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Abstract Global warming alters snowmelt timing and soil frost cycles, impacting storage-discharge
dynamics of subarctic catchments. Assessing how these changes affect streamflow requires quantifying the
relative contribution of winter versus summer precipitation. While this can be achieved based on oxygen isotope
data (8'®0) in precipitation and streamwater, the full potential of this approach is hindered by short and truncated
time-series. Here we overcome this limitation by combining modeled precipitation 8'®0 time-series with
streamwater 8'0 data from freshwater pearl mussel shells. Based on more than 2,700 shell-derived streamwater
5'80 values reconstructed from four Northern Swedish catchments we estimated contributions of precipitation to
streamflow since 1836. The reconstructed 8'®0 streamwater records, which typically capture summer low-flow
conditions during the growing season of the mussels, showed pronounced differences between catchments. In a
monitored reference catchment, a negative correlation between baseflow and 8'30-derived contributions of
summer precipitation suggests that these differences reflect catchment-specific variations in baseflow during
low-flow conditions. These variations in seasonal precipitation contributions to streamflow were linked to
physiographic catchment characteristics, which also affected long-term summer low flow conditions.
Reconstructions based on bivalve shells therefore provide insights into how landscape features (e.g., catchment
size, soil conductivity, lakes) influence water transit times and delay the release of winter precipitation across
catchments over centuries. With this transferable and scalable approach, isotope data sets can be extended into
pre-instrumental times, supporting adaptive water-resource management in data-scarce regions.

Plain Language Summary In subarctic regions, climate change is causing snow to melt earlier in the
year which shifts the timing of the spring flood. These changes may reduce water availability in summer and
make streams more vulnerable to drought. To assess this risk, it is important to understand how much of the
streamflow comes from winter snow versus summer rain. Oxygen isotopes in precipitation carry seasonal
signals that can be detected in streamwater. However, direct measurements are often short-term and limited to a
few research catchments. We addressed this by combining model-based isotope data with oxygen isotope
records preserved in the shells of long-lived freshwater mussels. By analyzing over 2,700 shell samples from
northern Sweden, we estimated how much summer and winter precipitation contributed to streamflow in four
rivers since 1836. We found that landscapes with lakes and peatlands helped to stabilize flow during dry
summers. This method can be applied worldwide to improve water management, especially in regions without
long-term monitoring data.

1. Introduction

High latitude rivers are very sensitive to climate change. With the climate of subarctic regions warming at a rate
that exceeds the global average (Intergovernmental Panel On Climate Change (IPCC), 2023: CCP6), regional
snowmelt-driven runoff regimes are increasingly affected by changes in freeze-thaw dynamics. These shifts do
not only influence the timing and magnitude of spring floods (Liu et al., 2005; Teutschbein et al., 2015; Zhang
et al., 2001), they also impact surface-groundwater interactions by changing soil conductivity across freeze and
thaw periods (Jutebring Sterte et al., 2018; Laudon et al., 2007). The combination of these shifts in hydrological
processes with changes in precipitation (e.g., seasonal distribution, intensity), ultimately modifies the funda-
mental hydrological catchment functions of water collection, storage, mixing and release.
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Preserving ecosystem services in boreal regions is a pressing challenge. In such landscapes peatbogs are pivotal
for water, nutrient and carbon fluxes (Karimi et al., 2024). For northern Sweden, multiple studies have reported a
tendency toward a wetter climate, associated with increasing streamflow over the twentieth century (Lindstrom &
Bergstrom, 2004; Teutschbein et al., 2022; Wilson et al., 2010). However, projections also suggest that rising air
temperature, increased evapotranspiration, reduced snow cover and earlier, attenuated spring floods may lead to a
decline in seasonal discharge (Arheimer & Lindstrom, 2015). Furthermore, all studies consistently report large
catchment-specific variations as well as strong seasonal differences.

Predicting future changes in streamflow remains challenging, essentially due to the complex interplay of factors
influencing hydrological processes. Bedrock geology (Gabrielli & McDonnell, 2020; Katsuyama et al., 2010;
Pfister et al., 2017), soils (Devito et al., 2017; Karlsen et al., 2016; Ploum et al., 2019), vegetation (Alavi
et al., 2001; Grelle et al., 1997; Laudon et al., 2007), land-use (Merio et al., 2019; Teutschbein et al., 2015, 2018)
and human regulations (Arheimer et al., 2017) significantly affect fundamental hydrological catchment functions.
Therefore, simple (conceptual) water balance models often fail in capturing regional drought or flood dynamics
(Arheimer et al., 2017; Goodbrand et al., 2019; Rouse et al., 1997). Catchment functions are notoriously non-
stationary and non-linear, and little is currently known about the processes that drive this variability (Benettin
et al., 2022; Kirchner, 2006). One of the largest knowledge gaps remains how catchments release water from the
subsurface, which prevents projections into future streamflow behavior (Fan et al., 2019). In catchments located
at higher altitudes and/or latitudes, the catchment water storage capacity and transit times are closely related to
freeze-thaw cycles and freezing depths. The freeze-thaw cycles are expected to change under a warming climate
and thus believed to impact storage-discharge relationships in boreal streams (Ala-Aho et al., 2021; Ploum
et al., 2019; Rouse et al., 1997).

The disruption of the freeze-thaw cycle and the redistribution of the annual streamflow will likely not only affect
spring floods, but also exacerbate drought conditions. Large amounts of precipitation falling in one season may—
if temporarily stored in the catchment—contribute to streamflow in subsequent seasons (Allen et al., 2019).
Despite higher streamflow volumes with increasing precipitation, higher rain-to-snow ratios and an earlier onset
of snowmelt ultimately mean less storage in the catchments in spring and early summer (Teutschbein et al., 2015).
This could be problematic for low-flow conditions in summer, eventually threatening minimal environmental
flows required to support the ecological integrity of the streams. Thus, analyzing the historical seasonal water
budgets and long-term storage-discharge relationships is essential to assess the vulnerability of catchments to
droughts.

To track the variability of the seasonal partitioning of precipitation into streamflow, Allen et al. (2019) introduced
the Seasonal Origin Index (SOI). The SOI relies on seasonal patterns in oxygen isotope values of precipitation
(SISOprecipitaﬁon), particularly pronounced in northern regions where winter (8'%0pyine) and summer
(8" 0pgummer) Signatures exhibit strong contrasts. By comparing the streamwater oxygen isotope composition
(&' 8Ostreamwter) with the corresponding seasonal 8'®0 fingerprint of precipitation, the SOI can be used to quantify
the relative contribution to streamflow of winter versus summer precipitation. The determination of the SOI
requires seasonally resolved records of &'0 in both precipitation and streamwater. However, the scarcity of
historic precipitation and streamwater 8'%0 records (covering more than a decade) limits the potential of isotope-
based approaches. While the Global Network of Isotopes in Precipitation (GNIP) data are spatially limited and
only extend back to the early 1960s for individual sites, recent advances in numerical modeling and machine
learning have improved the ability to estimate precipitation 5'0 values across Europe, dating back to the early
twentieth century (Nelson et al., 2021; Tiirk et al., 2025). To address the limited availability of 8'%0,camwater
records, sclerochronological studies have leveraged the potential of freshwater mollusk shells as natural archives
of past streamwater isotope compositions (Kelemen et al., 2017; Pfister et al., 2018, 2019; Schone et al., 2020;
Versteegh et al., 2010). During their growth, mollusks encode the 5'0 values of the surrounding water in the
mineral fraction (CaCOs;) of their shells. These data can be chronologically attributed by analyzing shell growth
patterns. The rate at which the shells grow is largely controlled by water temperature and food availability and
encoded in the width of growth increments—similar to tree rings.

A global assessment of shell isotope data from freshwater bivalves and snails showed that their 5'0 signatures
can explain 95% in the variation in streamwater 5'*0 (Pfister et al., 2019). For northern Europe, the most
promising 8'®0,,..mwarer archive are the shells of the freshwater pearl mussel, Margaritifera margaritifera. This
species biomineralizes the outer portion of the outer shell layer (0OSL, prismatic ultrastructure, aragonite) close

GEY ET AL.

2 of 20

850807 SUOWIWOD dAIIERID 3|qeoljdde au Aq paueAob a8 91 VO ‘SN J0 S9IN 104 AXeiq1 T 8UIIUO AB]IA UO (SUORIPUOO-PUR-SULBIALIY A8 |IMAlRIq 1[BulU0//SdNY) SUORIPUOD pue SuLe | 8y} 88S *[9202/20/c2] U0 ARIqiTauljuo AB|IM ‘ZUtIN SRUIoN G IGSTRNSBAIUN AQ ZE9THOMMSZ0Z/620T OT/I0p/LI0Y A8 1M Atelqijpul|uo'sqndnBe//sdny Wwouy pepeoumoa ‘2T ‘S20Z ‘€L6.vv6T



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Water Resources Research 10.1029/2025WR041632

N Soil type Land use

3-8
VDL1 ')

NJB

{ ‘q.ﬂLuIeaIven
o8

Stockholm
(9

Soil type
Till
Bare rock
Peat
Glaciofluvial

Coarse soil
Surface water
Other
Land use “

Forest
Wetland
Mountain
Clear-cut area

"

v ‘“‘J

Figure 1. Map showing the extents of the catchments of the primary streams and the bivalve collection sites in northern

Sweden. KRY C16 (red triangle) serves as a reference site with in situ 8'%0,,.,mwater data, while the other locations (VDLI,
NIJB, GTB, GJ) are the shell collection sites. The pie charts illustrate the distribution of soil types and land use categories for
the catchments of the four sampling localities. Digital elevation model of the basemap, watersheds and river network are
based on Lehner et al. (2008). Data available at https://www.hydrosheds.org (last access: 12 February 2025).

to thermodynamic equilibrium with the ambient water, resulting in a high reproducibility of reconstructed water
5'80 values among specimens from the same stream (Gey et al., 2024; Pfister et al., 2018; Schéne et al., 2020).
Particularly in cold streams, Margaritifera margaritifera can reach exceptional lifespans of more than 200 years
(Mutvei & Westermark, 2001). This longevity has enabled uninterrupted, high-resolution, multi-century
8"80, rcamwater TECONStrUCtions from single specimens (Schone et al., 2020).

To answer the pressing questions of long-term responses of streamflow to a changing climate in northern latitude
catchments and related streamflow resilience to climate change, we formulate three complementary hypotheses:

1. A centennial chronology of seasonal origins of streamwater (SOI) can be reliably reconstructed from model-
derived precipitation 8'30 data and sclerochronology-based streamwater 8'%0 time-series.

2. Reconstructed SOI are a robust metric for assessing long-term dynamics in summer low-flow conditions in
boreal landscapes.

3. SOI chronologies are influenced by local physiographic characteristics and serve as a proxy for assessing their
effect on the response of streamflow to changes in the hydrological cycle.

To test these hypotheses, we rely on reconstructed pre-instrumental 8'30 series (a) in precipitation from existing
models based on atmospheric circulation patterns (Nelson et al., 2021; Tiirk et al., 2025) and (b) in streamwater
from 1836 to 2023 CE using 13 Margaritifera margaritifera shells from four catchments in northern Sweden. We
use the reconstructed 5'®0 time-series to derive SOI chronologies representative of the growing season of the
mussel (i.e., June to August) and compare them against a 12-year in situ 8'%0 record from a nearby catchment,
including both precipitation and streamflow data. By estimating the SOI over almost two centuries, we explore
how climate change has affected and may continue to impact catchment hydrology in boreal regions.

2. Material and Methods

2.1. Shell Sampling Locations and Study Sites

In fall 2023, 15 adult freshwater pearl mussels (Margaritifera margaritifera) were collected alive from a third order
tributary (VDL1) of the Vindeldlven in Visterbotten County, northern Sweden (Figure 1; Table 1). This collection
had been authorized by the local county administration (Lansstyrelsen Visterbotten; Permit No. 623-7313-2023).
Three shells were used for isotope analysis, yielding 1,654 &'%0,,,, datapoints, covering the time interval of
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Table 1
Location and Attributes of Margaritifera margaritifera Shells Used in the Present Study
Stream Catchment Elevation Age® Lifespan
Stream ID area (m?) (m a.s.l.) Specimen ID Coordinates (years) (year CE) N
3rd order tributary VDLI1 79.5 ca. 230 2023-VDL1-A5 64°45'00.00”N, 64 1960-2023 497
of Vindelilven® 2023-VDLI-A7 019°00'00.00"E 213 1811-2023 442
2023-VDL1-A12 147 1877-2023 715
Nuortejaur-bicken NJB 38.1 ca. 400 ED-NJB-A2R 65°42'13.22” N, 48 1946-1993 78
ED-NJB-A3R 019°02:31.01" E 24 1970-1993 50
ED-NJB-A4R 27 1967-1993 154
ED-NJB-A6R 22 1972-1993 175
Grundtrisktjirn-bicken GTB 8.9 ca. 90 ED-GTB-AIR 66°02'59.98” N, 51 1943-1993 368
ED-GTB-A2R L2E a2 1 51 1943-1993 315
Gorjeén GJ 215.8 ca. 200 ED-GJ-AIL 66°20'30.77" N, 82 1916-1997 56
ED-GJ-A2R LRSI 80 1918-1997 76
ED-GJ-A3L 123 1875-1997 110
ED-GJ-D5L 181 1819-1999 169

Note. Specimens from NJB, GTB and GJ were previously analyzed by Schone et al. (2020). The suffix in the specimen ID indicates if the bivalve was collected alive (A)
or found dead (D). The N column contains the number of §'%0,,,, measurements obtained from each bivalve. *To protect the population, the tributary of the latest
sampling site VDL is not named, and coordinates are rounded. "Minimum estimated life span, erosion in the umbonal shell portion obscures approx. 10 additional years.

1811-2023. The remaining 12 shells were used for annual growth pattern analysis to establish an accurate age
model via crossdating. To extent the data set, we used previously published shell-based 80, . waer I€-
constructions by Schone et al. (2020) from specimens collected between 1993 and 1999 in Norrbotten County, ca.
300 km north of the VDLI site. This additional data set includes four individuals from Nuortejaurbicken (NJB,
tributary of the Byskeilven), two from Grundtrisktjarnbicken (GTB, tributary of the Raneélven) and four from the
Gorjean River (GJ, tributary of the Luleilven) and is based on 1,551 8'%0,,,;; datapoints, covering the period 1819

to 1998.

Isotope data from the experimental Krycklan Catchment Study (KCS), a facility known for its extensive research
on boreal systems (Laudon et al., 2021) and another tributary of the Vindelédlven located about 70 km downstream
from VDL1, was used as a reference in this study. Here, we use a subset of sub-monthly in situ precipitation and
streamwater 8'%0 measurements spanning from January 2011 to December 2023 (20162022 for sub-monthly
measurements in precipitation). Sampling was typically conducted two to four times per week, depending on
precipitation events and logistical constraints (due to extremely cold temperatures in winter). These data are
openly available for catchment 16 (KRY C16) in the data catalog of the Swedish Infrastructure for Ecosystem
Science (SITES) (available at https://data.fieldsites.se/portal/; last access: 15 June 2024). Although the catchment
is currently not hosting any known freshwater pearl mussels, it still provides a valuable reference for the isotope
composition of precipitation and streamflow in the region and serves as a benchmark for the reconstructed SOI
time-series using shell-derived 880, amwater chronologies. In addition to the SOI, streamflow metrics were also
calculated at KRY C16 to assess and establish relationships between the seasonal composition of streamwater and
the streamflow response at the catchment scale.

2.2. Catchment Characteristics

The freshwater pearl mussels stem from four catchments of different sizes: GTB (8.9 km?), NJB (38.1 km?),
VDLI1 (79.5 km?) and GJ (215.8 km?), all underlain by orthogneiss and granodiorite bedrock. Despite their
varying sizes, these catchments share characteristics representative of the boreal landscape (Figure 1). All are
predominantly forested, with a significant presence of unsorted till (glacial debris) soils, peat soils and open water
bodies. Till soils dominate across all sites, covering about 55% in GTB, VDL1 and GJ, and 66% in NJB. Peat soils
are most extensive in GJ (29%) and VDL1 (25%), and somewhat lower in NJB (17%) and GTB (15%). Open water
varies considerably, with GTB having the highest proportion (20%), followed by VDL1 and NJB (10%), while GJ
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has only 5%. Forest cover is relatively consistent (56%—67%): GTB and GJ are dominated by mixed birch forest,
whereas NJB and VDL1 are primarily coniferous.

The Krycklan reference catchment 16 (KRY C16) has a similar overall land use cover, with 52% till and 11% peat
soils. It contains very little open water (<1%) but has the highest forest coverage, predominantly coniferous. All
catchments, including the reference and the mussel sampling sites, are free from urban areas and significant
agricultural land.

2.3. Base Flow Calculations at the Reference Site for Proof-of-Concept

Baseflow is a common metric used to assess groundwater contributions to total streamflow in gauged catchments.
Here, we use it at the KRY C16 reference site to demonstrate links between the baseflow and the seasonal origin
of streamflow, as a proof-of-concept for the interpretation of historic shell-based SOI signals. Streamflow data
was also obtained from the data catalog of the Swedish Infrastructure for Ecosystem Science (SITES) (available
at https://data.fieldsites.se/portal/; last access: 15 June 2024). It was available at daily resolution for the years
2016-2022, but with interruptions in the winter period due to ice cover. The baseflow is obtained through
hydrograph separation, which provides information on recent precipitation inputs and slow releases of water
stored in the catchment, or fast and slow components of the streamflow response. Note that the origins of
streamflow and the speed of streamflow processes are different concepts and depend on the methods used to
perform the hydrograph separation (e.g., tracer-based vs. graphically-based). In this study, we used the Lyne and
Hollick (1979) filter, a recursive digital filter for signal analysis (Nathan & McMahon, 1990), as used in Ladson
et al. (2013). The latter proposed a standard procedure to obtain reproducible base flow estimates. The underlying
equation can be written as follows:

@ Q=1+ 200 - Q= 1), Q0> 0
0, 0,0H<0

01 = )]

where Q(7) is the streamflow at a time step ¢ - here the daily specific discharge, Q(z—1) is the streamflow at the
previous time step, Q4(7) is the fast flow component of the total streamflow applying the filter, and Q(#-1) is the
fast flow component at the previous time step. The parameter a defines the degree of separation between low and
high frequency signals and thus the shape of the base flow line. By filtering out the high-frequency spectrum of
the hydrograph, this method merely approximates the slower contributions of groundwater to streamflow. Still,
the filter is a good first approach, especially in combination with tracer data, and has already been used in this
regard for the Krycklan catchment in previous studies (Teutschbein et al., 2015).

With the estimate of the fast flow component, the base flow Q,(¢) at time step ¢ can be defined as:
0,(t) = Q(t) — Q(1) @)

For the reproducibility of the results following Ladson et al. (2013), only sequences of continuous non-missing
streamflow values were considered. This was particularly relevant for KRY C16, containing missing values
during the winter period. A threshold of 100 consecutive observations was set for the selection of the sequences.
The 90 first and 90 last observations were reflected as “warm-up” intervals at the beginning of these sequences.
These values were included in the calculations but excluded from the results to avoid boundary-condition issues.
Three passes of the filter were applied to the streamflow time-series, following a forward, backward and forward
order, with the o parameter set to 0.98.

The base flow index (BFI) at a time step 7 is simply defined as the ratio of base flow to the total flow:

0,(®)

BFI(f) = o0

3)

Over the entire time-series (including all periods when data was available), the BFI is defined as the sum of all
base flow divided by the sum of all total flow:
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2.4. The Seasonal Origin Index (SOI)

The SOI quantifies the relative contribution of different seasonal precipitation sources to streamwater on a scale
from —1 to +1 (Allen et al., 2019). An SOI value of —1 would indicate that 100% of the streamflow at the time of
measurement consists of winter precipitation, while an SOI value of +1 indicates that 100% consists of summer
precipitation. Values between —1 and +1 represent mixtures of these seasonal endmembers. The calculation of
the SOI requires the following input variables: dp as the mean annual SISOpmipnmion;
seasonal inputs of 61801,,“@.&&0n and 8, as the 8"80, rcamwater At the time of sampling.

6Psumm(-:r and 6Pwinter as

6o — O
L’if 8 >
5Psummer - 5P

SOI = (5)

%0=% s, <

— i
5P - 5Pwinter Q ’

To calculate the SOI, 8"80,,camuwater data can directly be used in Equation 5 to produce SOI time-series reflecting
seasonal changes of the streamwater origin. Alternatively, the mean of all 8"0,,mwater Values can be used to
assess overall contributions of winter and summer precipitation to streamwater. In this study, shell-based
8"80, reamwater Values reflect streamwater conditions during the growing season of the bivalves (typically June

to August), that is, primarily under summer baseflow conditions.

The amplitude of seasonal 6180precipmi0n is defined as the range between the maximum (Spgymmer) ad minimum

(Opwinter) Of the sine wave curve fitted to the 3'%0 values. For this purpose, a non-linear least square

precipitation
fitting algorithm was used in R utilizing the nls() function from the stats package, using a moving window al-
gorithm on the 8'%0
moving window sine wave fitting algorithm are referred to as 8p, 8, Spsymmer aNd Opyinee;» While original isotope

18 18
data are referred to as & “Op,ecipitation a1 8" Ogreamwater-

brecipitation [0 €stimate the isotope amplitude over time. For clarity, 8'%0 derived from the

To account for the interannual variability in the seasonal precipitation input signal from 1881 to 2023, we opted
for a window size of 60 months, with time steps of 12 months. These windows run from June to June, aligning
with the start of shell growth. With mean annual transit times in the Krycklan found to vary from 0.8 to 2.7 years
and going up to 7.7 years in winter (Jutebring Sterte et al., 2021), these 5-year windows were meant to reflect the
integrative nature of groundwater feeding the streams.

In the Krycklan reference catchment KRY C16, only 7 years of isotope measurements were available, making it
unsuitable for the aforementioned protocol. Instead, a moving window algorithm with increasing window size and
monthly time steps was selected for this case. The starting window size was first set to 24 months for the first
years of the Slgopmipmm time-series and then increased by 12 months each time the number of observations
permitted it. With this method, each &"0,.mwater Value could be connected to the range and amplitude of the
available precedent years of 6180precipimion records.

2.5. Precipitation Oxygen Isotope Data (5180precipnauon)

Two complementary approaches were used to model 8'0 in precipitation at the bivalve sampling sites. The Piso.
Al model by Nelson et al. (2021) uses a machine learning framework to predict monthly &'%0 in precipitation. It
ranks the influence of several meteorological parameters on filgol,redpitmion and has been calibrated against ob-
servations from the GNIP network, achieving an accuracy of RMSE of 1.7 %o. The model is available online as a
gridded data set (0.5°) covering Europe with monthly resolution from 1951 onward (available at https://isotope.bo
t.unibas.ch/PisoAl/; last access: 13 February 2025). The empirical model by Tiirk et al. (2025) was used to es-
timate 6180precipitation based on location, temperature and atmospheric circulation patterns. Although its perfor-
mance is slightly lower than that of Piso.AI (RMSE = 2.3 %), its minimal input requirements allowed 5'0
reconstructions back to 1881. Air temperature data was obtained from the Jokkmokk meteorological station (ECA
station code: 1429; 66.63°N, 19.64°E, 254 m a.s.1.), accessed via the KNMI Climate Explorer (available at https://

climexp.knmi.nl; last access: 13 February 2025). For the oldest shell-based 8'%0,.mwater PFOXY records, which
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extend beyond 1881, we assumed invariant 6180pmipimim seasonality, using mean 8p, Spgymmer a1 Opyinter Values
from the 1950—2000 reference interval, based on combined empirical and Piso.Al model data to calculate
the SOL

2.6. Bivalve-Based Reconstruction of Streamwater Oxygen Isotopes (8¢)
2.6.1. Shell Preparation

To obtain 6Q data from mussels, shells were prepared using established sclerochronological methods, consistent
with those employed by Schone et al. (2020). The preparation process included evisceration of the animals,
covering the shells with a protective layer of epoxy resin and obtaining two mirroring cross-sections of 2 and
3 mm thickness. These thick-sections were ground and polished with a series of abrasive SiC and Al,O; powders
with decreasing grain size (SiC: F800 and F1200 grit; Al,O5: 1 pm). The 2 mm section was used for shell growth
pattern analysis enabling precise temporal alignment of isotope data. The 3 mm slab was used for micromilling
powder samples for isotope measurements.

2.6.2. Isotope Analysis

Aragonite powder samples were obtained by milling the oOSL of the 3 mm shell section with a Rexim Minimo
drill attached to a stereomicroscope. The sampling protocol is reported in detail in Schone et al. (2020) and
illustrated in the supplementary information of Gey et al. (2024). Oxygen isotope analysis of the carbonate
powder was conducted using a Thermo Fisher Scientific MAT 253 isotope ratio mass spectrometer coupled to a
GasBench II and operated in continuous flow mode. Samples of 50-120 pg were dissolved in anhydrous phos-
phoric acid at 72°C in He-flushed exetainers and the resulting CO, was analyzed for 8'30 values. A two-point
calibration was performed using Carrara marble (880 = 1.91%0) and NBS-18 (5'80 = —23.20%) as refer-
ence materials. IAEA 603 was used for quality control (8'%0 = —2.37%o). Results are reported in 8-notation
relative to the Vienna Pee Dee Belemnite (VPDB) with an analytical precision of 0.05%.. The 8'®0y,. values
were not adjusted for differences in acid fractionation factors of aragonite (samples) and calcite (standards),
because the empirical paleothermometry equation by Grossman and Ku (1986) used to derive 8'0,,camuaer from
8'80,,,.; data (see next section) was also based on uncorrected isotope data.

2.6.3. Resolving the Thermodynamic Relationship Between Shell and Streamwater §'50

To derive 61805treamwater data from SISOSheH values, we used the empirical equation by Grossman and Ku (1986),
as described in Schone et al. (2020) incorporating the VPDB-VSMOW scale correction by Gonfiantini
et al. (1995).

19.43 — 4.34 x 680gy — T
1) lgostreamwater = 3 Zhell streamwater ©)

Water temperature (T eamwater) Was linearly interpolated from air temperature, following the method presented in
Schone et al. (2020). Near-surface air temperature time-series for the period 1950—2023 were obtained from the
ERAS reanalysis data set, provided by the European Centre for Medium-Range Weather Forecasts (ECMWF) as
part of the Copernicus Climate Change Service (C3S). For data prior to 1950, we used the NOAA-CIRES-DOE
Twentieth Century Reanalysis Version 3 (20CRv3). Both data sets were accessed through the Royal Netherlands
Meteorological Institute (KNMI) Climate Explorer (available at https://climexp.knmi.nl/; last access:
15 May 2024). An accurate age model to determine the precise timestamp for each isotope sample is thus
necessary for selecting the correct temperature (i.e., during periods of shell growth exclusively) and solving
Equation 6 (see description below).

2.6.4. Shell Growth Model and Temporal Alignment of Isotope Data

In northern Sweden, annual growth models of freshwater pearl mussels can be constructed with high accuracy due
to clearly visible winter lines resulting from pronounced seasonal shifts between warm summers (periods of fast
shell growth) and cold winters (minimal to no shell growth). To enhance the visibility of these annual growth
lines, the 2 mm shell slabs were immersed in Mutvei's solution at 38°C for 20 min (Schone et al., 2005). The
stained slabs were photographed under an Olympus SZX16 stereomicroscope with sectoral (one quarter)
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darkfield illumination, using a Canon EOS RP camera. The widths of the annual increments were measured from
one winter line to the next, parallel to the longest axis of the prisms, as described by Dunca et al. (2005). To
enhance the accuracy of the isotope time-series for the VDLI1 catchment, we performed cross-dating on all 15
VDL shell specimens, using the R-based tool RingdateR (Reynolds et al., 2021). This resulted in a robust annual
age model with an Expressed Population Signal (EPS) of 0.87. However, errors can occur in shells of old-grown
bivalves because annual increment widths decrease exponentially with ontogenetic age. In the studied streams of
northern Sweden, these widths can exceed 800 pm during the first years of life, but narrow to less than 10 pm in
old individuals, which can lead to time-averaging and temporal misalignment. To address this issue, 8'% 0,
values of VDL1-A7 after 1960 and of GJ-A3L were excluded from further analysis.

Although this study uses one 8'0,;...waier Value per annual growth increment representing the growing season,
this value is derived from several sub-seasonal measurements. Therefore, a higher-resolution growth model is
necessary to resolve individual shell isotope samples at shorter intervals, because sub-seasonal water temperature
variations are key to accurately solve Equation 6. The VDL1 oxygen isotope data were temporally aligned using
the monthly growth model of Gey et al. (2023, 2024). Previously published 8"*0eamwater
et al. (2020) from NJB, GTB and GJ have not been modified. They were aligned using a different growth curve
established by Dunca et al. (2005). According to both models, more than 70% of the annual increment forms
between June and August. The main difference is that the model by Dunca et al. (2005) assumes that the timing
and rate of seasonal growth remained nearly unchanged throughout the lifetime of a specimen, while the model by

time-series by Schone

Gey et al. (2023, 2024) dynamically predicts the growing season dependent on the water temperature in the
respective year. For an average year at the VDL1 site, 23% of the annual increment forms in June, 52% in July and
25% in August. In warmer years, when the monthly average temperature exceeds 9°C, growth can already begin
in May and extend into September. As a result, Dunca et al. (2005) predicted a longer growing season that starts at
temperatures above 5°C, while Gey et al. (2023, 2024) suggested that growth was limited to temperatures
above 9°C.

3. Results
3.1. SOI and Its Relationship to Streamflow and BFI at the Reference Catchment (Proof-of-Concept)

At the reference site of the Krycklan catchment, the annual median 5'%0 ranged from —13.7%o to

recipitation
—13.2%0 during the observation period (January 2016-September 2023). Wep fotll)nd a distinct seasonal pattern in
SISOprecipimim, with higher values in summer (JJA: —10.0%0 to —9.4%0) and lower values in winter
(DJF: —17.6%0 to —16.8%o, Figure 2¢). The annual median 880, wacer Varied less, ranging from —13.5%o (in
2022) to —13.0%0 (in 2016). The amplitude in 8'°O,yeqmuyarer Was damped relative t0 8'*Oprecipiraions With an
interquartile range (IQR) of 0.6%o for streamwater and 6.8%o for precipitation. Occasional shifts toward more

negative values (minimum —15.0%0) were observed in the streamwater during the spring snowmelt.

The streamflow behavior was clearly seasonal and dominated by snowmelt. The lowest specific discharge values
occurred in winter (DJF: mean 29.5 mm), which were followed by high values in spring (MAM: mean 126.0 mm)
with large peak flow events, characteristic of the subarctic regions (Figures 2a and 2b). Mean specific discharge
values were also slightly higher in fall (SON: 55.1 mm) than in summer (JJA: 47.8 mm). In the reference KRY
C16 catchment, the seasonal differences of the specific discharge based on direct hydrometric measurements were
however less pronounced. Note that the discontinuities in the discharge measurements in KRY C16 due to snow
cover in the winter reduced the sample size, especially in DJF. Specific discharge values laid around the median of
0.95 mm day~" and baseflow values around the median of 0.34 mm day™', resulting in a median of daily BFI
of 41%.

The SOI ranged from —0.38 to +0.39, with a median value of 0.06. Beginning in late spring (April-May) the SOI
remained predominantly negative (median: —0.06) before becoming systematically positive in summer (0.15) and
fall (0.16; Figure 3). This shift of the SOI values coincided with the strong seasonal variation in discharge. SOI
values were significantly correlated to daily discharge and corresponding BFI (Figure 4). However large inter-
annual and intraseasonal differences were observed, particularly in April, May and July (Figure 3). Moderate
correlations of the SOI with the BFI values were found for all seasons, positive in spring (Pearson's r = 0.58,
p <0.01) and negative in summer (r = —0.53, p < 0.01) and fall (r = —0.48, p < 0.01). The relationship of specific
discharge and SOI values was even stronger in spring (r = —0.68, p < 0.01), but weaker in summer (r = 0.32,
p = 0.06) and non-significant in fall.
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Figure 2. (a) Daily observations of precipitation (dark blue columns) and streamflow (black lines) at the KRY C16 reference
site. Baseflow lines (dark blue lines) are also shown. Discontinuities indicate periods with lack of records due to ice cover.
The main growth season (JJA) is indicated in light blue shading. (b) Streamflow and baseflow on a log-scale. (c) Sub-
monthly 8'%0 observations in streamflow (colored circles) and derived metrics in precipitation (8p, solid line; 8p,,mer UPPEL
dashed line; p,,iner» lower dashed line), obtained with a sine wave fitting algorithm. The SOI was calculated for

8"80 reamiiow Observations and the signs colored accordingly.

3.2. Model-Derived Precipitation Oxygen Isotope Data (8p, Spsummers OpPwinter)

Both SISOprecipnmon models agreed well with the monitoring data at the reference site KRY C16 during the
overlapping time interval (January 2014-December 2020), with strong correlations for the monthly averages with
the empirical model of Tiirk et al. (2025) (Pearson's » = 0.82, p < 0.001) and Piso.Al (Nelson et al., 2021)
(r = 0.88, p < 0.001). For the bivalve sampling sites, Slgopmipitaﬁon estimates (based on the empirical model)
were similar for all four catchments (Figure 5a, Figure S1 in Supporting Information S1). Median &, values
ranged from —13.1%o (GJ/NJB) and —12.8%0 (VDL1), which lies within the model error of £0.3%.. Notably, for
values is reduced to £0.3%o when
applying a sine wave curve fitting over a 5-year moving window (60 monthly observations). Median Spg,mmer
varied between —9.5 %o (GJ/NJB) and —9.2%0 (VDL1) and 8p, ;. between —16.6%c (NJB) and —16.3%o
(VDL1). In all four locations, IQR of 8p and Spg,mmer Were narrow and ranged between 0.2 and 0.4%o and IQR of
Spwinter Were slightly broader and fluctuated between 0.7 and 0.8%eo.

Sp (analog for Spgymmers Opwinter) the error of £2.3%o for monthly 618Oprecipitaﬁon

In contrast, Piso.Al-based dp values differed between the four catchments (Figure 5a, Figure S1 in Supporting
Information S1). Still, median 8, was close to the empirical model outputs, with values between —13.2%o
(GJ, GTB) and —13.0%0 (VDL1). This range lies within the adapted model error of £0.2%0, which is reduced
from the original +1.7%o for individual monthly Slsoprecipimon values using the same 5-year moving window
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Figure 3. Left: Seasonal Origin Index (SOI) from January 2016 to September 2022 based on 5'%0,.,.aier and
Slsoprecipilalion data from the KRY C16 reference site, with bubble size representing specific discharge rates (daily, on the day
of the grab samples in the stream) and color indicating the season. Summer (JJA) is the main shell-growing season of the
freshwater mussel shells. Due to a lack of observations, the winter period was excluded. Right: Boxplots of SOI values
regrouped by month, illustrating the seasonal variation of the SOI over the observation period.

procedure applied in the empirical model. Looking at the interannual variation of the seasonal signal, Spg,mmer a02d
Spwinter Values exhibited a larger variation than the empirical model, that is, —10.7%0 (NJB) to —10.1%0 (GJ,
GTB) in summer and —16.2%o (GJ, GTB) to —15.4%¢ (NJB) in winter. According to Piso.Al, the seasonal
amplitude of 61801,mipim0n was smaller at NJB and VDL1 than at GJ and GTB (Figure S1 in Supporting In-
formation S1). The IQR of 8p and Spgymmer Varied between 0.2 and 0.6%o0 and IQR of &p,in.r between 0.9
and 1.3%o.

During the overlapping period from 1950 to 2018, the RMSE of §p estimated with the two models ranged between
0.4%o0 (NJB, VDL1) and 0.5%0 (GJ, GTB). Model estimate differences of seasonal signals were more pronounced,
with higher estimated empirical model dpg,mer (RMSE between 0.8%o, GJ and 1.3%o0, NJB) and lower Sp.iner
(RMSE between 1.0%o [GJ, GTB] and 1.4%o [NJB, VDL1]). In general, differences were more pronounced for
NJB and VDL than for GJ and GTB. The main reason for these differences lies in the empirical model showing
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Figure 4. Scatterplots of the relationship between the SOI and the BFI (a) and the specific discharge (b) in the KRY-C16
reference site. Symbol color and shape indicate the season: spring (MAM), summer (JJA) and fall (SON). Regression lines
show opposing trends in the MAM and in the JJA season.
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Figure 5. Left: Precipitation isotope signals (8p, Spgummer Opwinter) ODtained with monthly SISOPTecipmion from the empirical
model plotted against estimations with Piso.Al, colored after the locality. The precipitation isotope signals were obtained
with the 5-year moving sine wave fitting algorithm. The density plots on both sides of the plot represent the distribution of
shell-derived 8'80,.,mwaier in all four localities (represented by colors). Right: boxplots of shell-derived 880 for
individual bivalve specimens collected at the four sites.

streamwater

more consistent variation of isotope amplitudes at all sites, while Piso.Al estimates had smaller amplitudes, with a
sudden shift in the 2000s, particularly for Spyiner (Figure S1 in Supporting Information S1). Only weak to
moderate correlations were found between estimates from the two precipitation isotope models. These differences
were negative for 8p and Sp,,in, (Pearson's r = —0.45-—0.37, p < 0.002, not significant for VDL1) and positive
for Spgummer (7 = 0.25-0.35, p < 0.041). Model estimate divergences thus seem to be more pronounced in summer.
Relatively small differences of the model estimates (RMSE of less than 1.4%o, but low correlation strengths) also
indicate that the models might not react to the same drivers. This led to phases where the model estimates are
offset (see Figure S1 in Supporting Information S1).

3.3. Shell-Based Streamwater Oxygen Isotope Data (8,)

Prior to the conversion of shell 8'%0 values to §'%0 the raw 8'®0,;, measurements ranged from

streamwater?
—15.5 to —7.7%o. Significant differences were found between the catchments for the overlapping time interval of
1943-1993 (Kruskal-Wallis test, p < 0.001), with median SISOSheH values for VDL1 of —10.6%0 (IQR = 0.7%o),
NJB of —9.8%0 (IQR = 0.6%0) and GTB of —9.6%o (IQR = 0.7%o). In contrast, GJ exhibited a distinctly lower
5'80,;,.; median of —11.5%o and a narrower IQR of 0.5%c. Median 8'%0,,,, values among bivalve specimens

from the same sampling locality showed minimal variation, with maximum differences below 0.2%o.

Comparing annually resolved 5'0y,,, time-series, varying correlation strengths were detected between isotope
signals from specimens from the same sampling site. At VDL1, a moderate correlation was observed between
shells AS and A12 (r =0.72, p < 0.001), but no significant correlations with the other specimens for specimen A7.
This aligns with findings by Schone et al. (2020) for the sites GTB, NJB and GJ, reporting generally moderate to
strong correlations between shells from the same stream, with weak or no significant correlations for only some
specimens.

Reconstructed 880, ey mwater Values ranged from —11.0 to —15.0%o. Inter-catchment differences in 8"0,,eomuwater
mirrored those observed for 8'%0,;,.;,. Median 8'%0, . omwater it VDLI (—12.5%o0, IQR = 0.7%o), NIB (—12.5%o,
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Table 2
Median Seasonal Origin Index (SOI) With the Interquartile Range (IQR) Derived From Modeled 5P and Shell-Derived 6Q
for Each Sampling Site

SOI (IQR)

Model comparison

Stream ID Full record Overlap (1946-1993) Empirical Piso.Ai

VDL1 —0.05 (0.24) —0.05 (0.24) —0.06 (0.19) +0.00 (0.26)
NJB +0.19 (0.20) +0.19 (0.20) +0.17 (0.14) +0.21 (0.31)
GTB +0.26 (0.22) +0.27 (0.21) +0.20 (0.16) +0.32 (0.22)
GJ —0.31 (0.24) —0.33 (0.25) —0.31 (0.24) —0.36 (0.24)

Note. SOl over the full record is prior to 1951 based on 8 values from the empirical model of Tiirk et al. (2025) and after 1951
based on the average &, from both the empirical model and Piso.Al The period of overlap, where SOI data are available for
all shell sampling sites, covers the years 1946—1993. Model comparison is based on the full timespan covered by the shells
after 1951, where both 5, models are available.

IQR = 0.5%0) and GTB (—12.3%0, IQR = 0.6%0) differed little, while GJ exhibited notably lower values
(=14.1%0, IQR = 0.5%0) (Figure 5, Figure S1 in Supporting Information S1). The 8'®0eamwater chronologies
from GTB, GJ and NJB were moderately correlated (r = 0.59-0.61, p < 0.05), while VDL1 showed no significant
correlations with the other sites. The use of different seasonal growth models for 880, water FECONStructions in
VDLI showed that the Dunca et al. (2005) model predicts average annual 8"%0,,mwater 0-6%0 higher than the
Gey et al. (2023, 2024) model.

3.4. Reconstructed SOI Chronologies

We found marked differences in the SOI among the four streams (Kruskal-Wallis test; p < 0.001) (Table 2;
Figure 6), with median values ranging from —0.36 (GJ, Piso.Al) to +0.32 (GTB, Piso.Al) between 1890 and
2020. The SOI in GJ and VDLI1 was persistently negative (except for SOI based on A7 shell in VDL1) and
persistently positive in NJB and GTB. Median SOI (averaging SOI obtained with the empirical model and Piso.Al
after 1950) were high in both GTB (4+0.27, IQR = 0.18) and NJB (+0.2, IQR = 0.25). In VDL1, SOI were close to
the null line, with a median of —0.05 (IQR = 0.18) and SOI were clearly negative in GJ, with a median of —0.30
(IQR = 0.18).

The RMSE between the SOI obtained using the empirical model and Piso.Al for SISOPrecipitaﬁon estimations at the
four locations ranged between 0.09 (GJ) and 0.14 (NJB, VDL1). Although the overall SOI based on the empirical
model was 0.04 higher than that from Piso.Al, its range was narrower (IQR = 0.39, empirical model; IQR = 0.51,
Piso.Al). Correlations between the SOI obtained with the two models were high for all catchments ( = 0.76-0.93,
p <0.001). Unlike the 8'®0,,amuwaer» Strongly correlated with the SOI (r = 0.95, p < 0.001), variables derived from
SISOPrECipnmon (Op, Opsummer Opwiner) Showed very weak or no significant correlations with the SOL. On the
temporal scale, mean 8p, Spgymmer Ad Opyinier fOI the reference period (1950-2000) instead of varying values for
the SOI calculations resulted in a RMSE of 0.06, with a strong correlation between the signals (r=0.97, p < 0.001).
This allowed an extension of the reconstructions beyond 1882, when the empirical model-based SISOprecipimmn
end, up to 1836, where the oldest shell-derived &'20,umwater Originated from (shell VDL1-A7, Figure 6).

Analysis of the SOI time-series revealed a decreasing trend in GJ from ca. 1880 to 1980, followed by a pronounced
shift to higher values until the end of the record in 1999. Similarly, the SOI at NJB followed a positive trend after
1980. In contrast, GTB and VDL1 showed no significant long-term tendencies (Figure 6). Shell-based SOI in GJ
exhibited significant correlations ranging from moderate to strong (» = 0.48-0.82, p < 0.003), with shell A3 having
the weakest correlations among them. In GTB, shells A1 and A2 exhibited a moderate correlation (r = 0.45,
p=0.002). NJB demonstrated the highest consistency, with all four shells being strongly correlated (r = 0.75-0.98,
p <0.001), with shell A4 having the weakest relationship with other shell SOIL. In VDL1, only SOI from the shells
A5 and A12 were significantly correlated (r = 0.76, p < 0.001), A7 deviated significantly from the two others.
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Figure 6. Time-series of the shell-based SOI (a) from 1836 to 2022 for long-lived shells in GJ and VDL and (b) in all
catchments from 1950 to 2000. The lines represent running means calculated using 3-year windows with standard deviations
given as shadings. Before 1950, the solid lines are based on the empirical model only. After 1950, they are the average of the
empirical model and Piso.Al outputs. The dashed lines are SOI reconstructions assuming constant SISOpmiphaﬁon from the
reference period 1950-2000.
4. Discussion
4.1. Reliability of Centennial Shell-Based SOI Reconstructions
In this paper, we show that centennial chronologies of seasonal origins in streamwater (SOI) can be reconstructed
utilizing shell-based streamwater 5'®0 time-series. The oldest SOI records reconstructed here go back to the year
1836 for two locations, while other multi-decadal time-series were obtained for four locations in northern
Sweden. Before moving to the interpretation of long-term SOI signals, it is important to understand the robustness
and the sensitivity of these reconstructions. Through this rigorous uncertainty assessment, we conclude that
centennial SOI chronologies can be reliably reconstructed from model-derived precipitation 5'%0 data and
sclerochronology-based streamwater 8'%0, thus verifying our first hypothesis.
4.1.1. Robustness of Shell-Derived 8"%0,;, c.mwater
The robustness of reconstructing stream water oxygen isotopes from bivalve shells depends on three key factors:
(a) oxygen near-equilibrium biomineralization in the selected species and shell portion with the ambient water, (b)
accurately estimating the water temperature to apply the thermodynamic relationship between s“‘oshe" and
8"80, \reamwater a0d (¢) developing a precise age model to contextualize each powder sample in time and ensure
correct temperature attribution during shell formation.
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Biomineralization near oxygen isotope equilibrium with ambient water has been confirmed for Margaritifera
margaritifera in multiple studies (Gey et al., 2024; Schone et al., 2020). In tank experiments under controlled,
constant temperature conditions, the study by Gey et al. (2024) quantified a 0.5%. deviation from the shell-
derived median values and the in situ water oxygen isotope data. This uncertainty is significantly smaller than
those of precipitation isotope models (e.g., PISO.ai RMSE = 1.7%o; Tiirk et al., 2025 RMSE = 2.3%o).

Field reconstructions also bring uncertainty from estimating water temperature at the time of shell formation to
solve the thermodynamic relationship between 8'%0,.; and 8'®0,,eamwaier- The transfer functions that leverage
the strong correlation between air and water temperatures are oblivious of the great heterogeneity characterizing
the streams. For instance, varying groundwater contributions can impact the temperature relationship (Ander-
son, 2005). Regional calibrated air to water temperature transfer functions may not provide equally accurate
approximations for all streams, or even shells in different stream sections. This calls for a close inspection of the
magnitude of temperature effects on reconstructed 8'80,amuwater- USing the thermodynamic relationship between
8'80,,; and 8'%0,, ., given in Equation 6, temperature change of about 2°C would result in an isotope difference
of about 0.5 %o in the shell-based 8'°0
that range, which calls for a cautious interpretation of the temporal variation in 8'80,.,water Signals and derived
SOI chronologies. However, an isotope difference of 1.9 %o between the shell-based 8'%0,camwaier Ie-
constructions, as seen for example, between GTB and GJ, would imply a contrast of 8°C between the streams to
be a temperature-induced artifact. Given that the catchments are only 80 km from each other and have similar

streamwater F€CONstructions. IQR in all four locations were roughly within

elevation spans (ca. 90-200 m a.s.l.), such a large temperature difference cannot plausibly explain this

18
6 Ostreamwater
within the uncertainty range caused by inaccuracies in water temperature estimates.

variation. Only the small difference in 5'%0 reconstructions between NJB and GTB falls

streamwater

Lastly, uncertainty arises from the use of different seasonal growth models. Although the two used growth models
predict a similar main growing season between June and August, the Dunca et al. (2005) model systematically
results in annual 830, mwaer Values that are approximately 0.6%o higher compared to those derived with the
Gey et al. (2023, 2024) model. The temperature-based model by Gey et al. dynamically adapts to annual tem-
perature variations, providing greater precision. However, while tank experiments confirm a very strong corre-
lation between growth and temperature (r = 0.99; p = 0.011; Gey et al., 2023), natural growth conditions are also
affected by factors such as food availability (Mutvei et al., 1996; Schone et al., 2004) and pH (Ninokawa &
Ries, 2022). Accordingly, the daily increment-counting approach by Dunca et al. may offer a more realistic
estimate of subannual growth by reflecting the combined influence of all growth determinants. However, its static
nature, relying on specific years to extrapolate for all years, limits its adaptability. Additionally, the model as-
sumes similar regional growth conditions, even though pH and food availability can vary significantly between
streams, potentially diminishing its advantage over the temperature-based model. As a result, the accuracy of each
model may vary depending on the environmental conditions of a given year, making them individually better
suited for different contexts.

4.1.2. Sensitivity of SOI Reconstructions

The reconstructed SOI chronologies (Figure 6) revealed distinct patterns including (a) deviations over certain

periods depending on the 8'*0 model, (b) co-variance of SOI signals derived from different shells at the

precipitation
same locality attributed to overarching hydrological signals and (c) punctual divergences of SOI chronologies
from individual shells from the predominant signal, either biogenically driven or by different microenvironmental
conditions experienced by the mussels. To disentangle hydrologic signals from other patterns, resolving these

uncertainties is critical.

Calculation of the SOI (Equation 5) is sensitive to 3'%0
(Bpsummer—Op OT dp—0Opyineer» depending on 8g) can introduce significant fluctuations in SOI values, particularly

precipitation 1NPULS, as small variations in the denominator
when Spgymmer O Opwinter aPProaches dp. The large seasonal contrast of SISOWdPitmOn in the studied region is
therefore of advantage for the robustness of the SOI. However, differences in model derived metrics, particularly
the seasonal isotope signals (Spsummers Opwinter)> 1€ad to noticeable variations in the SOI. While the empirical
model shows a more consistent variation of isotope amplitudes at all sites, Piso.Al exhibits a narrower amplitude,
with a sudden shift in the 2000s (Figure S1 in Supporting Information S1). Consequently, uncertainties in 3, (as
discussed in Section 4.1) have a tendentially larger effect on the SOI based on the Piso.Al model, especially
before the year 2000, because the amplitude is smaller.
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Determining which model performs more reliably under these circumstances remains challenging. Piso.Al, which
incorporates a broader set of input variables, may better capture regional isotope effects. For example, the in-
clusion of convection strength sensibly improves the ability to capture isotope variability (Tiirk et al., 2025). This
could have led to the low correlation strengths between the precipitation isotope model estimates, particularly in

summer. Still, the accuracy of 5'%0 models in Scandinavia, especially Sweden, may be limited due to

recipitation
sparse 6180precipmtmn data, with GpNIIE records from northern Sweden being only available for the period
1975-1980. Despite these differences, both models produce broadly consistent SOI signals (RMSE = 0.09-0.14).
Our results also showed that averaging isotope signals from both models across the overlapping interval from
1950 to 2000 instead of taking varying values resulted in relatively small alterations of the SOI (RMSE = 0.06).
Hence, the influence of weakly correlated 6]8Oprecipitaﬁon model estimates on resulting SOI variability might be

negligeable, although it may obscure inter-annual hydrological variability.

Beyond 6180precipi[ation model-related uncertainties, biogenically driven inter-shell differences in reconstructed
8"%0, reamwater (8¢) within the same stream add complexity to SOI chronologies (Figure 6). Such variations arise
when actual shell growth deviates from the expected seasonal growth curve, introducing temporal alignment
uncertainties within the error margins of the growth model (as discussed in Section 4.1). These misalignments
affect temperature assignments when converting 8'0,;,.;; t0 830, ecamwaier (Equation 6). This uncertainty in-
creases with the ontogenetic growth trend: as bivalves age, annual increments become narrower, reducing
sampling density and the precision of seasonal alignment. Consequently, sampling sites with younger specimens,
such as NJB and GTB (with shells aged 25 and 52 years, respectively), exhibit higher consistency across SOI
series. In contrast, older bivalves from GJ provide fewer samples per increment toward the end of their lifetimes,
resulting in slight heteroscedasticity across the SOI chronologies starting around 1960. Despite these un-
certainties, the GJ SOI chronologies exhibit strong overall congruence on a decadal scale, allowing for hydro-
logical interpretations (detailed in Section 4.3).The use of multiple SOI chronologies is crucial for a more robust
interpretation, as individual specimens can show punctual deviations from the predominant SOI signal (e.g.,
GJ-D5 (1930-1940), NJB-A4 (1975-1978), VDLI1-A7 (1967-1977)). These deviations can be attributed to
microhabitat differences within the streams. For example, at the VDL1 sampling site, habitat conditions varied
along approximately 50 m: An upstream section dominated by sand and gravel, where mussels were evenly
distributed across the streambed and a downstream section characterized by rocks and boulders, where mussels
occupied small sand and gravel patches between rocks. Such differences in the riverbed can affect water tur-
bulence, oxygen concentration and food availability, which can individualize the growth curves of the shells
depending on the microhabitat (Dunca et al., 2005; Hastie et al., 2000; Mutvei et al., 1996). One should also be
aware that microhabitat conditions tend to change over the multi-decadal lifetime of the bivalves and that the shell
growth may be affected by local disturbances of their immediate environment. While Margaritifera margaritifera
has been observed moving up to 3 m in 24 hr during simulated drawdown events to avoid exposure to air (Curley
et al., 2022), such extreme behavior is unlikely in northern Sweden, where mussels generally inhabit deeper
waters to avoid freezing in winter (Hastie et al., 2000). Still, even small movements to find favorable conditions
(Eissenhauer et al., 2023) or prioritization for reproduction (Bauer, 1998), or responses to injury, disease or
parasite infestation (e.g., Alfjorden et al., 2024), could divert energy from biomineralization leading to further
alterations of the 8'®0,.,, record.

Lastly, the 830, camwater Signature itself could also be heterogeneous on a small spatial scale. For example,
individual mussels may access water from different sources within the same stream, such as groundwater inflows
near the streambed with distinct isotope signatures compared to more mixed signatures from different sources in
the central channel sections (Peralta-Tapia et al., 2015). While these patchy differences can cause short-term
variations, they are generally transient due to stream mixing processes that homogenize isotope signatures
over time. Consequently, long-term SOI patterns remain largely unaffected, especially when multi-year moving
averages smooth out transient fluctuations.

4.2. SOI as a Metric to Understand Summer Low-Flow Conditions

Snow-rich winters, dynamic spring runoff and low-flow conditions during summer and fall shape the SOI for the
streams of northern Sweden. At the reference catchment KRY C16, the spring flood peak results in negative SOI
values from March to May due to rapid snowmelt, which releases little under 50% of annual precipitation into the
stream. These snowmelt inputs with strongly negative SOI signatures at high streamflow contrast with baseflow
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conditions, which is reflected in a moderate positive correlation between SOI and BFI (Pearson's r = 0.58,
p <0.01). In contrast, summer and fall are characterized by relatively low discharge and baseflow. Rainfalls with
summer isotope signatures drive the SOI up, remaining generally positive. During this period, a significant
negative correlation is observed between SOI and BFI (r = —0.53, p < 0.01). This is because the growing
contribution of groundwater to baseflow, which is primarily recharged by snowmelt, that is, winter precipitation
(Bishop et al., 2011; Laudon et al., 2007).

Bivalve-based SOI reconstructions also reflect these dynamics during the main shell growing season (June to
August). GTB (median SOI +0.27) and NJB (median SOI +0.20) show a summer precipitation signature similar
to KRY C16, indicating that streamflow in these catchments is responding relatively quickly to precipitation. In
contrast, VDL1 shows a balanced seasonal contribution (SOI —0.05), while GJ stands out with a negative median
SOI of —0.30, indicating a persistent winter precipitation signature even in summer. The notable increase in SOI
from the mid-twentieth century also coincides with increasing annual precipitation, leading to a decline in drought
frequency (Teutschbein et al., 2022), with less prolonged baseflow conditions in summer and more precipitation
in summer feeding the stream. A similar increase in summer SOI has been identified in a Krycklan subcatchment
upstream of KRY C16, based on a 8'80,,..mwarer TecOrd spanning 2002-2022 (Tiwari & Laudon, 2025). The
authors attributed this trend to enhanced mid-winter snowmelt, which increases winter discharge but reduces
aquifer recharge. Consequently, groundwater contributions to summer streamflow decline relative to the
increased influence of summer precipitation, which may represent an additional driver of rising summer SOI
during recent decades. Along similar lines, GJ exhibits a declining SOI from around the beginning of the twentieth
century to the end of the 1960s, which could reflect increasing winter contributions during that period. This
pattern aligns with regional runoff declines in northern Sweden from 1920 to a minimum observed in the 1970s
(Lindstrom & Bergstrom, 2004). Assuming GJ followed this regional trend, the declining SOI could be explained
by streamflow deficits amplifying relative baseflow contributions, thereby strengthening the winter precipitation
signal.

In contrast, VDL1 shows no distinct long-term trend but exhibits pronounced variability. Unlike GJ, which
maintains a stable, baseflow-dominated regime from deeper groundwater sources, smaller catchments such as
VDLI1, NJB and GTB are more sensitive to drought. In these systems, baseflow likely depends on shallow
groundwater, which is lowered during prolonged dry periods, leading to elevated SOI values as baseflow declines
and evapotranspiration increases. These observations are a strong indication that reconstructed SOI chronologies
capture long-term dynamics in summer low-flow conditions in boreal landscapes, also validating our second
hypothesis. At the same time, the different dynamics in SOI timeseries in each catchment are an indication that
physiographic characteristics are a cardinal control on long-term dynamics in summer low-flow conditions these
regions.

4.3. Influence of Physiographic Characteristics on SOI Chronologies

While the four catchments share similar exposure to hydroclimatic changes, they exhibit unique hydrological
responses, meaning that they are influenced by local physiographic characteristics—our third hypothesis. The
systematically negative SOI values observed at GJ (Table 2; Figures 5 and 6) could be attributed to its sub-
stantially larger drainage area (215.8 km?) compared to the other catchments (8.9-79.5 km?; Table 1). Peralta-
Tapia et al. (2015) found that larger subcatchments in the Krycklan exhibited greater '*0 depletion, indicating
stronger contributions from deep groundwater. In contrast, smaller subcatchments carried the 8'%0 signature of
summer and fall precipitation. Tiwari et al. (2014, 2017) confirmed these findings, demonstrating that baseflow in
larger catchments was primarily sourced from deeper groundwater.

However, catchment size may only partly explain the increased deep grondwater contribution. For example,
Jutebring Sterte et al. (2021) instead emphasized the role of land cover soil characteristics. In the Krycklan, larger
catchments tend to have greater silty sediment cover, which leads to longer reported water transit times. Smaller
catchments are less silty and exhibit shorter transit times, suggesting that the relationship between catchment size
and deep groundwater influence may not be purely causal. While all catchments in this study are dominated by
till, GJ remains distinct, having the highest proportion of peatland cover (Figure 1). Peatlands retain older water in
their dense, deep layers and integrate long-stored groundwater into streams (e.g., Jutebring Sterte et al., 2018,
2021; Karimi et al., 2024; Tetzlaff et al., 2015). In contrast, till-dominated systems such as GTB and NJB, with
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less peat cover, presumably respond more directly to precipitation. In particular, numerical modeling, supported
by oxygen isotope and cation tracer analyses (Jutebring Sterte et al., 2018, 2021), demonstrated that till with a
higher horizontal hydraulic conductivity (2 X 107> m/s) promotes lateral subsurface flow and shorter transit
times. Peat, however, has lower horizontal conductivity (1 X 107> m/s), but higher vertical conductivity
(5 x 107> m/s), leading to slower lateral movement and prolonged water storage (Jutebring Sterte et al., 2018,
2021). Although macropores and less dense surface layers in peat can generate rapid shallow runoff under
saturated conditions, this is unlikely to influence the bivalve-shell derived SOI in GJ, as shell growth likely occurs
after the saturated conditions of the snowmelt season.

At VDLI, an additional factor likely influencing transit times, is the presence of two upstream lakes (3.5 and
2.0 km?) located above the mussel sampling site. In the Krycklan catchment, Karlsen et al. (2019) observed that
sub-catchments influenced by lakes and characterized by long, low-gradient flow paths exhibit higher dynamic
storage. Such buffering can stabilize discharge and extend the contribution of winter precipitation to streamflow,
which explains the SOI values close to zero at VDL1, indicating a balanced signal from both winter and summer
precipitation.

5. Conclusion

This study presents the first multi-decadal reconstruction of the Seasonal Origin Index (SOI; Allen et al., 2019),
derived from freshwater pearl mussel shell records of streamwater 8'0, combined with model-based precipi-
tation 8'%0 values over the two last centuries. The SOI quantifies the relative contribution of seasonal precipi-
tation to streamflow, ranging from —1 (entirely winter-derived) to +1 (entirely summer-derived). Because
freshwater pearl mussels grow annually from June to July, the shell-derived SOI reflects streamwater conditions
during typical summer low-flow periods.

In the reference catchment, SOI during summer was negatively correlated with baseflow. This relationship arises
because groundwater, which sustains baseflow, is in this region primarily recharged by winter precipitation,
whereas summer rainfall generates the fast flow component. Thus, shell-derived SOI serves as an indirect in-
dicator of baseflow contributions.

A thorough uncertainty assessment supports the robustness of the reconstructed SOI in capturing catchment-
specific hydrological responses to precipitation variability, provided that seasonal precipitation isotope signa-
tures are sufficiently distinct. We found that small headwater catchments (<40 km?; NJB, GTB) had positive SOI
values, indicating strong reliance on summer precipitation. A medium-sized catchment with upstream lakes
(VDLI1, 79.5 km?) exhibited SOI values near zero, reflecting a balanced contribution of seasonal precipitation.
The consistently negative SOI in the largest peat-rich catchment (GJ, 215.8 km?) suggests that winter precipi-
tation, stored and released as baseflow, sustains summer streamflow.

These insights from arbitrarily selected catchments open opportunities for further investigation, potentially
serving as a foundation for systematic regional studies using long-lived mollusks to identify hydrological shifts at
the catchment level. This study demonstrates that with the shells of freshwater bivalves, hydrological questions
covering long-term effects influenced by climatic drivers can be addressed. The approach offers a scalable way to
extend isotope baselines into pre-instrumental times, enabling model calibration and supporting adaptive water-
resource management in data-scarce regions. The near-global distribution and ecological diversity of freshwater
mollusks (for review see Lydeard & Cummings, 2019) make this approach globally relevant.
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