only one location (Fig. 3d).
Parasite load also declined with latitude (Fig. 3c), though the lowest observed loads still occurred within southern Sweden. The highest parasite loads generally coincide in similar regions to the severest examples of renal hyperplasia, for example, along the southern Swedish coastlines.
	[image: thumbnail]	Fig. 3 Maps depicting the spatial distribution of a. T. bryosalmonae infection (present depicts locations with infection, but with subclinical infections), b. site infection prevalence, c. mean parasite load (log-transformed) and d. maximum renal hyperplasia. Individual-level data has been grouped and displayed as a single site point. Populations with PKD are circled in black.



3.3 Spatial autocorrelation, hot spots and cold spots of prevalence, parasite load and renal hyperplasia
Global Moran’s I showed significant spatial autocorrelation for two of the three variables tested (Tab. 3). Prevalence values did not differ significantly from the random expectations, indicating that the proportion of individuals infected at a site varied independently of its location. Instead, maximum renal hyperplasia demonstrated a signal of spatial dependence, indicating that populations with severe disease symptoms tend to occur close to each other, for example, across multiple neighbouring catchments, as opposed to being randomly distributed throughout Sweden. Similarly, parasite loads were also positively autocorrelated, yet with a weaker signal, suggesting similar spatial structure but with greater variance.
Despite 100% infection prevalence being regularly observed, neighbouring locations often featured considerable variation, and local indications of spatial association (LISA) revealed limited clustering overall (Fig. 4a). Three statistically significant high-high clusters (hotspots) were identified in the southern extent of the west coast, while a few significant low-low clusters (cold spots) are scattered sparsely throughout the country.
Parasite load exhibited clearer latitudinal structure, with distinct hot-spot clusters in the south and cold spots in the north (Fig. 4b). The single location with PKD in the north was a statistically significant high-low outlier representing high parasite loads in a low parasite load neighbourhood. Conversely, one site in the very south of the country was identified as a low-high outlier with significantly lower parasite loads than its neighbours. Overall, the hotspots and cold spots are relatively uniform, suggesting a regional-level process responsible for determining parasite loads.
Clinical PKD clustered in the south of Sweden (Fig. 4c). These clusters did not always align with parasite load, as parasite load hotspots were more spatially extensive. In mid-Sweden, hotspots of renal hyperplasia occurred in areas where parasite loads were not significantly clustered. This apparent mismatch likely reflects that site-level summary statistics used for LISA mask substantial within-site variation, such that parasite load may explain disease severity among individuals within populations, while broader spatial contrasts in maximum renal hyperplasia between sites are influenced by additional environmental drivers. In this region, the response is strongly polarised: infected fish either exhibit severe renal hyperplasia or remain largely asymptomatic.
Table 3 
Global Moran's I statistics for spatial autocorrelation of infection prevalence, parasite load and renal hyperplasia. Observed Moran's I values were calculated using an adaptive Gaussian kernel with 10 nearest neighbours. Significance was assessed by Monte Carlo permutation tests (9,999 permutations), with p-values reported as Permutation p-value.

	[image: thumbnail]	Fig. 4 Local indicators of spatial autocorrelation for the standardised variables representing a. population infection prevalence, b. mean parasite load and c. maximum renal hyperplasia. Spatial weights were defined with an adaptive Gaussian kernel (see Methods). For each variable, LISA statistics were computed using 9,999 complete permutations. Colours designate cluster type while symbols encode permutation significance levels. Cluster assignment used a 0.05 cutoff for significance.



3.4 Modelled water temperatures
Modelled daily water temperatures highlighted consistent warming and cooling behaviours across the range of sites throughout the year, with peak temperatures achieved for all locations at similar times (Figs. 5a and 5b). The model demonstrates a broad overlap in the temperatures of both infected and uninfected sites, yet the locations with PKD symptoms are generally hotter throughout the year (Figs. 5c and 5d). In the 2022 data, except for locations subjected to meltwater runoff, all of the locations reached temperatures suitable for the development of PKD at a similar time; however, the temperatures increasingly varied as the summer progressed. In 2023, there was much less variance in temperatures. Furthermore, lower peak temperatures are demonstrated, yet a longer sustained temperature window, e.g., much warmer September and October in comparison to 2022. In 2022, a site with extreme symptoms achieved the maximum peak water temperature of the dataset at 24°C. PKD symptoms were still detectable in our latest sampling that occurred in October 2023, where water temperatures had dropped to as low as 6°C. Lastly, there are warm sites where T. bryosalmonae is present; however, we do not observe renal hyperplasia.
	[image: thumbnail]	Fig. 5 Mean modelled daily water temperature values with colours designated by parasite presence (a-b) and maximum renal hyperplasia (c-d), yellow lines represent fish without pathological symptoms. Locations sampled in 2022 are shown in (a,c), and locations sampled in 2023 are shown in (b,d).



3.5 A temperature threshold for PKD in rivers
The temperature threshold required for renal hyperplasia was identified by Bayesian change point analysis as approximately 15.4 °C (95% credible interval: 15.1–15.8 °C) (Tab. 4) for the study-period temperature window, i.e., beginning once water temperatures have crossed 12 °C until the sampling of the fish. Maximum renal hyperplasia scores increased with temperature, and at 17 °C, the greatest renal hyperplasia scores were observed. However, asymptomatic individuals are observed across the temperature range up to 18.6 °C. The biological relevance of the temperature coefficient in the variance-segmented changepoint analysis is skewed by the number of asymptomatic fish upon a linear fit.
3.6 Contributions of parasite load and temperature to renal hyperplasia
Spatial mixed effects modelling revealed that renal hyperplasia increased with both temperature and parasite load, where elevated parasite loads showed the strongest and most consistent association with severe symptoms (predictor estimates, supplementary information Tab. S3). Across the study temperatures, higher parasite loads were associated with higher predicted renal hyperplasia once the temperature threshold was met, and this relationship steepened at warmer temperatures, indicating a significant temperature and parasite load interaction (Fig. 6).
The predicted response surface illustrated that the highest levels of renal hyperplasia occurred under combined high temperature and high parasite load, whereas elevated temperature alone was associated with relatively modest increases in pathology and remained subclinical when parasite load remained low. This pattern indicates that temperature primarily modulates the strength of the parasite pathology relationship rather than acting as an independent driver of severe renal hyperplasia.
Spatial random effects revealed clear spatial structure not captured by covariates or site-level random effects, with a Matérn correlation range of approximately 41 km and a spatial standard deviation of 0.39. This indicated considerable spatial structuring in renal hyperplasia that was not explained by temperature and parasite load alone and is indicative of additional environmental disease drivers.
The weak correlation between temperature and parasite load (r = 0.31) suggests these factors largely operate independently, though temperature-dependent ecological processes may influence both parasite infection dynamics and renal hyperplasia.
	[image: thumbnail]	Fig. 6 Plots showing a. Predicted renal hyperplasia increases with temperature, with steeper responses at higher parasite loads, indicating that warming disproportionately amplifies pathology in heavily infected fish. b. Predicted renal hyperplasia increases with parasite load, and this effect strengthens at higher temperatures, while remaining weak under cooler conditions (no PKD symptoms). c. The interaction surface shows that the highest predicted renal hyperplasia occurs where elevated temperatures and high parasite loads coincide; the original data points are shown in grey. Ribbons in a, b represent a 95% confidence interval and across all panels, the dashed line resembles the temperature threshold, and the dotted line resembles the threshold for PKD.



Table 4 
Changepoint model fit.

4 Discussion
4.1 Do elevated water temperatures inevitably lead to proliferative kidney disease?
Our nationwide screening, paired with process-based temperature modelling, indicates that warm water is required for PKD but, crucially, does not guarantee renal hyperplasia. PKD pathology rose sharply once mean temperatures reached and exceeded 15.4 °C, and the highest renal hyperplasia scores occurred at 17 °C. Yet, even above this threshold, subclinical infections were common, and several warm yet infected sites showed little to no pathology. Spatial mixed-effects modelling indicates that parasite load contributes more to clinical PKD, while elevated temperatures appear to modify the severity of renal hyperplasia rather than acting as the sole driver. Furthermore, the contribution of spatial random effects to the model suggests that local conditions influence disease severity, helping to explain why proliferative kidney disease is not observed across the full range of warm, infected sites.
Under laboratory conditions, it is shown that differing initial parasite loads resulted in different trajectories of disease development. Higher initial parasite loads result in faster onset of symptoms, longer durations of observable pathology and greater variance in recovery times (i.e., the time needed for the kidney to return to a normal size), whereas lower loads lead to greater initial variance in pathology and shorter recovery times (Strepparava et al., 2020). However, increased temperature can reduce the time for clinical infections and prolong recovery times (Strepparava et al., 2020; Bailey et al., 2018). In rivers, the temperature threshold of 15.5 °C coincides with the observed increase in T. bryosalmonae and bryozoan eDNA, suggesting increased growth, abundance or activity in the parasite and bryozoans (Mercier et al., 2025).
We sampled fish from locations that exceeded the observed temperature threshold and that were afflicted with high parasite loads, yet still demonstrated minimal renal hyperplasia or completely subclinical infection. Such variance in renal hyperplasia despite high loads and warm water conditions is previously documented both in the wild (Ahmad et al., 2020; Lauringson et al., 2021) and under laboratory conditions. Even in controlled experiments, there is a large variance of renal hyperplasia, and asymptomatic fish have been observed in 16 °C treatments throughout the duration of experiments (Bettge et al., 2009; Bailey et al., 2015; Waldner et al., 2021).
Within populations, heterogeneity in parasite load itself may arise from fish possessing heritable genetic resistance to T. bryosalmonae infection (Debes et al., 2017). However, this mechanism primarily explains individuals with low parasite burdens, whereas the cases observed here involve high parasite loads accompanied by limited pathological response, which is more consistent with variation in host tolerance rather than resistance. Debes et al. further emphasised that disentangling genetic tolerance from environmental and random effects requires very large sample sizes, often in the order of thousands of individuals, which exceeds the practicality of field-based studies. Variation in renal proliferation may also be explained by fish movement to thermal refugia during peak temperature events, thus buffering the temperature effects upon renal proliferation and parasite dynamics, as demonstrated by Oexle et al. (2025). Fish may subsequently return to sampling sites once water temperatures have declined to more favourable levels, which is often the case at the time of sampling. This may result in the co-occurrence of asymptomatic and clinically affected individuals. Alternatively, severely affected fish may be displaced from their normal habitat if maintaining swimming position becomes energetically costly due to reduced blood haematocrit, leading them to be sampled alongside comparatively healthier individuals (Debes et al., 2017).
Differences in the severity of the worst-affected fish at a given temperature are likely influenced by additional environmental stressors such as eutrophication and urbanisation acting at the ecosystem level (Bailey et al., 2018; Duval et al., 2024). Environmental stressors could increase the physiological stress of the trout (Wang et al., 2023), thereby influencing the hosts’ immune response towards T. bryosalmonae. In severe cases of proliferative kidney disease, anaemia resulting from impaired renal function (Bruneaux et al., 2017) may further interact with hypoxic habitat conditions, compounding the disease outcomes. Consequently, warm, infected sites where fish remain healthier may indicate good habitat. Identifying additional environmental drivers of PKD in detail would be valuable for disease management and identifying vulnerable populations, as heterogeneity in temperature and other conditions in the wild likely adds further complexity to the development of renal hyperplasia.
4.2 The spatial distribution of Tetracapsuloides bryosalmonae in Sweden
The nationwide screening revealed that T. bryosalmonae-infected fish are found across the full latitudinal range of the country. Whilst the study of the parasite is generally associated with warmer climates, detection of T. bryosalmonae in the northern latitudes was not unexpected and aligns with the findings of studies in cold climate areas such as northern Norway (Lauringson et al., 2022; Mo and Jørgensen, 2017) and Iceland (Kristmundsson et al., 2010). However, the frequency with which T. bryosalmonae was detected in mid- to southern Sweden was surprising given that patchy parasite occurrence has been observed at more southern latitudes. Furthermore, the parasite was detected across the entire extent of elevations within our study area despite an expectation for reduced parasite presence at higher elevations (Wahli et al., 2008; Carraro et al., 2017; Ros et al., 2021) and year-round cool streams with snowmelt influence. By contrast, parasite absences are most consistent across regions of production forestry.
The presence of T. bryosalmonae is intrinsically linked to the presence of its bryozoan primary hosts, whose distribution is considered to be patchier than the brown trout due to more specific habitat requirements. Bryozoan habitats are positively associated with lentic, nutrient-rich environments (Hartikainen 2009) and can be found in abundance at humic lake mouths (Raddum and Johnsen, 1983; Ricciardi and Reiswig, 1994). Furthermore, PKD-focused research has reported negative bryozoan density trends at higher elevations or steeper stream gradients (Carraro et al., 2017). As a result, suitable bryozoan habitat is likely distributed unevenly across river networks, and in the absence of bryozoans, transmission of T. bryosalmonae cannot occur.
Within our national screening, we observed that parasite presence varied at fine spatial scales, consistent with patchy bryozoan habitat expectations. Differences in parasite presence were found between neighbouring small streams within distinct catchments (Kvarsebobäcken and Djupviksbäcken), as close as 2.5 km to each other at 58.6°N on the east coast of Sweden. While distinct catchments may be expected to differ sufficiently in habitat suitability for bryozoans, such heterogeneity was also observed within a river reach. For example, contrasting parasite presence was observed at 0.5 km (Euclidean distance) in the river Enån north of Sweden’s largest lake, Vänern. Extremely fine-scale variability likely reflects the patchy distribution of bryozoan habitat due to differences in stream morphology, whereby substrate or flows limit bryozoan establishment. Comparable fine-scale spatial heterogeneity has also been observed in Estonia and the French Pyrenees (Dash and Vasemägi, 2014; Duval et al., 2024). Such observations of variability in parasite presence could suggest that regional or even catchment-level assessment of the effects of PKD on trout may be hard to capture without a detailed understanding of the mechanisms of primary-host presence and parasite presence.
The abundance of T. bryosalmonae infections in diadromous trout populations along the Swedish coastlines echoes the findings of Mo and Jørgensen (2017), where infections were often found in the coastal waters unless the habitat was unsuitable for bryozoans, such as in exceptionally steep and rocky coastal streams. Similarly, the lack of a significant pattern, locally or nationally, in the prevalence of T. bryosalmonae in our data could be explained by a mismatch of temperature regimes and bryozoan densities that occur across the diverse range of habitats of the study area, compounded by the movement of fish within the river. Laboratory-based work by Bailey et al. (2017) demonstrates that temperature positively influences prevalence, whilst Strepparava et al. (2020) highlight that increased initial infection loads can also increase prevalence in the population. In field studies, T. bryosalmonae prevalence can be extremely high where rivers are warm and lowland, e.g., mean summer temperatures 20 °C and greater (Debes et al., 2017; Schmidt-Posthaus et al., 2013). Elevation is remarked to moderate this pattern. For example, in Switzerland, Wahli et al. (2008) found site-specific prevalences ranging from 2–95%, and Ros et al. (2021) reported a negative association between brown trout prevalence and elevation.
4.3 Spatial patterns and trends of parasite load and renal hyperplasia in Sweden
Our analyses reveal statistically significant autocorrelation and local clustering of both parasite load and renal hyperplasia. Hotspots for both were primarily detected in the low-gradient, warm southern rivers, whilst the northern latitudes of Sweden were cold spots. Furthermore, we identified an East Coast hotspot of renal hyperplasia that would be missed by assuming a simple temperature-driven latitudinal gradient. Notably, hotspots for parasite load and for renal hyperplasia did not strictly overlap, but both were broadly governed by temperature. In contrast, the cold spots were highly consistent across both metrics and significant at the highest level.
We also identified significant high–low and low–high outliers. Some likely reflect genuine contrasts where sampling sites are close in Euclidean space but lie in distinct catchments with different thermal regimes and habitats. Therefore, re-analysing with stream-network distances could reduce such artefacts and may strengthen evidence for global autocorrelation. Other outliers may arise from anthropogenic modifications that alter flow regimes, creating lentic conditions and warmer microhabitats (Zaidel et al., 2021). Similar associations between flow modification and thermal conditions have been observed in Estonian ecosystems (Lauringson et al., in press). Coincidentally, our northernmost PKD case occurred downstream of a medium-sized hydropower installation, and the northernmost T. bryosalmonae detection was also recorded downstream of a dam; however, no formal association has been investigated. Although dams may create lentic, warmer microhabitats favourable for bryozoans, the small sample size within our dataset does not allow us to directly attribute PKD patterns to dam effects.
When interpreting data on a nationwide scale, within-catchment mechanisms must be considered since renal hyperplasia often increases from headwaters towards lower reaches as water temperatures and suitable primary host habitat improve (Wahli et al., 2008; Carraro et al., 2017; Ros et al., 2021). Within this study, the estimated Matérn range, i.e., where spatial autocorrelation effectively disappears (approximately 41 km), suggests that disease patterns are structured at sub-regional to catchment scales.
The most severe renal hyperplasia was consistently observed along the coastlines where thermally sensitive small streams can regularly experience elevated water temperatures that would perhaps threaten resident trout populations (Donadi et al., 2023). However, the diadromous brown trout that return to these rivers to spawn may continuously repopulate them despite severe PKD.
4.4 Implications for Swedish brown trout
With results from nationwide screening, Swedish fisheries and environmental managers can better understand the threat of acute PKD in Sweden. For example, the numerous small sea-trout streams ranging from southern to mid-Sweden (of which only a fraction were sampled here) appear particularly susceptible to PKD. Notably, negative population trends in these regions have already been identified by Donadi et al. (2023).
Confirming that PKD symptoms in wild populations occur when water temperatures exceed 15.5 °C will enable the identification of waterways that may be at risk. Temperature can be monitored or modelled over large spatial scales and is often included in existing monitoring programs. Whilst parasite load information would improve knowledge of ecosystems at risk, the lethal sampling of juvenile trout to quantify parasite load is not feasible for threatened populations or particularly compatible with conservation in general. Therefore, disease monitoring should be as non-invasive as possible. A recent, non-lethal advancement in PKD monitoring, pioneered by Duval et al. (2021), provides a reliable method for detecting T. bryosalmonae infection using the urine of trout (urine-DNA) and may offer robust quantitative insights into parasite load in the future. Other non-lethal alternatives include sampling of filter-feeding sponges to detect DNA signal from T. bryosalmonae (Saks et al., 2026).
Mitigating PKD offers another justification for river restoration focused on both temperature buffering and bryozoan habitat management, as previously highlighted by Ros et al. (2021). For example, ensuring sufficient riparian vegetation zones will prevent excessive solar heating of small streams and mitigate nutrient input (that can drive bryozoan densities) from diffuse sources in agricultural areas (Mayer et al., 2007; Dugdale et al., 2018). Likewise, the removal of small dams (which are abundant and often obsolete throughout Sweden) would reduce impounded water and artificial prime bryozoan habitat (Zaidel et al., 2021).
Finally, the river temperatures we observed have implications beyond PKD. The feeding efficiency of brown trout declines as temperatures exceed 20 °C, with physiological stress increasing rapidly thereafter (Solomon and Lightfoot, 2008), and several of our warmest sites approached (and at times exceeded) these temperatures. Therefore, in the absence of the regular temperature monitoring of rivers in Sweden, process-based temperature models could prove valuable for understanding population trends and locations that can be prioritised for thermal regime management.
5 Conclusion
Our nationwide screening shows that warm water is necessary but not sufficient for developing PKD: symptoms occur around 15.4 °C and peak near 17 °C, yet asymptomatic infections remain common. Both T. bryosalmonae infections and thermal regimes that can trigger PKD are relatively commonplace in Sweden. Our spatial model shows that parasite load is a key driver of renal hyperplasia above temperature thresholds, with warm temperatures amplifying parasite effects, but unidentified local environmental drivers are likely also influencing PKD severity.
Broad latitudinal trends are observed for renal hyperplasia and parasite loads, while significant hotspots occur at fine scales in the low-gradient and southernmost extents of the country, where the primary host habitat may be most suitable.
Although parasite load is a key driver of PKD severity, its quantification by lethal sampling of wild fish means that temperature thresholds, such as the one identified in this study, provide a practical tool for identifying ecosystems at increased disease risk. The abundance of PKD and T. bryosalmonae infection discovered in this study should highlight the need for targeted disease monitoring and management to mitigate PKD impacts in the Swedish trout population.
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Figure. S5. Scatter plots comparing the variables of a. Mean water temperature and renal hyperplasia, coloured by log-transformed parasite load. Uninfected individuals are represented by light grey points. The posterior mean and 95% credible intervals of the first change point are visualised as vertical lines and shaded bands, respectively. b. mean parasite load (log-transformed) with within-site infection prevalence, point colour considers the mean water temperature. c. Mean water temperature and parasite load (log-transformed) at an individual level, where colour denotes the extent of the individual’s renal hyperplasia. d. Individual parasite load and renal hyperplasia with mean water temperature indicated by point colour. For a. and d. PKD threshold is illustrated by a dashed horizontal line.

Figure. S6. MCMC chains and density plots for each of the parameters in the mcp changepoint model.

Figure. S7. Spatial random effects from the spatial mixed-effects model of renal hyperplasia. The map shows the estimated spatial random field (ωs) from the spatial mixed-effects model, representing residual spatial variation in renal hyperplasia after accounting for temperature, parasite load, their interaction, and site-level random effects. Values are shown on the link (log) scale. Positive values (blue) indicate areas where renal hyperplasia is higher than expected based on fixed effects alone, whereas negative values (red) indicate lower-than-expected values.

Table. S1. Summary statistics for temperature residuals between SMHI modelled temperatures and MVM in-situ measurements.

Table. S2. Global Moran’s I statistics for spatial autocorrelation of infection prevalence, parasite load and renal hyperplasia. Observed Moran’s I values were calculated using an adaptive Gaussian kernel with k nearest neighbours.

Table. S3. Fixed-effect parameter estimates from the spatial mixed effects model explaining renal hyperplasia. Estimates are reported on the link scale. Confidence intervals represent 95% confidence intervals.
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	[image: thumbnail]	Fig. 4 Local indicators of spatial autocorrelation for the standardised variables representing a. population infection prevalence, b. mean parasite load and c. maximum renal hyperplasia. Spatial weights were defined with an adaptive Gaussian kernel (see Methods). For each variable, LISA statistics were computed using 9,999 complete permutations. Colours designate cluster type while symbols encode permutation significance levels. Cluster assignment used a 0.05 cutoff for significance.
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	[image: thumbnail]	Fig. 6 Plots showing a. Predicted renal hyperplasia increases with temperature, with steeper responses at higher parasite loads, indicating that warming disproportionately amplifies pathology in heavily infected fish. b. Predicted renal hyperplasia increases with parasite load, and this effect strengthens at higher temperatures, while remaining weak under cooler conditions (no PKD symptoms). c. The interaction surface shows that the highest predicted renal hyperplasia occurs where elevated temperatures and high parasite loads coincide; the original data points are shown in grey. Ribbons in a, b represent a 95% confidence interval and across all panels, the dashed line resembles the temperature threshold, and the dotted line resembles the threshold for PKD.
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      Fig. 1 
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        Study area and sampling year of the 155 sites coloured by mean annual water temperature as retrieved from S-HYPE for the relevant sampling year.

      

    

  
    
      Fig. 2 

      
        [image: thumbnail]
      

      
        a. Histogram of infection prevalence counts across the 155 locations. b. distributions of the densities of renal hyperplasia grouped by infection status. The threshold for symptomatic fish, score = 1.3, is marked with a dashed horizontal line.

      

    

  
    
      Table 1 

      Individual-level qPCR and phenotypic results.

      
        


	Individual-level data
	T.b absent (N = 633)
	T.b present (N = 292)
	PKD (N = 147)
	Overall (N = 1072)





	Parasite load (starting quantity of DNA)
	
	
	
	



	Mean (SD)
	NA (NA)
	57000 (151000)
	137000 (427000)
	83700 (278000)



	Median [Min, Max]
	NA [NA, NA]
	10500 [7.52, 1320000]
	42700 [13.6, 4740000]
	17100 [7.52, 4740000]



	Missing
	633 (100%)
	
	
	633 (59.0%)



	Renal hyperplasia (mm2)
	
	
	
	



	Mean (SD)
	0.0848 (0.406)
	0.418 (0.472)
	3.90 (2.96)
	0.739 (1.80)



	Median [Min, Max]
	0.0451 [−1.21, 1.94]
	0.370 [−0.784, 1.29]
	2.89 [1.32, 17.8]
	0.216 [−1.21, 17.8]



	Missing
	42 (6.6%)
	46 (10.5%)
	
	88 (8.2%)





      

    

  
    
      Table 2 

      Population-level temperature model data and prevalence.

      
        


	Population-level data
	T.b absent (N = 72)
	T.b present (N = 46)
	PKD (N = 37)
	Overall (N = 155)





	Mean study period temperature (°C)
	
	
	
	



	Mean (SD)
	15.7 (2.36)
	16.8 (2.09)
	17.4 (0.778)
	16.3 (2.28)



	Median [Min, Max]
	16.2 [8.06, 19.6]
	17.1 [8.16, 20.8]
	17.3 [15.7, 19.5]
	16.9 [8.06, 20.8]



	Mean yearly water temperature (°C)
	
	
	
	



	Mean (SD)
	7.59 (1.68)
	9.18 (1.76)
	9.75 (0.797)
	8.44 (1.89)



	Median [Min, Max]
	7.14 [3.55, 10.6]
	9.63 [3.74, 11.6]
	9.88 [7.79, 11.3]
	8.99 [3.55, 11.6]



	Prevalence
	
	
	
	



	Mean (SD)
	NA (NA)
	54.9 (36.9)
	91.3 (17.5)
	71.1 (34.8)



	Median [Min, Max]
	NA [NA, NA]
	50 [9.09, 100]
	100 [20.0, 100]
	90 [9.09, 100



	Missing
	72 (100%)
	
	
	72 (46.5%)





      

    

  
    
      Fig. 3 
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        Maps depicting the spatial distribution of a. T. bryosalmonae infection (present depicts locations with infection, but with subclinical infections), b. site infection prevalence, c. mean parasite load (log-transformed) and d. maximum renal hyperplasia. Individual-level data has been grouped and displayed as a single site point. Populations with PKD are circled in black.

      

    

  
    
      Table 3 

      Global Moran's I statistics for spatial autocorrelation of infection prevalence, parasite load and renal hyperplasia. Observed Moran's I values were calculated using an adaptive Gaussian kernel with 10 nearest neighbours. Significance was assessed by Monte Carlo permutation tests (9,999 permutations), with p-values reported as Permutation p-value.

      
        


	Variable
	Observed Moran's I
	Permutation p-value





	Prevalence
	−0.005
	0.0373



	Parasite Load (log transformed population mean)
	0.119
	0.01



	Renal hyperplasia (maximum)
	0.189
	0.001





      

    

  
    
      Fig. 4 
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        Local indicators of spatial autocorrelation for the standardised variables representing a. population infection prevalence, b. mean parasite load and c. maximum renal hyperplasia. Spatial weights were defined with an adaptive Gaussian kernel (see Methods). For each variable, LISA statistics were computed using 9,999 complete permutations. Colours designate cluster type while symbols encode permutation significance levels. Cluster assignment used a 0.05 cutoff for significance.

      

    

  
    
      Fig. 5 
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        Mean modelled daily water temperature values with colours designated by parasite presence (a-b) and maximum renal hyperplasia (c-d), yellow lines represent fish without pathological symptoms. Locations sampled in 2022 are shown in (a,c), and locations sampled in 2023 are shown in (b,d).

      

    

  
    
      Fig. 6 
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        Plots showing a. Predicted renal hyperplasia increases with temperature, with steeper responses at higher parasite loads, indicating that warming disproportionately amplifies pathology in heavily infected fish. b. Predicted renal hyperplasia increases with parasite load, and this effect strengthens at higher temperatures, while remaining weak under cooler conditions (no PKD symptoms). c. The interaction surface shows that the highest predicted renal hyperplasia occurs where elevated temperatures and high parasite loads coincide; the original data points are shown in grey. Ribbons in a, b represent a 95% confidence interval and across all panels, the dashed line resembles the temperature threshold, and the dotted line resembles the threshold for PKD.

      

    

  
    
      Table 4 

      Changepoint model fit.

      
        


	Parameter
	Estimate
	95% CrI
	Pl[image: equation]

	Effective sample size





	Temperature threshold (changepoint)
	15.45
	[15.09, 15.80]
	1
	1986



	
[image: equation]
	0.19
	[0.03, 0.34]
	1
	8106



	
[image: equation]
	1.09
	[0.41, 1.73]
	1
	831



	
[image: equation]
	0.64
	[0.21, 1.10]
	1
	1047



	
[image: equation]
	0.44
	[0.32, 0.56]
	1
	3963



	
[image: equation]
	2.53
	[2.34, 2.71]
	1
	9408
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