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Abstract
1.	 Baselines are the pebbles in the shoes of isotope ecologists. The extreme variability 

of the isotope composition of resources at the base of food webs governs the 
spatial differences of consumers' isotope composition, so that isotope-inferred 
trophic properties can be compared across ecosystems only after correction 
for baseline effects. However, acquiring comparable and reproducible isotopic 
baselines in different lakes and rivers has been so challenging that many isotope 
datasets lack baseline values. Global estimates of C and N isotopic baselines would 
considerably expand the scope of large-scale isotope analyses in ecology.

2.	 Cross-referencing the global freshwater isotope database ISOFRESH (>800 sites 
across five continents) with a set of environmental attributes describing hydrology, 
physiography, climate, land use, soils and anthropogenic influences, we built data-
driven models that predict C and N stable isotope compositions of benthic and 
pelagic/open-water baseline organisms for lakes and rivers with an error within 
11%–13% of the overall range of values observed worldwide.

3.	 We then applied the models globally to predict spatial patterns in isotope 
baselines. We showed simulated baselines accurately preserve patterns in across-
site variability for most of the common isotope-derived trophic metrics computed 
for freshwater fish at the population and community levels.

4.	 We conclude with guidance on the best use of such predictive baseline models, 
highlighting their usefulness for filling in gaps in meta-ecological analyses that test 
regional or global drivers of food web structure, but caution against substituting 
them for measured values in local-scale studies.
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1  |  INTRODUC TION

The analysis of natural abundance stable isotopes of carbon 
(C) and nitrogen (N) is widely used across a diversity of scientific 
fields, and it is now a pivotal tool in trophic ecology (Majdi 
et al., 2018). The method's basic principle is the transmissibility of 
isotope compositions from the assimilated food to the consumer's 
tissues, after accounting for a relatively predictable heavy-isotope 
enrichment at each trophic level (De Niro & Epstein, 1978, 1981). 
As such, a consumer's C and N isotope composition captures a time- 
and space-integrated signal of its dietary sources and the number 
of trophic steps from the primary producer to the focal organism 
(Layman et  al.,  2012; Post,  2002). Stable isotope techniques can 
infer continuous trophic positions, links and weighted biomass flows 
in food webs in a highly time- and cost-efficient manner (Layman 
et al., 2012; Post, 2002).

Stable isotope analysis has long been regarded as holding 
great promise to more efficiently test classical ecological theories 
and enable large-scale cross-ecosystem comparisons of food web 
structures (Cabana & Rasmussen,  1996; Kling et  al.,  1992; Post 
et  al.,  2000; Vander Zanden et  al.,  1999). The democratization of 
stable isotope analyses in trophic ecology in recent decades has in-
deed generated synthetic isotope datasets (Bodin et al., 2021; Hixon 
et al., 2024), but their value at continental or global scales is yet to 
be fully realized. Cross-ecosystem isotope studies have improved 
knowledge of environmental or human factors driving food web 
structure (Layman et al., 2007; Lejeune et al., 2024; Post et al., 2000; 
Vander Zanden et al., 1999; Wainright et al., 2021), but such studies 
remain limited at larger spatial extents due to a host of persistent 
challenges that complicate comparative analyses (Stiling et al., 2023; 
Vander Zanden & Fetzer, 2007).

Transforming raw C and N isotope data into meaningful 
and comparable trophic metrics for ecological inquiry (i.e. spe-
cies resource use or trophic position, trophic diversity or food 
chain length) has been a significant impediment to broad cross-
ecosystem comparisons of food web structure and properties 
(Kjeldgaard et al., 2021; Vander Zanden & Fetzer, 2007). Core to 
this challenge is the simple fact that the same primary resource 
at the base of the food web can exhibit considerable variability in 
isotope composition across space and study sites. For instance, 
Gu (2009) and Gu et al. (2011) reported seston δ13C and δ15N span-
ning >30 ‰ and 15 ‰ isotopic ranges, respectively, across lakes 
worldwide. This causes across-ecosystem variation in consumer 
δ13C and δ15N values to arise largely, if not primarily, from differ-
ing C and N isotope values of the primary resources, which are 
also referred to as isotopic baselines or endmembers. Variation in 
consumer trophic position or habitat use may only act as a second-
ary determinant of observed differences in δ13C and δ15N (Arnoldi 
et  al.,  2024; Cabana & Rasmussen,  1996). Comparing isotope-
inferred trophic properties across ecosystems requires reproduc-
ible metrics corrected for such baseline effects (Hoeinghaus & 
Zeug, 2008; Post, 2002; Vander Zanden & Fetzer, 2007; Vander 
Zanden & Rasmussen, 1999).

Baselines are therefore the pebbles in the shoes of isotope ecol-
ogists. Because isotopic baselines should reflect the isotope compo-
sition of available primary producers over temporal and spatial scales 
that match those of the consumers (Heuvel et al., 2023), long-lived 
primary consumers have usually been targeted for baselines. For in-
stance, bivalves and snails have typically been standards for assessing 
pelagic and benthic baselines, respectively, in lake studies (Cabana 
& Rasmussen, 1996; Post, 2002). However, such organisms are not 
ubiquitous across ecosystems of interest, and ecosystems may lack 
other species of functional equivalence (Barrus et al., 2024; Jardine 
et al., 2014; Kristensen et al., 2016). Past attempts to circumvent this 
problem have led to vastly different short-lived primary consumers 
(e.g. herbivorous insects or zooplankton) and primary producers (pe-
riphyton, seston) being used as baselines (Jepsen & Winemiller, 2002; 
Kling et al., 1992), resulting in the nature, turnover time and trophic 
level of organisms used as baselines being highly heterogeneous 
between systems and sites. Challenges with acquiring comparable 
isotopic baselines are only further compounded by many isotope 
datasets containing incomplete or unreproducible baseline values. 
For instance, in the global lake isotope dataset collated by Stiling 
et al. (2023), pelagic and benthic baselines were missing for 80% of 
the sites. Finding a way to overcome these baseline challenges would 
lead to faster progress by facilitating large-scale comparisons.

Global estimates of C and N isotopic baselines hold the key to 
leveraging the considerable power of global-scale isotope analyses 
in ecology. We address this challenge by exploring whether C and 
N isotopic baselines can be robustly predicted for freshwater eco-
systems based on their environmental characteristics. This objec-
tive is premised on spatial variation of isotopic baselines stemming 
from local environmentally driven differences in C and N biogeo-
chemical processes. For instance, spatial variations in primary pro-
ducer δ13C values are mainly driven by the isotopic composition 
of the dissolved inorganic carbon source and the extent of iso-
topic fractionation during photosynthesis, themselves depending 
on local environmental conditions such as temperature, CO2 con-
centrations and biological communities (Finlay,  2004; Goericke 
& Fry,  1994; Hecky & Hesslein,  1995; Laws et  al.,  1997). Such 
premises underpin the mechanistic or statistical models devel-
oped to predict the local isotopic composition of terrestrial plants 
or marine plankton as a function of observed local and/or extra-
local environmental variables (Espinasse et  al.,  2022; Magozzi 
et  al.,  2017; St John Glew et  al.,  2021). These ‘isoscape’ models 
(Bowen, 2010; Trueman et al., 2017; Yoshikawa et al., 2024) offer 
surrogates for local isotopic baselines in marine and terrestrial 
studies (Mullineaux et al., 2022; St John Glew et al., 2021). Similar 
links between local environmental conditions and aquatic primary 
producer isotope composition (Cabana & Rasmussen, 1996; Perga 
& Gerdeaux, 2004) suggest strong potential for the development 
of large-scale predictive models for C and N isotope baselines in 
freshwater environments.

The ISOFRESH database, that is, a global database of biological 
δ13C and δ 15N values from >800 inland waters across the world 
(Bouletreau et  al.,  2025), provides a new opportunity to develop a 
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baseline isotopic model at the global scale for freshwaters. Cross-
referencing ISOFRESH with a set of environmental attributes describ-
ing hydrology, physiography, climate, land use, soils and anthropogenic 
influences, we built data-driven statistical models that predict C and 
N stable isotope compositions of benthic and pelagic/open-water 
baselines for lakes and rivers. We then applied the models to predict 
global spatial patterns in isotope baselines, testing whether simulated 
baselines accurately preserved patterns in across-site variability of 
common isotope-derived trophic metrics computed for freshwater 
fishes at the population and community levels (Jackson et al., 2011; 
Layman et al., 2007). We conclude with guidance on the best use of 
predictive baseline models, highlighting their utility for filling in gaps 
in meta-ecological analyses that test regional or global drivers of food 
web structure. This guidance includes cautionary notes regarding 
their substitution for measured values in individual food webs.

2  |  MATERIAL S AND METHODS

2.1  |  Isotope dataset

The ISOFRESH's version used in this study contains species-
level fish isotopic data from 509 lentic and 363 lotic sites and the 
accompanying data for non-fish organisms, retrieved from 285 
published studies (Bouletreau et  al.,  2025). Non-fish organisms 
varied in taxonomy and aggregation levels across studies (micro 
and macro-algae, biofilms and macroinvertebrates ranging from 
sponges to molluscs and arthropods). They were classified based 
on their trophic level (i.e. primary producers, primary consumers or 
carnivores) from the source information. For the baseline prediction 
model, we filtered the original dataset to retain only non-fish entries. 
Primary producers were regarded as potential isotopic baselines, with 
seston attributed to pelagic habitats (or open-water for streams–
rivers thereafter referred to as pelagic) and benthic mats, biofilms, 
periphyton, macrophytes to benthic habitats. All zooplankton 
species except ostracods were considered as proxies for pelagic 
baselines, as were bivalve molluscs. Other macroinvertebrates were 
classified as benthic primary consumers, or not attributed when 
taxonomic resolution was too coarse. Non-fish entries that did not 
qualify for any of these categories were removed.

Of the lotic and lentic sites in the original database, 77% and 
69%, respectively, included at least one isotopic baseline, resulting 
in 279 lotic and 353 lentic unique site entries in the baseline da-
tabase. Lotic and lentic sites were distributed across all continents 
except Antarctica (Figure  1a). In lentic sites, pelagic and benthic 
baselines were equally frequent (86% vs. 83%, respectively), and 
both baselines were reported for 69% of the lentic sites. Benthic 
baselines were measured in all lotic sites, but estimates for pelagic 
baselines were present for only 30% of sites (Figure  1b–e). The 
taxa used as baselines in the different studies reported included 
considerable taxonomic diversity. Macroinvertebrate taxa not only 
included (in decreasing order of occurrence) mayflies, gastropods, 
midges, bivalves, caddisflies and shrimps, but also, in some cases, 

sponges. Even for primary consumer baselines, the level of taxo-
nomic reporting varied considerably, from the species name up to 
a high level of aggregation (i.e. ‘benthic macro-invertebrates’). For 
primary producers, baselines included (in decreasing order of oc-
currence) biofilms scraped from plants or rocks, macrophyte sam-
ples and seston. Baseline δ13C values varied across a 30‰ (−41‰ 
to −11‰) and 26‰ (−40‰ to −14‰) range for the lentic and lotic 
datasets, respectively. The range of δ15N baselines across sites was 
narrower, with a minimum value of −1‰ and a maximum value of 
17‰ in lentic sites and minimum/maximum values of −2‰/18‰ in 
lotic sites. Baselines were more frequently estimated from primary 
consumers (60% of baselines for lotic and 74% for lentic sites) than 
from primary producers.

2.2  |  Environmental dataset

We considered a suite of environmental attributes, including vari-
ables related to basin physiography, hydrology, climate, land use, 
soils and anthropogenic influences. Variables included: (1) surface 
elevation (m a.s.l.); (2) lake surface area (km2); (3) river surface area 
(km2) based on estimated channel and bankfull width (Lehner & 
Grill,  2013); (4) modelled long-term (1971–2000) average annual 
‘naturalized’ discharge (m3.s−1) according to the global integrated 
water model WaterGap v2.2 (Döll et al., 2003); (5) Strahler stream 
order; (6) long-term (1950–2000) average annual air temperature 
(°C); and (7) average total annual precipitation (mm) according to 
WorldClim (Hijmans et al., 2005); (8) modelled average organic car-
bon content in soils of the upstream catchment (Hengl et al., 2014); 
(9) human population count (2010); and (10) human footprint index 
(2009) representing a composite measure of the direct and indirect 
human pressures on the land's surface within a 3 km vicinity of the 
lake or in the reach catchment (Venter et al., 2016). Different vari-
able combinations were used for river versus lake models. Data were 
sourced from HydroATLAS v. 1.0.1, specifically RiverATLAS (Linke 
et al., 2019) and LakeATLAS (Lehner et al., 2022). The database in-
cluded an extensive range of sizes and elevations, with sites within 
forested or relatively undeveloped catchments up to highly urban-
ized and agricultural catchments (Table 1). Predictors were checked 
for outliers (i.e. capped when unrealistic extremes were detected) 
and log-transformed to reduce skewness when necessary.

2.3  |  Predictive models

Because we not only expected non-linear relationships, but also 
aimed at preserving some interpretability, we used Generalized 
Additive Models (GAMs) to predict baselines from the selected set 
of predictors (Hastie & Tibshirani, 1987). Models were specified as:

where Y is the response variable (δ13Clotic, δ13Clentic, δ15Nlotic or  
δ15Nlentic), b the intercept, fi the smoothing functions (thin-plate 

(1)Y = b + f1
(

X1
)

+ f2
(

X2
)

… + fn
(

Xn
)
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regression splines) and Xi the covariates. Predictive models were run 
separately for lotic and lentic systems as available covariates varied 
between ecosystem types. The full datasets were randomly split into 
training (80%) and test (20%) sub-datasets. The trophic level of the or-
ganism used as a baseline (TL, i.e. primary producers or consumers) 
and its trophic habitat (HAB, i.e. pelagic or benthic) were included as 
fixed, factorial terms in the GAMs, as was the Strahler order (STRA) 
for lotic sites. The most parsimonious models were selected using a 
double penalty approach, using the Akaike Information Criterion, 
with concurvity control for predictors (Ramsay et  al.,  2003). Model 

optimization was conducted manually, starting with backward selec-
tion from the full model without interactions, used as a benchmark for 
explained deviance. Interactions were introduced once variables with 
significant predictive power were selected. Only interactions between 
continuous and factorial terms were included, in order to minimize the 
models' effective degrees of freedom. Because our purpose was pre-
dictive rather than explanatory, the wiggliness of each smoother was 
set to maximize likelihood through its K-basis dimensions. However, 
we controlled the risk for overfitting, due to excessive wiggliness or 
too many variables interactions, and for instability, due to concurvity, 

F I G U R E  1  The available global (a) dataset of δ13C (b and c) and δ15N (d and e) values for pelagic and benthic baselines in lentic (blue) and 
lotic (red) ecosystems.
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by comparing the prediction accuracy for the optimal models be-
tween the training and test sub-datasets. All models were validated by 
checking a posteriori the homogeneity of variance and normal distri-
bution of residuals. GAMs were computed using the mgcv R package 
(Wood, 2011). The best-fit models were then used to predict the data-
set's baselines and associated errors. GAMs are reproducible but non-
parametric models; that is, unlike linear models, they do not come with 
a set of fitted parameters to be used for rerunning simulations. For the 
use of the best models for further baseline estimations, we refer users 
to the associated repository (Perga, 2025).

2.4  |  Relevance of simulated baselines for typical 
isotope-derived food-web metrics

Typical isotope trophic metrics, at the population- or community-
levels, were computed for all fish isotope entries of the dataset 
(δ13Cfish; δ15Nfish), from sites where both baselines had been reported, 
that is, 35% of the fish entries and 44% of the sites. Baselines for the 
computations were the measured or predicted values at the primary 
consumers' level (δ13Cpelagic/benthic; δ

15Npelagic/benthic). Trophic discrimi-
nation factors were first set as fixed (Δ13C = 0.5‰ and Δ15N = 3.4‰ 
per trophic level), but in a second step, these were varied and ran-
domly drawn from a normal distribution around the fixed values (SD 
of 1.3‰ and 1.0‰ for Δ13C and Δ15N, respectively; Post, 2002).

Population-level isotope-based metrics were computed from 
the fish isotope data at the species level and for each site, and 
encompassed:

(i) �Benthic, that is, the consumers' reliance on the benthic trophic 
habitat (Vander Zanden et al., 1999)

(ii) the species' trophic position (TP) computed from either the un-
weighted average (TPunweighted) (Olsson et al., 2009) or weighted aver-
age (based on the per cent reliance on habitats) of baseline δ15N values 
(TPweighted, Vander Zanden et al., 1999):

Computations of �Benthic and TPweighted require that the fish δ13C (minus 
the allocated Δ13C) falls within the range of the measured δ13C of the 
baselines. For such metrics, the comparison was therefore restricted to 
the fish entries that fulfilled that condition, that is, 43% of the dataset. 
Because it is independent from baseline δ13C values, the unweighted 
TP could be computed for all dataset entries with corresponding 
baselines.

The error due to the use of the simulated baselines (Errorbaseline) 
was computed as the difference of the population-specific metrics 
values computed from the observed MetricObsbaseline

 or simulated 
MetricPredbaseline baselines, using with a fixed isotope trophic discrimi-
nation factor; that is, MetricObsbaseline∕Fixedfrac

andMetricPredbaseline∕Fixedfrac , 
respectively:

The error due to the uncertainty in the trophic discrimination factor 
(Errorfractionation) was computed as the difference of the population-
specific metrics values computed from the fixed or variable 

(2)�Benthic =
δ13Cfish − δ13Cbenthic − Δ13C
(

δ13CPelagic − δ13Cbenthic

)

(3.1)TPunweighted = 2 +

[

δ15Nfish −mean
(

δ15Nbaselines

)]

Δ15N

(3.2)

TPweighted = 2 +

[

δ15Nfish − δ15Npelagic−αBenthic.
(

δ15Nbenthic − δ15Npelagic

)]

Δ15N

(4.1)

Errorbaseline = MetricObsbaseline∕Fixedfrac
−MetricPredbaseline∕Fixedfrac

TA B L E  1  Observed range of values (min-max) for the covariates used as predictors within the lentic and lotic datasets. Blank cells in the 
table indicate variables not used in a model.

Covariates (abbreviation, unit) Lentic sites Lotic sites

Latitude (lat, °) −41.1–70.6 −43.6–61.2

Longitude (lon, °) −155.5–175.9 −159.4–175.4

Elevation (ele, m asl) −1.0–4724 1–2844

Lake Area (area, km2) 0.1–81,843

River area along the reach segment (ria, ha) 0.2–796.0

Annual average discharge (dis, m3.s−1) 0.009–15,177

Strahler stream order (STRA, class) 1–9

Annual average air temperature (tmp, °C) −13.6–28.5 −4.1–27.9

Annual accumulated precipitation (pre, mm) 0–4620 205–4952

Average organic carbon content in soils of the upstream catchment (soc, tons.ha−1) 8–246 6–139

Human population count (pop, thousands within 3 km vicinity of the lake or in the reach 
catchment)

0–3946 0.0–42.3

Human footprint (hft dimensionless, average within 3 km vicinity of the lake or in the reach 
catchment) for the year 2009

0–389 0–445
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trophic discrimination factors, using the observed baselines; that is, 
MetricObsbaseline∕Fixedfrac

andMetricObsbaseline∕Varfrac
, respectively:

The total error (ErrorTotal) was computed as the difference of the 
population-specific metrics between the values computed from the 
fixed trophic discrimination factor and observed baselines; that is, 
MetricObsbaseline∕Fixedfrac

, and those computed from the variable trophic dis-
crimination factor and simulated baselines; that is, MetricPredbaseline∕Varfrac:

Community-wide metrics, computed per site and from both the ob-
served and simulated baselines, included:

	 (i)	Metrics related to the food chain, that is, food chain length (FCL, 
the maximum unweighted fish trophic position) and mean (un-
weighted) TP,

	(ii)	 Metrics related to trophic similarity and redundancy between 
species, that is, mean distance to centroid (CD), mean nearest 
neighbour distance (NND) and standard deviation of the nearest 
neighbour distance (SDNND) (Layman et al., 2007);

	(iii)	Metrics quantifying the total amount of niche space occupied, 
estimated either from the Total Area of the convex hull (TA, 
Layman et  al.,  2007) or the Standard Ellipse Area (SEA and 
SEAc; when corrected for sample size; Jackson et al., 2011).

FCL and TPmean were directly computed from the population-
level metrics while the Layman et al. (2007) and Jackson et al. (2011) 
metrics were computed from the SIBER R-Package (Jackson 
et  al.,  2011) after baseline standardization according to Olsson 
et al. (2009):

A summary of variable names and descriptions can be found in 
Table SI-1.

The relevance and utility of the population and community-
wide metrics for large-scale studies were tested first by measuring 
the linear correlation between the values of the metrics computed 
from the observed and simulated baselines. Additionally, we tested 
whether and which of the metrics computed from the estimated 
baselines were useful for macro-ecological studies, that is, whether 
they faithfully reflected the trends across sites. For population-
wide metrics, we selected the nine most represented fish species 
in the dataset and compared their worldwide distribution of met-
rics as computed from the observed and estimated baselines, using 

Kolmogorov–Smirnov tests. To quantitatively test whether the use 
of simulated baselines preserved the overall spatial variability struc-
ture of the population or community metrics, we applied Kendall's 
coefficient of concordance, which measures the agreement of rank-
ing of the metrics across sites.

3  |  RESULTS

3.1  |  Models for baseline predictions

Four models were selected based on their fit and capacity to fulfil 
GAM requirements (Table 2, Figure 2, Figure SI-2 for the diagnostic 
residuals plots of models). Many of the predictors showed significant 
concurvity with the geographical coordinates of the sites. Limiting 
concurvity in best-fit models therefore required an analytical deci-
sion whether to include either spatial coordinates or climatic vari-
ables as predictors in the models. For lentic systems, best-fit models 
necessarily included spatial coordinates, whereas models including 
climatic proxies produced lower goodness-of-fit (Table 2). For lotic 
systems, best-fit models were those excluding spatial coordinates 
(Table 2). For both lentic and lotic systems, fixed effects modelled 
higher δ13C baselines for benthic than pelagic habitats, although the 
effect size was twice as large for lakes (Figure SI-3). TL fixed effects 
ended with δ15N baselines greater for primary consumers than re-
sources, with also a larger effect size in lakes. Anthropogenic impact, 
either as the human footprint or population in the catchment, was 
retained as a predictor for the N isotope baselines (Figure SI-3).

The best-fit model for lentic δ13C also included latitude, lon-
gitude and lake area, with smooth effects leading to higher δ13C 
baseline values for tropical and high latitude regions, and increased 
baseline δ13C with lake size, although the effect varied between ben-
thic and pelagic habitats (Figure SI-3). Additional predictors of the 
best-fit model for lentic δ15N were elevation and human footprint. 
Smoothers modelled greater baseline δ15N at mid-latitude, decreas-
ing δ15N with altitude and lake size, and a non-linear effect of human 
footprint (Figure SI-3).

In lotic systems, the Strahler order had strong predictive power 
for both C and N baselines and was a significant modulator of the 
smooth functions for both climatic and physiographic predictors 
(Table  2). Modelled climatic effects were non-linear for both δ13C 
and δ15N. The effect trend for soil organic carbon, retained as a pre-
dictor for streams and rivers δ13C, implied decreasing δ13C as soil OC 
increased, especially at lower Strahler order. Smoothers modelled 
greater baseline δ15N at higher discharges and non-linear effects of 
human footprint as a function of the Strahler order (Figre SI-3).

Best-fit models explained 56%–65% of the total deviance of the 
baseline values. The quality of predictions did not decrease signifi-
cantly between the training and the test datasets, confirming that 
models were stable and not overfitted (Table 2). The correlation be-
tween observations and modelled data was high (0.71–0.78, Figure 2). 
Overall, models fit better for δ15N than for δ13C, but model perfor-
mance was similar for lotic and lentic systems. Root-mean-squared 

(4.2)

Errorfractionation = MetricObsbaseline∕Fixedfrac
−MetricObsbaseline∕Varfrac

(4.3)ErrorTotal = MetricObsbaseline∕Fixedfrac
−MetricPredbaseline∕Varfrac

(5.1)δ13Ccor =
δ13Cfish −mean

(

δ13Cbaselines

)

abs
(

δ13Cpelagic − δ13Cbenthic

)

(5.2)δ15Ncor = δ15Nfish −mean
(

δ15Nbaselines

)
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errors (RMSE) in the prediction of baselines were close to 4.0‰ for 
δ13C and 2.5‰ for δ15N (Table 2). Overall, the models for baseline 
δ13C failed to reproduce the lowermost values for lentic ecosystems 
(< −35‰) and the uppermost values for lotic ecosystems (> −20‰).

3.2  |  Relevance of simulated baselines for typical 
isotope-derived food-web metrics

To test the applicability of the modelled baselines, we used them to 
calculate a series of food web metrics at both population (�Benthic , 
weighted and unweigthed TP) and community (FCL, TA, CD, NND, 
SDNND and SEA) levels and compared them to outputs from the 
measured baseline values. Population-level isotope metrics com-
puted from the simulated baselines were all significantly correlated 
with those computed from observed baselines and aligned onto a 1:1 
line with a normally distributed error, suggesting unbiased predic-
tions (Figure 3). However, computing the metrics from the simulated 
baselines increased the spread in the values. Nevertheless, despite 
being correlated and unbiased, the benthic reliance computed from 
the simulated baselines spanned over a range five times wider than 
the range of values computed from the measured baselines (i.e. 
within 0–1) (Figure 3a). Because it is independent from the baseline 
δ13C values, the unweighted metric for TP had a consistently bet-
ter goodness-of-fit (Figure 3b) than the weighted metric (Figure 3c). 
Except for the benthic reliance (Figure 3d), errors in the TP estimates 
stemming from the use of simulated baselines were comparable to 
those due to the uncertainty in trophic discrimination (Figure 3e,f).

Community-level isotope-based metrics could be compared for 
only 25% of sites (the 221 sites where both baselines had been mea-
sured), and, due to a consistent lack of pelagic baselines in rivers, lotic 
sites were poorly represented (Figure  4). In all cases, metrics com-
puted from simulated baselines were significantly correlated with 
those computed from observed baselines, and aligned onto a 1:1 line, 
suggesting an unbiased estimate. However, the strength of the cor-
relation varied depending on the metric, with greatest correlations 
and lowest biases for the metrics related to community trophic diver-
sity (CD, NND and SDNND, Figure 4d,e). Food chain length computed 
from the simulated baselines compared well with values computed 
from the observed baselines, but the correlation was much looser 
for the mean TP, despite both being independent from the C isotope 
baselines (Figure 4a,b). Finally, metrics computing the total isotopic 
niche (TA, SEA, SEAc) were the most sensitive to the source of the 
baseline estimates (simulated or observed) because, despite being 
strongly correlated and unbiased, they tended to result in extreme 
and unrealistic values in approximately 5% of sites (Figure 4f–h).

3.3  |  Usefulness of the simulated baselines for 
macro-ecological approaches

Although there was a significant correlation of population- and 
community-wide metrics computed from the observed and TA
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simulated baselines, the modelled metrics reproduced a variable 
range of the observed metrics variation, that is, from 9% in the worst 
case (αbenthic; Figure  3) up to 82% in the best case (CD; Figure  4). 
Therefore, we further assessed whether the error in the metrics 
computed from estimated baselines compromised the utility of the 
baseline estimator for species-specific, population- or community-
wide macro-ecological studies (Figure 5).

For the nine most represented fish species in the dataset, there 
was no significant difference in the distribution of the unweighted TP 
between values computed from the observed or predicted baselines 
(Figure 5a and Table SI-4-1), and the rankings of values across sites 
were concordant between the observed and predicted baselines for 
all nine species (Figure 5b–d and Table SI-4-1). Therefore, for the un-
weighted TP, the error introduced by the use of estimated baselines 
did not modify the variability structure across sites (Figure  5b–d 
and Table SI-4-1). For αbenthic and the weighted TP, whose compu-
tation depends on the former, the distribution of the metric values 
could vary for some fish species (C. carpio, Table SI-4-1). The error 
introduced by the use of the simulated baselines led to the lack of 
concordance in the rankings of the metrics across sites for all spe-
cies for αbenthic, and most species for the weighted TP (Table SI-4-1). 
In contrast to some of the population-wide metrics, ordered series 
were concordant between observed and simulated baselines for all 
community-wide metrics, confirming that the variability structure 
of community-wide metrics across sites was very robust to poten-
tial error introduced by the use of an estimated isotopic baseline 
(Figure 5e–g, Table SI-4-2).

4  |  DISCUSSION

We report strong predictability of baseline C and N isotope values in 
lakes (lentic) and rivers (lotic) according to environmental attributes 
describing their waters and contributing watershed. We show that 
models are able to predict local baseline isotope values with an error 
within 2.5‰ to 4.0‰ for δ15N and δ13C, respectively, that is, 11%–
13% of the overall range of values observed worldwide (Figure 6). 
There is no previous attempt at creating baselines for inland 
waters to which performances could be compared, but models' 
performances were comparable to the performance of marine large-
scale isoscape models (RMSE 2.5‰–3.0‰ for a 15‰ total range of 
δ13C, and 2.9‰–3.4‰ for a 15 ‰ total range of δ15N; e.g. St John 
Glew et al., 2021). The availability of these baselines helps address 
a persistent problem, opening up opportunities for global analyses, 
but the models are not suitable for local studies.

Although our models were developed to optimize prediction ac-
curacy over interpretability, the most influential predictor variables 
were consistent with known drivers of spatial variation in C and 
N stable isotope composition of lower trophic levels (e.g. Casey & 
Post, 2011). The models integrate the overall role of climate variabil-
ity either through coordinates (lentic sites) or climatic variables (lotic 
sites). The focal habitat (i.e. benthic or pelagic) was a significant fac-
tor for baselines in lentic ecosystems. The original dataset confirmed 
a significant 13C-enrichment of benthic versus pelagic baseline or-
ganisms, consistent with the mean difference of 4‰–6‰ reported 
by Vander Zanden and Rasmussen (1999) and France (1995). Such a 

F I G U R E  2  Goodness-of-fit for the 
selected generalized additive models 
predicting the δ13C (a and b) and δ15N (c 
and d) of baselines in lentic (blue) and lotic 
(red) freshwater ecosystems.
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difference is typically attributed to a less selective 13C-fractionation 
during C-fixation in biofilms where the inorganic carbon supply is 
more limited by the diffusion at the boundary layer than for pelagic 
cells (France, 1995; Hecky & Hesslein, 1995).

For lotic sites, the model predicts fewer isotopic differ-
ences between benthic and pelagic endmembers, consistent 
with a released boundary layer effect at the biofilm's interface 
(Finlay, 2004). Predicted baseline δ13C values in rivers and lakes 
also matched earlier observations and theory on the role of me-
tabolism in influencing CO2 concentrations and the isotope com-
position of dissolved inorganic carbon. For instance, Strahler 
order appeared in the lotic models, consistent with a change from 
respiration-dominated, low productivity headwaters to more pro-
ductive and occasionally CO2-limited, lower main-channel reaches 
(Finlay, 2001; Wollheim et al., 2022). The lotic δ13C baselines were 
also predicted to decrease as the soil organic carbon content of 
the catchment increased, as expected for the transition from low 
to high CO2 systems. Similarly, lake size was a significant predic-
tor of lentic baselines, a regularly observed pattern attributed to 
the size dependence of lake metabolism (Perga & Gerdeaux, 2004; 
Post, 2002).

By contrast to δ13C, the δ15N of benthic baselines at lentic sites 
is predicted to be slightly lower than pelagic baselines, a regularly 

observed pattern (Vander Zanden & Rasmussen,  1999) attributed 
to a redox-dependent nitrogen source for primary producers (i.e. 
ammonia in oxygen-limited benthic environments versus nitrates 
in the oxic open water; Cadeau et  al.,  2021). The pelagic/benthic 
differences were less pronounced in lotic systems, consistent with 
typically more homogeneous N sources within a given site in flowing 
waters (Ribot et  al.,  2013). For nitrogen, anthropogenic influence, 
either as human population in the catchment or human development 
index, was significant in both the lentic and lotic models in line with 
expected higher δ15N values associated with potentially greater ag-
ricultural runoff and sewage (Cabana & Rasmussen, 1996; Diebel & 
Zanden, 2009; Vander Zanden et al., 2005), a relationship that was, 
however, clearer for rivers of higher Strahler orders. Such a consis-
tency between known drivers of isotope variability at a large spatial 
scale and the shape of the smoothers within the models provides 
confidence that our models are mechanistically sound.

Baseline predictions were more accurate for δ15N than for δ13C, 
reducing the accuracy of some of the trophic metrics strongly de-
pendent on C isotope baselines when computed from simulated 
baselines. Both the lotic and lentic models failed to simulate the 
extreme baseline values for δ13C. This limitation of the δ13C base-
line predictors may arise first from the lack of functionally relevant 
environmental variables included in the model. For instance, current 

F I G U R E  3  Comparison of population isotope metrics computed from measured or simulated baselines for both lentic (blue) and lotic (red) 
sites, including (a) benthic reliance, (b) unweighted trophic position (TP), and (c) weighted TP. Sample size (n), correlation coefficient (r) and 
p-value of the correlation test are indicated. The dotted line represents the 1:1 line. Also shown are error distributions for benthic reliance 
(d), and both unweighted (e) and weighted TP (f) estimates due to errors in the simulated baselines (purple), errors due to uncertainty in the 
trophic discrimination factor (green) and the sum of both (white).
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global databases for water chemistry lack information on alkalinity 
(Filazzola et al., 2020; Naderian et al., 2024), although the water's 
alkalinity exerts a rather direct effect on the CO2 concentration in 
the water and the δ13C of the total dissolved inorganic carbon (Bade 
et al., 2004). A global database for inland waters' alkalinity does not 
yet exist, but as attempts are underway, we may hope for better ac-
curacy of an updated δ13C baseline model in the near future as this 
and other databases become available.

More generally, previous studies have shown the difficulties in 
obtaining good δ13C estimates for baselines even from empirical 
data. Known temporal variation in short-lived organisms (Cabana & 
Rasmussen, 1996) leads to extreme values (Jardine et al., 2014) that 
do not represent the long-term integrated average baseline values 
that better reflect ecological reality for long-lived predators such 
as adult fishes in a given ecosystem (Post, 2002). Additionally, δ13C 
in benthic organisms can vary considerably within a single site, for 
example, with increasing depth, especially when methane-derived 
carbon, produced in hypoxic patches and depths, can contribute to 
the benthic macroinvertebrate food web (Ayato et al., 2004; Jones 
et  al.,  2008). Not explicitly accounting for distinctively low 13C-
depleted methane-derived benthic endmembers may have limited 
the model's ability to reproduce the lowermost values of the len-
tic baseline δ13C spectrum. Hence, the prediction model for carbon 
tends to underestimate the isotope difference between the pelagic 
and littoral habitats, as compared to the dataset of observed base-
lines, leading to a larger spread of benthic reliance when computed 
from the estimated baselines. However, benthic reliance is a metric 
that is rarely coherent even when computed from observed data, 

and indeed, herein, ~50% of the fish species δ13C values fell outside 
of the site-specific range of the measured baselines. Some outliers in 
the predictions are from sites with the most extreme original base-
lines that the prediction model failed to reproduce, but they repre-
sented <5% of sites. At the population and community scale, the 
use of estimated baselines resulted in a low computation error for 
the trophic metrics that were the least dependent on δ13C baselines, 
that is, trophic position and food chain length. Recomputed trophic 
metrics for trophic diversity and isotopic niches were sensitive to 
extremes, but once capped for unrealistic values, performed well 
when computing metrics from observed baselines. We however 
do not advise resorting to estimated baselines to compare benthic 
reliance or weighted trophic position across sites, as concordance 
varied between cases and species.

Besides, we recommend against using the predicted baseline val-
ues for single-system analysis or comparison at small spatial scales. 
At such limited scales, a high degree of accuracy is needed to en-
sure isotope metrics for the food web are calculated correctly, and 
the use of model-derived baseline values may misrepresent both 
short-term and long-term baselines at the site. In such cases, the key 
lies in matching the baseline value with the life span of the taxon 
of interest using locally measured baselines. For example, studies 
of short-lived nekton or zooplankton could be better served with a 
short-lived seston baseline (Heuvel et al., 2023). Such an approach 
would allow close tracking of the taxon of interest with the spatial 
and temporal variation in the baseline that can vary by season in a 
predictable manner (Woodland et al., 2012), or in systems with epi-
sodic nutrient inputs with variable δ15N values (Jardine et al., 2014; 

F I G U R E  4  Comparison of community-wide isotope-metrics computed from measured (Obs) or simulated (Pred) baselines for both lentic 
(blue) and lotic (red) sites across metrics: (a) food chain length (FCL), (b) mean fish trophic position (TP), (c) centroid distance (CD), (d) mean 
nearest neighbour distance (NND), (e) standard deviation of the nearest neighbour distance (SDNND), (f) total Area of the convex hull 
(TA), (g) standard Ellipse Area (SEA) and (h) corrected standard ellipse Area (SEAc). The dotted line represents the 1:1 line. Sample size (n), 
correlation coefficient (r) and p-value of the correlation test are indicated.
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Matthews & Mazumder, 2005). For local studies of long-lived taxa 
of interest, to avoid mismatches with the baseline, we recommend 
following standard practice by using long-lived primary consumers 
such as molluscs (Post, 2002) or employing repeated baseline sam-
pling prior to collecting the taxon of interest (Jardine et al., 2014) 
and averaging or dynamically modelling baseline values (Woodland 
et al., 2012) rather than estimating them from our models.

With the above limitations in mind, when a high degree of pre-
cision is not required and data are noisy, our baseline predictions 
may hold considerable value. While original baseline measures were 
available for only 221 of the study sites in the ISOFRESH database, 
the modelled baseline values allow us to compute and estimate 
food web trophic metrics (unweighted TP and all community-wide 
metrics) at four times more sites. Our models were effective at sim-
ulating baselines over broad spatial scales. Therefore, the baseline 
estimator expands the geographical scale at which the variability 

of the (unweighted) trophic position of the species of interest can 
be investigated, or at which the food chain length, trophic similar-
ity of fish species or occupied niche space can be quantified. Since 
we demonstrated that these metrics could be accurately recreated 
using the simulated baselines across a large range of ecosystems, 
we foresee that surrogate baselines may unleash the potential of 
stable isotope analyses to test food web theory at a macroecolog-
ical scale.
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F I G U R E  5  Tests of the usefulness of the isotope-metrics computed from simulated baselines at the species- (a), population- (b–d) and 
community-levels (e–g): (a) density distribution of trophic positions (TP) across sites for the nine most represented species in the database, 
computed from observed (blue) and simulated (red) baselines. p-values correspond to the result of the Kolmogorov–Smirnov tests for the 
compared distribution. (b–d) variability of trophic position (TP) for (b) C. carpio, (c) S. trutta and (d) E. lucius across sites, computed from 
observed (blue) and simulated (red) baselines. Sites are ordered according to increasing TP as computed from observed baselines and curves 
are local polynomial regression (LOESS) with standard error, (e–g) inter-sites variability in food chain length (e—FCL), centroid distance 
(f—CD) and standard ellipse area (g—SEA), computed from observed (blue) and simulated (red) baselines. Sites are ordered according to 
increasing FCL, CD and SEA as computed from observed baselines and curves are local polynomial regression (LOESS) with standard error. 
p-values correspond to the results of the Kendall's test of concordance. Results for all nine species and all trophic metrics are reported in 
Table SI-4.
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F I G U R E  6  Simulated C and N stable isotope baselines for 472 lakes and 521 rivers worldwide. Simulated site-specific (a) δ13C and (b) δ15N 
values for pelagic baselines at the primary consumer level. Simulated site-specific (c) δ13C and (d) δ15N values for benthic baselines at the 
primary consumer level. Standard errors associated with site-specific (e) δ13C and (f) δ15N values for baseline estimates.
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