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ABSTRACT
1. The recognition of adequate sampling designs is an interdisciplinary topic that has gained popularity over the last decades. In ecology, many research questions involve sampling across extensive and complex environmental gradients. This is the case for stable isotope analyses, which are widely used to characterize large-scale movement patterns and dietary preferences of organisms across taxa. Because natural-abundance stable isotope variation in the environment is incorporated into inert animal tissues, such as feathers or hair, it is possible to draw inferences about the type of food and water resources that individuals consumed and the locations where tissues were synthesized. However, modern stable isotope research can benefit from the implementation of robust statistical analyses and well-designed sampling approaches to improve geographic assignment interpretation. 
2. We employed hydrogen stable isotope simulations to study inferences regarding the probability of origin of migratory individuals and reveal gaps in sampling efforts while highlighting uncertainties of assignment model extrapolations. We present an integrative approach that explores multiple sampling strategies across species with different geographic ranges to understand advantages and limitations of animal movement inferences based on stable isotope data. 
3. We show the characteristics of different sampling strategies through geographic and isotopic gradients and establish a set of diagnostic tools that uncover the attributes of these gradients and evaluate uncertainties of model results. 
4. Our analysis demonstrates that sampling regimes should be evaluated in relation to specific research questions and study constraints, and that adopting a single method across species ranges can lead to a costly but less effective sampling strategy.

Keywords: migration, deuterium, surface probabilities, species range, synthetic data. 
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1. INTRODUCTION 
[bookmark: _Hlk92538662]The identification of optimal sampling strategy is a key topic across science disciplines (Delmelle, 2014). Designing an effective sampling scheme is the first step that researchers adopt when managing available resources in relation to target outcomes (Rogerson et al., 2004; Bondesson and Thorburn, 2008). Population ecology studies offer prominent examples of these sampling constraints when a set of individuals, representing a small fraction of the total population, are sampled from selected locations to reconstruct complex ecological dynamics (Moore and McCarthy, 2016; Jin and Yang, 2020). In recent years, the ‘virtual ecologist’ approach has gained traction to address optimal sampling questions through synthetic data generation and evaluation (Wunder et al., 2007; Zurell et al., 2010; Thomas et al., 2018).
[bookmark: _Hlk92448714]Modern ecological analyses that exploit information from molecular markers, such as nucleic acid sequences and stable isotope ratios of common and rare elements (e.g., carbon, nitrogen, strontium), strictly depend on sampling collection efforts and can be heavily affected by biased sampling strategies (Zuur et al., 2007; Lowe et al., 2009). Stable isotope analyses of hydrogen are frequently used to investigate the ecology and migratory behavior of taxa including birds, mammals, and insects (Zenzal et al., 2018; Cryan et al., 2014; Vander Zanden et al., 2018). This method is contingent on latitudinal and altitudinal gradients of hydrogen isotope ratios (δ2H) in precipitation, which can be exploited because inert tissues such as hair, claws, and feathers sampled from terrestrial migratory individuals incorporate the environmental isotopic signal and provide indirect information on the geographic location at the time of tissue growth (Bowen et al., 2005; Wunder 2010).  
[bookmark: _Hlk92538856]Whereas genetic markers are inherited from parents, stable isotope markers in migratory individuals are independent from the genotypic structure of the sampled population. Therefore, development of a well-designed sampling strategy for isotopes should consider environmental, biological (e.g., age and sex), and physiological processes that can alter the isotopic ratios of samples and influence isotope-based inference of location and movement (Soto et al., 2013; Curras et al., 2018). In natural populations, tissue-environment isotopic relationships that link the isotopic composition of the environment with that of biological tissues can be  highly variable among animal taxa and geographic regions. A mechanistic modeling framework demonstrated that the dominant drivers of isotopic variation in tissue-environment relationships are factors that govern the relative contributions of hydrogen sources to the organism’s water budget (e.g., proportion of dietary water, magnitude of drinking water influx; Magozzi et al., 2019). Even for ecologically and physiologically similar taxa, however, differences in tissue-environment relationships among locations may be a function of differences in local environmental variables (e.g., humidity and temperature; Magozzi et al., 2019). These mechanisms can be leveraged to explain among-individual isotopic variation within local populations, where isotopic variance is linked first to isotopic and environmental heterogeneity in the local habitat, and second to how animals sample this habitat during foraging (Magozzi et al., 2020). 
[bookmark: _Hlk95678023][bookmark: _Hlk92540608]In conjunction with considerations of local environmental variability and organismal physiology, sampling designs should account for biases emerging from the geographic distribution of sampling locations used for species-specific isotopic calibrations. This is a crucial consideration because isotope ratios of organic samples become more informative when they are associated with and influenced by the spatial variation in isotope ratios within the environment (Hobson et al., 2004; Vander Zanden et al., 2015; but see Ryan et al. 2013). These environmental distributions of isotope ratios, termed isoscapes, are usually described with geospatial modelling and provide geographical representations of how a given isotopic system varies across space. 
Thus, due to the biological and environmental properties described above, stable isotope ratios measured in organic samples can be used to approximate the origins of animals that grow their tissues in one area and move to another. However, it is imperative to choose the adequate sampling strategy to obtain accurate isoscape calibration through tissue-environment isotopic relationships and, consequently, probability of origin. To increase accuracy and repeatability of the analysis we ask: should we consider the distributions of stable isotope values within and across the sampling area? Would it be more advantageous to focus the collection effort near the extreme isotope values as opposed to sampling proportionately throughout the spatial range?
Most model calibration methods assume unbiased and independent random samples. That is, we define a random sampling scheme as the case where every set of sampling sites can be regarded as equally likely. However, to avoid the risk of estimating values beyond the available data range, the linear calibration across a domain of values would require sampling at the minimum and maximum denominations (i.e., end-points). Thus, even though an extensive random sampling across a given species’ range might represent the ‘gold-standard’ strategy (Fortin et al., 1990), end-point sampling could minimize the effort to train the model in the first place. By contrast, a strategy targeting a restricted sampling space (e.g., cluster sampling) might not capture the minimum and maximum values and force hazardous model extrapolations. Consequently, we reason that ecologists might be interested in exploring the trade-off between ideal sampling conditions (random), strategic (end-points), or easily accessible (cluster) to optimize the use of limited resources while maximizing the retention of meaningful information (Legg and Nagy, 2006; Hauser and McCarthy, 2009).
By generating synthetic data, we investigate the calibration process and origin assignment predictions in four simulated sampling plans across North America and Europe using hydrogen isoscapes. Specifically, we explore how different sampling designs influence the effect of the model calibration and its performance under different assumptions about relatedness to the isoscape. We aim to provide guidelines that will help the scientific community to optimize sampling effort and advance our understanding of the limitations and advantages of stable isotope research in migratory species. We start by acknowledging that sampling across a geographic, environmental, and isotopic gradient might produce different results, and we offer a set of diagnostic tools to define the intrinsic properties of these gradients to improve the interpretability and accuracy of movement ecology studies that exploit stable isotope biogeochemistry in biological systems. In particular, we dissect sampling consideration guidelines from ecological and statistical first principle reasoning. Then, we define a path leading to a better comprehension of how sampling designs can influence stable isotope model calibration relative to the probability of recovering the true origin of migratory populations.


2. MATERIALS AND METHODS 
2.1 Training data across four sampling plans
[bookmark: _Hlk92449478][bookmark: _Hlk92449535][bookmark: _Hlk92641801]The use of stable isotope ratios to determine the origin of individuals and populations is well established across taxa (Hobson et al., 2004; Wunder et at., 2005; Altizer et al., 2015). However, it is not always possible to ground truth inferences of individual geographic origin with direct field observations or miniaturized tracking tags (e.g., geolocators) due to the rarity of migrant re-sightings and technical limitations of tracking devices (Bridge et al., 2013). Here, we created a set of scenarios using synthetic samples with known locations of origin to evaluate stable isotope analysis accuracy across four artificial sampling plans (SP1-4). Our scenarios were associated with synthetic sampling ranges that mimic the extent of natural study-systems of three hypothetical migratory species occurring in North American Boreal Forest (SP1), North American Great Plains (SP2), Gulf Coast Southern U.S. (SP3), and Continental Europe (SP4), facilitating real-life applications and interpretations of our findings. We constructed our sampling plans by using distinctive area sizes and shapes to investigate the extent to which the selection of calibration method depends on the coincidence between sampling extent and hydrogen stable isotope variation across continents. In our simulations, the sampling range corresponded to an area where the synthetic tissue was grown and incorporated the hydrogen stable isotope ratios of the local environment. Once we outlined the geographic distributions for all the sampling plans, we generated a set of calibration training data points (1000 replicates) within each range and under three different sampling strategies defined as: ‘random’, ‘end-points'’, and ‘cluster’. The rationale that we used to choose these sampling strategies is based on common trade-off scenarios reported in the sampling design literature (Wang et al. 2012). Briefly, the ‘random’ strategy is statistically robust but often not practical due to logistical limitations (e.g., inaccessible sites, large sampling areas, etc.). The ‘end-points’ strategy is advantageous because it avoids model extrapolations but fails to account for the multidimensionality of the sampling space which is constituted by isotope space and geographic space that often do not coincide. The ‘cluster’ approach can reduce time and financial costs of the field work because it narrows the sampling effort in a circumscribed area, but it may not provide consistent isotopic rescaling and invokes model extrapolation.

[bookmark: _Hlk92641901]For each sampling design, we manipulated the number of locations and number of samples per location to explore variation in relatedness to the precipitation isoscape (Fig 1, top panel). The ‘random’ sampling strategy is characterized by training data points extracted proportionally to the distribution of latitude and longitude across the entire sampling distribution ranges. We used a different number of sampling locations and number of samples per location in each of the two calibrations (Fig 1; C1-C2). The ‘end-points'’ sampling strategy is characterized by training data chosen at the maximum and minimum latitudinal or isotopic values of the sampling range. In this case, we used equal number of sampling locations and number of samples per location in each of the two calibrations (Fig 1; C3-C4). The training data points generated from the ‘cluster’ sampling strategy consists of a set of 100 geographically adjacent locations or 100 locations with consecutive values in a ranked distribution of all isoscape values. In this case, we also used an equal number of sampling locations and number of samples per location in each of the two calibrations but adopted a more comprehensive spatial coverage of sampling locations (Fig 1; C5-C6). The inclusion of these last four scenarios (C3-C6) was instrumental to isolate the properties of the two distinct sampling domains: geographic (e.g., latitude) and isotopic. 
[image: ]
Figure 1 – Top panel. Sampling strategies for calibration training data points within each sampling range for 1000 replicates and defined as: ‘random’, ‘end-points’, and ‘cluster’. Lower panels. Simulated geographic distributions of four sampling plans in North America (SP1, SP2, and SP3) and northeastern Europe (SP4). Sampling locations for calibrations C3 and C4 are indicated in red for clarity as they often overlap with the black edge of the sampling range.



2.2 Synthetic data for tissue-environment isoscape calibrations
[bookmark: _Hlk92644476][bookmark: _Hlk92647161][bookmark: _Hlk92540917]At each sampling point, we extracted precipitation isotope values from an annual average precipitation isoscape commonly used for wildlife and forensics research (Bowen et al., 2005). We then used those hydrogen stable isotope values as inputs for a mechanistic physiology-biogeochemistry model that describes the incorporation of the environmental isotopic signal into proteinaceous tissues (Magozzi et al., 2019), which was used to convert precipitation isotope values from each sampling location into synthetic tissue values. For simplicity, the model version that we used here was parameterized with fixed physiological (Table S1) and environmental (e.g., temperature and humidity) parameters. The model was run in a deterministic mode, without allowing variation in model parameters or constants, but we applied a random error representing unknown biological signal to each sample drawn from a normal distribution (mean = 0, sd = 10) relative to predicted isotope values expressed as parts per mil (‰). This approach allowed us to predict isotopic compositions of synthetic tissues (e.g., keratin) extracted within each sampling range, which formed the basis for tissue-environment isoscape calibrations. We used the calRaster function in the R program assignR V.1.2.1 (Ma et al., 2020) to rescale the precipitation isoscape to synthetic keratin values. 
2.3 Synthetic data for testing data and probabilities of origin
To test the different calibration methods, we randomly extracted the δ2H precipitation values from 100 test sites from across each sampling range. We used the physiology model (Magozzi et al., 2019) as described above to convert the test site precipitation isotope values into synthetic tissue values of known origin, that we term ‘test samples’, representing hypothetical migratory individuals of known origin. We then implemented the pdRaster function in assignR as detailed in Ma et al. (2020) to compute a probability surface of origin for each test sample. Once we obtained a set of posterior probability surfaces across all the sampling plans (see Fig 1), we applied two novel evaluation metrics and implemented a final data validation step in assignR to summarize the proportion of known origin test samples correctly assigned by area percentiles relative to each calibration and sampling plan. First, we calculated the percentiles of the posterior probabilities at the site of true-origin across each of the six sampling calibrations (C1-C6) and four synthetic sampling plans (SP1-SP4). That is, we ranked the posterior probabilities of all cells within the analysis region and extracted the percentile of the known origin site within this distribution. This approach provided the first evaluation metric. Next, we calculated the cumulative posterior probabilities as a function of distance from the known origin and obtained the second evaluation metric. For the computation of the distance between the known origin point and each cell of the probability raster, we followed the haversine method (Sinnott, 1984) implemented through the distHaversine function of the R package geosphere (Hijmans, 2019). This metric shows how each sampling regime and calibration affects the distribution of the assignment posterior probabilities across geographic space. To study the proportion of test samples that were correctly assigned within a given area percentile, we implemented the quality assignment function (QA) in assignR to randomly withhold 10% of the test sample dataset across five replicate runs and calculated the posterior probability of origin of the validation samples. We then plotted the proportion of samples that were correctly assigned as a function of the proportion of the species area of occurrence included in the assignment area. Analyses were run on a computer cluster with eight gigabytes of allocated memory and four central processor units.
3. RESULTS
3.1 Training data and calibrations
The synthetic analytical approach explored how six different sampling strategies used to calibrate the precipitation isoscape influenced our ability to recover the true origin of a given test sample. The ‘random’ sampling strategy (C1-C2), which extracted data points proportionally across four sampling ranges, recovered similar rescaling relationships for precipitation isotope values and synthetic isotope tissue values among model fits for SP1 and SP2, although the model showed more variation in regions SP3 and SP4 (Fig 2, Table S2). The ‘end-points’ sampling strategy (C3-C4), characterized by training data chosen at each sampling range maximum and minimum latitudinal or isotopic values, also recovered similar rescaling relationships for precipitation and tissue isotope values, but with higher variation in SP4 (Fig 2, Table S2). The data points generated from the ‘clustered’ sampling strategy (C5-C6), constrained within a narrow subset of latitudinal or isotope values, showed the highest degree of variation across sampling plans (Fig 2, Table S2). 
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Figure 2. Results of the six (C1-C6) isoscape calibrations across sampling plans (SP1-SP4). The red lines represent mean values computed for 1000 replicates while the grey lines are individual calibration runs. Intercept, slope, and R² values (mean and sd) are reported in Table S2. Distinct sampling strategies affect the distribution of data points in isotope and geographic space, highlighting the importance of comparisons among large data point replicates (≥ 1000), particularly for calibrations C5 and C6 across sampling plans. The blue dashed vertical lines indicate the isotope range within each sampling range. 
 


3.2 Percentiles of true-origin points
[bookmark: _heading=h.gjdgxs]The assignment tests generated probability surfaces for each of the 100 synthetic test samples within the four simulated sampling ranges across North America and Europe. Taking advantage of the known origin latitude and longitude coordinates, we calculated the percentile metric, a rank of the posterior probability at the known origin site across four sampling plans and six sampling designs adopted for calibration (C1-C6). Our results show that the mean values obtained from the modeling effort are similar across calibrations (Fig 3, panel A-D). Nevertheless, two important differences involving isotope gradient variation within sampling plan and model performance between sampling ranges and calibrations can be highlighted. First, SP2 is characterized by a geographic distribution that follows variation along the latitudinal stable isotope gradient, and this feature helps the assignment algorithm to perform better relative to the other three sampling plans as indicated by steeper curves across the six calibrations (Fig 3, panel B). Second, the sampling strategy that relies on clustered data points in isotope space (C5) is distinct from the other calibrations and it produces the lowest posterior probabilities at the known origin locations, regardless of sampling range characteristics. While this strategy is somewhat artificial, in that researchers would seldom seek out sampling sites of similar isotope values, the result illustrates how inadvertent failure to design sampling to span a large fraction of the isotopic variation within the sampling range can significantly decrease the strengths of the resulting analyses. 


[image: ]
Figure 3. Distribution of posterior probabilities at the 100 known origin validation sites for each sampling plan (SP) and calibration; probabilities (x-axis) are given as the percentile of the known origin location within the ranked distribution of probabilities at all grid cells. SP2 shows the highest probabilities for all six calibrations, indicating the best performance regardless of calibration method. The fifth sampling strategy, based on clustering training points in isotope space (C5, thick blue line), produces the lowest posterior probability densities and performs poorly across all sampling plans. The common taxonomic names on the left panels are for illustration purposes only. 


3.3 Cumulative posterior probabilities
[bookmark: _heading=h.30j0zll]The cumulative posterior probabilities relative to the distance from the known origin illustrate the degree to which assignment probability is geographically clustered in proximity to the known sample origin (Fig. 4). The results for the first two sampling simulations, SP1 and particularly SP2, show that most of the posterior probability is relatively close and clustered near the known origin compared to SP3 and SP4. This indicates that both randomized calibration models provided stronger relationships between environmental and tissue values of hydrogen for SP1 and SP2 than for SP3 and SP4. The pattern observed in SP3 and SP4 is likely a consequence of the lack of a strong and uniform isotope gradient throughout the geographic ranges.
Overall, these results corroborate the patterns generated by the ranking of the posterior probabilities at the known origin site (percentile metric). Specifically, the sampling strategy that adopts clustered data points in isotope space (C5) shows, once again, higher variability compared to the other calibrations, and it yields highest variability in model performance, particularly in SP1. Interestingly, SP1 also shows multiple ‘stepped’ increases in the accumulation of probability with distance for many samples, and these are seen across 5 of the 6 calibrations (C1-C4, and C6). As shown in Fig 1, this species range includes similar isotope values even at the western and eastern extremes of the range; for individuals originating in these areas, some grid cells with high posterior probability will occur at the other extreme, producing two ‘steps’ in the cumulative probability curves. This observation suggests that regardless of the sampling approach adopted to fit the rescaling function (e.g., calibration), the underlying properties of the geographic distribution of isotopes within the species range will lead to large-scale ambiguity in the inferred location of origin of some individuals. In this case, output from this metric may be useful both for planning and executing a calibration sampling strategy but also for identifying fundamental limitations to the information that might be gained from an isotope-based study due to the intersection of the species range and the geographic properties of the environmental isotope distribution. 

[image: ]
Figure 4. Cumulative posterior probabilities as a function of distance from the known origin. The results of the first two sampling simulations (SP1 and SP2), indicate that the bulk of the posterior probabilities is closer to the known origin compared to SP3 and SP4. This is a consequence of the effect of the isotopic gradient within the region and a stronger relationship between environmental and tissue values of hydrogen for SP1 and SP2 provided by the randomized calibration models relative to SP3 and SP4.


3.4 Proportion of Correct Assignments by Area
Overall, the proportion of known origin migrants that were correctly assigned within a specific fraction of the geographic distribution range varied across sampling plans but not calibrations (Fig. 5). For SP1, we obtained nearly 70% of the correct assignments within the first 20% of the geographic range followed by a slow proportional gain and a subsequent rapid increase between 37 and 55% of the area being considered (Fig 5, panel A). In contrast to the bimodal and polytonic curves characterizing SP1, we found strongly smooth monotonic curves for SP2 with about 80% of the correct assignments being captured within the first 20% of the geographic range and almost the entire remaining proportions falling between 20-30% of the total area (Fig 5, panel B). SP3 and SP4 provided results showing low proportions of the correct assignments (~40%) falling within the first 20% of the geographic ranges and continuing to increase slowly throughout their sampling geographic extents (Fig 5, panel C and D). These patterns suggest that isotopic variation in sampling distribution range has a stronger effect on assignment accuracy than different sampling strategies and that some species might need broad range quantiles (e.g., larger areas) to provide high proportions (≥ 80%) of correct assignments.


[image: ]
[bookmark: _Hlk92639812]Figure 5. Proportion of known origin test samples correctly assigned by area quantile across six calibrations (C1-C6) and four synthetic sampling plans (SP1-SP4). The vertical and horizontal lines connect the quantiles of the sampling ranges on the x axis with the proportions of correct assignments for the known origin samples on y axis, respectively. Because the validation datasets are drawn from the sampling strategy used in each model calibration, these examples show that the ‘quality’ of assignments depends only on the geography of the underlying isoscape. The common species names near the area ranges on the bottom right corners are for illustration purposes only.  




4. DISCUSSION
4.1 Merits of the synthetic data analysis approach and new evaluation metrics
We present a novel sampling design evaluation framework based on synthetic data generation and validation, and we developed two evaluation metrics for planning and optimizing stable isotope sample collection and data analysis. Synthetic data have been extensively used in optimal sampling design studies across gradients (Schweiger et al., 2016) and provide an effective approach to investigate the properties of the data and model prediction (Hirzel and Guisan 2002). Here, we predicted tissue values (e.g., keratins) from the precipitation isoscape using a mechanism model (Magozzi et al. 2019).  As assignment efficacy varied with the geography of the underlying isoscape, we show that there is no universally superior sampling design, and that each scenario should be evaluated individually. 
Our evaluation framework has two objectives. First, the percentile metric evaluates assignment model performance by ranking the posterior probability at the known origin site across calibrations. Second, by investigating the degree to which assignment probabilities are geographically clustered near the known origin, the cumulative posterior probabilities metric helps to test the repeatability of the assignment analyses across different regions relative to model performance. Specifically, we note that the range of outcomes emerging in SP1 is much wider compared to other sampling plans, even though the model performance is overall robust, as clearly shown in SP2, while the results for SP3 and SP4 indicate high repeatability but poor assignment model performance. The reason why we observe higher variability in SP1 (e.g., multimodal cumulative posterior probabilities in Fig 4) is partially due to two clusters of peak 2H values of about -90‰ occurring at the opposite ends of the geographic sampling space. 
This contrasts with the distribution of the isotope gradient in SP2, which follows a north to south slope that matches the geographic extent of the sampling region. Thus, when the distribution of the isotope values within the sampling area covaries with its geographic extent (SP2) it is possible to reduce the range of the test sample probable origin. Our metrics show that in such cases, we will likely obtain higher precision in model performance and recover most of the origin probabilities within a narrow distance from the true origin. 
Moreover, while the percentile metric summarizes the result of a single cell over all the test samples, the cumulative posterior probabilities metric summarizes multiple data points over all the cells of the probability raster within the sampling range. Therefore, the first and the second metric use distinctive extractions of probabilities to a) rank them at the known origin and b) reveal their spatial structure moving away from the known origin by accounting for probability weights, respectively. However, when these two metrics are used in combination, we discover that, at least in some cases, for similar mean values that are produced from different calibrations the uncertainties of the calibration models might be different (Fig 3) and, therefore, the actual weight assignments might also vary (Fig 4). 
4.2 Impact of sampling design on analysis quality and real-world research
Our evaluation framework helps to assess the trade-off between extensive sampling strategies such as acquiring data points proportionately to the occurrence of isotope values (Fig 1 and Fig. 2; C1-C2) versus targeting the domain boundaries, as in the case of the end-point strategy (Fig 1 and Fig. 2; C3-C4), and two strategies representing more opportunistic sampling approaches in restricted geographic and isotopic domains (Fig 1 and Fig 2; C5-C6). Overall, our results suggest that the end-point strategy might reach a balance between reduced sampling effort and reduction of uncertainties due to model extrapolation, at least in some sampling plans (Fig 2-4). However, in cases where both random and end-point sampling strategies are not feasible and a cluster approach is the only option, we highlighted the different effects of sampling in isotopic space versus geographic space and showed two cases where a geographically-restricted sampling cluster might be a better alternative compared to a narrow isotopic cluster (Fig 4; SP1 - C6 and SP2 - C6). Accordingly, we did not identify a distinctive sampling method that consistently yields optimal results but illustrated how different strategies can be explored beforehand through our evaluation metrics to make context-dependent decisions. 
We also refrain from extending specific inferences to existing biological systems because our methods are investigative tools tested through a set of simulation analyses and not data gathered from living organisms. However, our approach can be used to explore the effect of different sampling strategies in real-life animal movement estimates that rely on variation in stable isotope values across species ranges. For example, while we showed that the end-point strategy is often useful because it reduces sampling effort and still achieves robust results (Fig 4, SP1-SP2), researchers might not have access to those sampling locations necessary to provide boundary isotope values for the implementation of the end-point calibration design. Thus, these metrics facilitate beforehand exploration of the isotope variation structure within the sampling geographic range, including regions that are generally less known or accessible, to determine where the most valuable sampling sites are located and how alternative sampling strategies (e.g., random, clustered, etc.) will affect calibration reliability. That is, our metrics help researchers to uncover the relations between the geographic and isotope domain so that informed decisions can be made relative to calibration performance.
4.3 Impact of species geographic range on analysis quality and real-world examples
[bookmark: _Hlk92644154]By importing our multiple calibration framework into the quality assessment function (QA) in assignR (Ma et al., 2020), we tested for the sensitivity of the analysis across sampling strategies and geographic ranges. Whereas we did not find different outcomes across calibrations, the sampling geographic distributions strongly affected the proportion of the correct assignments by area (Fig. 5). This finding highlights that variation in sampling range is not the only factor affecting the probability of origin obtained through model assignments. In fact, even sampling plans with extensive geographic ranges (e.g., SP4) might not contain substantial isotopic variation and structure across their extent. That is, assignments and posterior probability surfaces do not directly model geographic response variables (e.g., latitude, longitude), but act on the sampling distribution of stable isotope values (Wunder, 2010). Moreover, the relationship between precipitation and latitudinal hydrogen isotopic values may be dampened in aquatic ecosystems due to groundwater infiltration and upward trophic effects (Fan et al. 2017; Rempe and Dietrich, 2018). Thus, when using hydrogen stable isotopes to infer the probability of origin of migratory animals, we recommend exploring the distributions of the stable isotope values within all the cells occurring inside the sampling range as their variation might not be always described and matched by their geography (e.g., following a latitudinal gradient, as exemplified in Fig 6).
 
 [image: ]
Figure 6. Tridimensional representation of hydrogen stable isotope distributions within the occurrence polygons of the three sampling plans in North America (panels A-C) and Europe (panel D). Note the variation in δ²H range values, spanning 94.1‰ in SP2 (central United States) and 87.2‰ in SP1 (Alaska and Canada) to 27.2‰ in SP4 (Europe) and 18.1‰ in SP3 (southern United States along the Gulf of Mexico). The distributions of  δ²H values within the sampling ranges are not always matched by geography. SP1, and to some extent SP3 (panel A and C, respectively), lack a clear and consistent δ²H latitudinal gradient, as shown by the two areas at the far ends of the sampling ranges characterized by similar δ²H values despite extreme geographical distance. The common species names at the bottom of the panels are for illustration purposes only. 
 

Several migratory species of warblers, such as the Wilson's Warbler (Cardellina pusilla) and the Yellow Warbler (Setophaga petechia), breed and molt in the northern United States and Canada along the eastern-western longitudinal gradient conforming to the range distribution of synthetic SP1 (Paxton et al., 2013; Stephenson and Whittle, 2013). Therefore, a good understanding of the different implications that isotopic and geographic space characteristics possess is particularly warranted to reveal the potential confounding effects of the two sampling domains in these species. Other migratory taxa, such the long-billed Curlew (Numenius americanus), the Mountain Plover (Charadrius montanus), the Spotted Bat (Euderma maculatum) and some migratory insect populations of the Common Green Darner (Anax junius), for example, show a spatial distribution generally along a northern-southern axis similar to SP2 (Dugger and Dugger, 2002; Wunder et al., 2005; Geluso, 2008; Hallworth et al., 2018), while the occurrence of the Seaside Sparrow (Ammospiza maritima) resembles the geographic range of SP3 (Ferrato et al., 2017). The examples listed in the heterogeneous group of migratory animals across taxa are probably best suited for exploiting the properties of the hydrogen isotopic gradient, whereas the sparrows along the coast of southern United States might be too limited in both geographic and isotopic space to yield robust movement inferences. The Nathusius bat (Pipistrellus nathusii) hibernates in central and eastern Europe showing a winter range comparable to SP4, and it migrates almost 2000 km to southern grounds in the summer (Hutterer et al., 2005). The long-distance movements of these European bats might still be inferred through hydrogen data with the constraints highlighted above, although some populations could improve the limitations of hydrogen-based inferences through a multi-element (δ13C, δ15N, δ2H and δ18O) stable isotope approach (Hobson et al., 2012; Koehler et al., 2019).
 
5. CONCLUSION
We contend that when developing movement ecology studies involving stable isotope analysis, calibrating the species-specific isoscape is the most important element of the sampling design effort. Therefore, a thorough assessment of the sampling strategy relative to the accuracy of the calibration modeling outcome is warranted because this step will strongly affect the probabilities of recovering the true origin of migratory individuals. Thus, we presented a set of metrics and guidelines that can assist in defining the intrinsic properties of hydrogen stable isotope gradients for stable isotope research planning and calibration to increase analysis interpretability. Importantly, our evaluation metrics are complementary and can be added to the analytical capabilities of other stable isotope analytical packages such as assignR (Ma et al., 2020). Finally, we showed how different training regimes (e.g., calibrations) influence the ability of recovering the true origin of a given test sample (e.g., migrant) and highlighted the properties of different sampling domains in relation to geography and stable isotope distribution. By studying four synthetic sampling plans defined by distinct spatial ranges, our estimates regarding the origin of test samples illustrated the characteristics of the assignments in relation to sampling range size and its underlying hydrogen stable isotope structure. Our analytical approach characterizes the repeatability and interpretation of stable isotope results in natural study systems and assists the development of more informed inferences of where individuals and populations grow their tissues before or during migration.
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Supplementary Material Captions

Table S1. Model parameters to predict tissue values.

Table S2. Intercept, slope, and R² values (mean and sd) resulting from six (C1-C6) isoscape calibration models across sampling plans (SP1-SP4).



















Supplementary Material Tables

	Parameter
	Definition
	Value
	Units
	Source

	Waste type
	Type of waste product derived from protein metabolism
	Uric acid
	na 
	 na

	Pcarb
	Proportion of carbohydrates in the diet
	0.57
	 na
	Kohn (1996); for herbivores

	Pprot
	Proportion of protein in the diet
	0.33
	na 
	Kohn (1996); for herbivores

	Pfat
	Proportion of lipids in the diet
	0.10
	na 
	Kohn (1996); for herbivores

	M
	Body mass
	40
	g
	na 

	bTC
	Body temperature
	37
	°C
	na 

	Pw
	Proportion of food mass that is in liquid water form
	0.60
	 na
	Kohn (1996); for some herbivores and carnivores

	eTC
	Environmental temperature
	20
	°C
	 na

	Rh
	Relative humidity
	0.5
	 na
	na 

	δ2Hdw (RHdw)
	H isotopic composition of drinking water
	Isoscape value
	‰
	na 
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