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Abstract. Iberian rivers are characterized by flow regimes with high seasonal flow variation. They also host one-fifth of Eu-
rope’s reservoirs for hydropower generation, irrigation or water supply needs, and thus many rivers of this region have heavily
altered flow regimes. Such flow conditions ;-also alter the natural dynamics of Disselved-Organie-Matter-dissolved organic
matter (DOM), with-likely-which likely has implications for carbon cycling due to changed conditions for the transformation,
transportation, production, and storage of carbon. Here we looked into the effects of flow alteration on the “DOM regime”,
i.e. the seasonal variation of DOM concentration and composition, in 20 rivers belonging to two different hydrelogical-classes
{natural (reference) flow regimes (i.e., Mediterranean and Atlantic) in Northern Spain. To further investigate which flow regime
components influence DOM properties, we linked the turrever-of-observed seasonal shifts in DOM composition to a range of
hydrological indices.

We found that Atlantic rivers with a natural flow regime have-on-average-tower-tended to have lower annual mean DOC
concentration than their altered equivalents, but-this—is—net-this flow alteration trend is weakly mirrored in Mediterranean
rivers. Mereover—we-We did not observe much difference in annual average DOM composition due to flow alterations—in
etther-hydrological-elassalteration in either Atlantic or Mediterranean rivers. However, the turnover-of DOM-compositionis
higherinnatural-seasonal variation in DOM composition was lower in altered Atlantic rivers compared to the-altered-ones—We
tinked this-turnovernatural ones. This flow alteration effect on the DOM regime was not as distinctive in Mediterranean rivers,
which showed a higher diversity of DOM regimes across rivers. We linked the lack of seasonal variation in DOM composi-

tion to-the-effects-of-upstream-located-reservoirs;-ereating-flowregimes-with-homogenized-or-even-reversed-seasonality—Ou

flow-altered rivers mainly to the prevention of transmission of upstream-sourced DOM by the reservoirs. It appears that in
our study area, reseryoirs mostly act as a temporally homogenizing buffer averaging out naturally occurring shifts in DOM
eompositioncomposition by transiently storing upstream-sourced carbon inputs and objecting them to bio and photo-degradation,
thus sending relatively invariable DOM further downstream. This effect of dams on DOM regimes appears robust across
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both Atlantic and Mediterranean regimes, despite some heterogeneity of dam types and purposes, with potentially important
consequences for riverine carbon cycling.

1 Introduction

The structure and functioning of a river ecosystem are strongly tied to its flow regime (Poff et al., 2006). Climate and weather
interacting with catchment properties such as topography, geology and land cover are primary controls of natural flow dynam-
ics (Poff and Zimmerman, 2010), yet these-natural flows are altered globally by a range of human interventions, including the
construction and operation of dams for irrigation, navigation and hydropower generation (Stewardson et al., 2017). Tradition-
ally, flow regimes are described by five components; magnitude, frequency, duration, timing and rate of change; and an altered
flow regime is identified by deviation of one or more of these components from its natural tendency (Poff et al., 1997). Given
the natural diversity of flow regimes and the many ways in which they can be modified by dam operations (McManamay et al.,
2012; Nadon et al., 2015), the prediction of ecological consequences of flow alterations is not a trivial task.

Dissolved organic matter (DOM) is the largest pool of organic carbon and the main energy source for bacteria in aquatic
environments (Battin et al., 2008; Riedel et al., 2012). DOM is chemically highly complex because of (i) the numerous sources
it originates from, and (ii) the various biological and chemical processes it is subjected to during transport along the riverine
network (Jaffé et al., 2008). Most of the DOM is of terrestrial origin, characterized by high aromaticity associated with humic
acids (Jaffé et al., 2008), while only a small fraction is composed of highly reactive substances such as carbohydrates and
proteins, which may have terrestrial as well as in-stream origin. This highly reactive fraction is often microbially degraded
within minutes to hours after creation or entering the system while the more recalcitrant terrestrial fraction is transported along
the river for a longer time \(I%Kaﬂanetalmo) This hnkage of differing- DOM react1v1ty with residence
times-time creates a composmonal DOM continuum

MNWWWMWMW%WmG flow regime
(Hayes et al., 2018). In natural rivers, the variability of DOM concentration and composition is linked to (i) heterogeneity-of
flow-paths(Peter-et-al2020)-activation of heterogeneous flow paths draining water from the terrestrial surrounding to the river
channel, especially during intense hydrologic events induced by snowmelt or rain (Raymond et al., 2016; Raymond and Saiers,
2010) and (11) residence time of the DOM within the riverine network that is determined by discharge ;“which-eyeles-through

s(Peter et al., 2020). High discharge spates may be “hot
moments” for the mobilization and transport of terrestrial DOM (McClain et al., 2003), yet the decreased residence times in

the river corridor may limit mierobial-aceessto-DOMits microbial transformation. In contrast, during base-flow conditions,

such terrestrial material is more heterogeneous-and-dependent on soil processes and subsuperficial-flow-pathwayssubsurface

flow paths. Moreover, following high-flow events, discharge and concentration (or composition) of terrestrial DOM undergo

uncoupling due to the limited terrestrial storage capacity and exhaustion of DOM reservoirs along drainage flow paths (Andrea
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et al., 2006; Wagner et al., 2019). Such hysteresis in discharge-concentration relationships combined with dynamic residence
times prevent-prevents simple translations of flow regimes into “DOM *+regimesregimes" (Andrea et al., 2006).

When flow dynamics are controlled by dams, flood extremes are minimized (Hayes et al., 2018) and water residence time

iproviding an opportunity
to change the composition of DOM and altering the timing of its delivery to the downstream river (Xenopoulos et al., 2021).

Recent studies indicate that DOM concentration and composition vary according to dam operation and purpose, also deter-

mining whether a reservoir acts as a source or sink of carbon < 5 Chen et al., 2016; Kraus et al., 2011

. A dam with sufficient residence time may dampen event-driven and seasonal terrestrial (allochthonous) signatures of DOM

increases due to the storage in the reservoirs,

for downstream environments as the increased residence time in the reservoir enables photodegradation and biodegradation

and may shift DOM composition towards a more autochthonous and more biolabile composition (Xenopoulos et al., 2021).

~The net effect of production,
transformation and loss of organic carbon in a reservoir (as in any river reach) depends on several variables including inflowing
DOM-coneentration-and-composition-the amount and composition of inflowing carbon, algal and bacterial activity, nutrient
availability, temperature and solar radiation (Kraus et al., 2011). AH-Most of these seasonal biotic and abiotic factors are
assoctated-atso-also associated with the river’s natural flow regime; suggesting that the alteration of a specific flow regime may

result in quite a specific DOM regime for the downstream river sections. Notably, eempesitional-turnover-of DOM-temporal

changes in DOM composition throughout the year, i.e. shifts in DOM composition (especially under the influence of flow

alterationhas-), have yet to be implemented-inte-included in concepts of riverine carbon cycling.

Here, we study the effects of anthropogenic flow regime alterations by dams (which serve mainly hydropower and irrigation
purposes) in rivers with two distinct natural (reference) flow regimes—We-specifiealty—(i)-search-for—; namely, Atlantic and
Mediterranean. Rivers were grouped into one of these two climate zone-associated flow regime types depending on either
observed flow conditions (for natural, unaltered rivers) or given a classification into these reference regimes based on climate
and landscape covariates (for those rivers altered by dams). Our objectives were to identify commonalities and differences in
flow-alteration-response response to dam-induced flow alteration across Atlantic and Mediterranean rivers with regard to mean
ane-(i) mean and (ii) seasonally induced variation of DOM concentration and composition over one year across-two-naturatly
%ﬁmﬂmﬁegmﬁwmm and (itr-investigate-flow-regime-characteristies-that-can-be
' ~iii) to assess spatial similarity of flow alteration effects on DOM
MG%MM&@%MLWG hypothesme that DOM pfepefﬁeﬁespeﬁd—te—beﬂﬂrww natural flow
1, but also reflect anthropogenic flow alteration.
The natural reference flow regime expected for a river may constrain how a dam can impact the DOM regimeto-depend-on
eertaincharacteristies of the natural-flow regime-Despite- Alternatively, a dam could force a DOM regime irrespective of the
underlying natural hydrology of a catchment, perhaps with more or less dependence on specific dam and reservoir features.
Given the high spatial and temporal variance of DOM composition, determining commonalities in the POM-regimeresponse

of-various-natural-flow-regimesresponse of DOM regimes to dam-induced flow alteration could increase our understanding of

regimesan




90 the ecological consequences of a dam on the downstream river 's structure and functioning, and thus improve our capability to

redict effects on riverine carbon cycling.
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(one-way ANOVA)

(l) . o Dispersion = average distance to centroid
(i1) Temporal Variation — Temporal CV
— (within rivers) (one-way ANOVA) (one-way ANOVA)
(”) D1 D1 (iii)Spatial Variation Variance of annual means Dispersion of centroids (PERMDISP)
(l) Location _— (across rivers of same and lcml.mml CVs Variance of dispersion (Bartlett's test)
(ii) Temporal Variation flow regime) (Bartlett’s test)

(iii) Spatial Variation

Figure 1. Conceptual summary of the objectives and statistical pipeline. The upper row of graph panels shows a river‘s hydrograph (shown

as discharge Q over time t) translating into compositional shifts of DOM (shown as a circular shift in two-dimensional space that multiple

descriptors of DOM chemistry could define). With the effect of a reservoir on a flow regime resulting in variously altered hydrographs, the

consequences on the DOM regime remain unknown. The lower row illustrates how we investigated effects on DOM regimes by looking at

the quality and quantity of DOM from 3 different angles; (i) the annual mean DOM composition (location), (ii) the temporal variation at an

annual time scale, and (iii) the spatial variation of various DOM regime descriptors across several rivers. Our choice of statistical method

depended on whether a univariate or a multivariate response was used.

2 Methods
2.1 Study design and sampling strategy

Our study followed a control-impact design comparing rivers with natural and altered flow regimes in two (natural-natural

95 (reference) flow regime types (e-g=hydrological-elasses)-in northern Spain (Fig. 1, Fig. 2). Pefias and Barquin (2019) clas-
sified Spanish—rivers-n-hydrologically unimpacted Spanish rivers into 20 hydrological classes using data from 282 gauged
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naturally flowing rivers and relevant environmental and hydrological drivers such as climate, topography, land cover and

geology. Using these latter discriminators, they defined natural equivalents-of—rivers-equivalent flow regimes (in the sense

of estimated pre-impact reference flow regimes) for rivers that are nowadays impacted by various types of flow alteration
(Peiias et al., 2016). For our study, we selected 20 rivers within the—classes 13 and 10 defined-byPefias-and Barquin (2019
—In-of Pefias and Barquin (2019); in each class, we sampled 4 naturally flowing rivers and 6 rivers with altered flow regimes
(where one altered Mediterranean river had to be removed). Sampling sites were distributed within six basins, but we excluded

locations on mainstems and - except one site - no site s catchment was nested within another one to maintain spatial independence

Fig. 2). All sampling locations were 2"¢ to 4" order rivers (Supp. Table. S1). For simplicity, in-this-paperthe-two-classes
the two (reference) flow regime types will be referred to as Atlantic and Mediterranean, respectively, since class 13 is located

in the Atlantie-Atlantic-type climatic region and class 10 in the Mediterranean-Mediterranean-type climatic region of Spain,
regardless of where these rivers discharge or which basin they belong to (Table 1, Fig. +2). Overalltheseriversform-the-4-flow

regimesdiseussed-as-, in our study, the sampled sites, - referred to as rivers for simplicity - belong to one of four flow regimes:
natural Atlantic (nA), altered Atlantic (aA), natural Mediterranean (nM) and altered Mediterranean (aM )in-our-study.

A natural Atlantic regime is characterized by highest flows in early spring (February-April) due to snowmelt, followed by
a gradual decrease in flow until summer low flows are reached and continue throughout July-September (Fig. 23a). Once
minimum flows are reached in October, the flow rate picks up quite quickly with a steep incline due to heavy rains in the
fall. Contrary to this, a natural Mediterranean regime (Fig. 2¢3d) has its highest flows a bit later in the spring, in March/April,
followed by a sharp decrease in flow in May consequently leading to a long dry summer, reaching the minimum flows between
August-September. As opposed to Atlantic rivers, the flow rate increases slowly leading back to the spring peaks, implying
comparably less intense fall rains.

The selected altered rivers all have a dam with a reservoir -theugh-(predominantly in the headwaters or upper reaches),
although the exact alteration of the flow regime may vary depending on the size, purpose and operation of the involved dam
(Table 1). iver it

The sampling sites in the altered rivers were located on average 4.1 km (range 1.74 - 33.6 km) downstream of a reservoir and

some sites had multiple upstream reservoirs. The catchment areas upstream of the sampling sites ranged from 89 km? to 1258

km? (Table 1) with an average of 429 km?. All the reservoirs in altered Mediterranean rivers were used for irrigation, while
in altered Atlantic rivers three reservoirs had irrigation and three reservoirs had hydropower production as their main purpose.
Only one hydropower-producing reservoir, Narcea, has hydropeaking at short timescale and insufficient capacity for seasonal
storage. On the other end of the spectrum, while Esla has the biggest reservoir capacity, Ebro has the highest storage index (i.e.,
highest capacity compared to its average annual runoff). In each river, we characterized DOM properties bi-monthly between
from October 2017 and-to August 2018 resulting-in-a-total-of-totalling 6 sampling occasions (October and December 2017, and

February, April, June and August 2018). Discharge measurements for each river and sampling day are given in Supp. Table S1.



Table 1. Study design and environmental characteristics of the altered (a) and natural (n) flew-regimes-within-the-Atlantic (A) and Mediter-
ranean (M) hydrelogical-ctassesflow regimes. The altered rivers encompass dams of various purposes/operations with varying reservoir
volume(s). Sampling sites were located at similar distances to the next upstream reservoir, yet some sites had multiple upstream reservoirs.

The catchment of Pisuerga is nested within the catchment of Aguilar, all other sites have spatially independent, non-nested catchments.
Storage indexes-indices were taken from (Pompeu et al., 2022) and show storage volume/average annual runoff. The last column reports the

ecological status of the next upstream-located reservoir according to the wfd (2021) database.

River Hydro Alteration Reservoir Upstream Catch-  Elevation Reservoir Storage  Distance to
Class Usage ment Area (m) (hm%@i) Index reservoir(s) Ecological
(km2km?) (km) Stats

Aguilar M a Irrigation 579.87 882 247 - 65 0.82 5.5-33.6

>Good
Pisuerga M a Irrigation 255.53 1014 65 0.46 22

2Good
Carrion M a Irrigation 318.34 744.96 95-70 0.72 2.8-12

>Good
Duero M a Irrigation 590.31 1032 249 0.74 8.3

>Good
Ebro M a Irrigation 473.66 802 540 3.71 5.8
Luna M a Irrigation 507.69 1008 308 0.84 52

>Good
Arlanzon A a Irrigation 173.24 1023 75-23.2 0.63 2.3-9.7

>Good
Esla A a Irrigation 612.04 1001 664 0.86 3.1

2Good
Nalon A a Hydropower  356.26 317.33 4-34 0.13 42-95

>Good
Nansa A a Hydropower  363.37 66 2-12 0.06 1.74 - 29.1

Good*
Narcea A a Hydropower 1258.45 122.33 33 0.03 4.4
Porma A a Irrigation 296.46 986 318 1.64 4.7

>Good
Cea M n - 370.23 893.67 - -
Ega M n - 455.78 489 - -
Omana M n - 403.74 974 - -
Tiron M n - 186.59 815 - -
Bernesga A n - 88.95 1132 - -
Curueno A n - 168.29 103533 - -
Deva A n - 647.17 23.68 - -
Sella A n - 476.28 6 60 - -

*We could not find reservoir information, instead checked upstream and downstream water bodies for their ecological status
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Figure 2. Location of sampling sites in selected rivers with Atlantic (blue) and Mediterranean (orange) sites-on-various-rivers(reference) flow
regimes in Northern Spain. Light and dark shades of a-the colour en-tiversrepresent rivers with a-natural and altered flow regimeregimes,

respectively. All sampling locations had spatially independent, non-nested catchments except Aguilar nestled in Pisuerga. The rivers and

their basins are-impeorted-were sourced from the HydroSHEDS database of-World-Witdlife Fund’s-projeet-(Lehner and Grill, 2013)

2.2 DOM composition

130 We measured DOC concentration, DOM absorbance and fluorescence, and DOM molecular size distribution. In the field, we
filtered water samples through pre-combusted (450 °C, 4 h) glass fiberfibre filters of 0.3 ym nominal pore size (Advantec GF-
75, Japan) into acid-washed, MilliQ water-rinsed, pre-combusted (450 °C, 4 h) glass vials. We stored all the samples in the dark
at 4 °C until analysis. We measured DOC concentration (mg L~!) by high-temperature catalytic combustion of an acidified

and sparged water sample with a Shimadzu TOC-V Analyzer—Analyser with a typical limit of quantification (computed as

135 6 times the standard deviation of blanks) of < 0.1 &+ 0.08 mg L—! and a typical analytical precision of 1.5 %. To prepare
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Figure 3. Normalized (to maximum) mean monthly flow of each river grouped by flow regime (a) natural Atlantic (nA) in light blue, (b,
c) altered Atlantic (aA) in dark blue shades according to their reservoir purpose, (d) natural Mediterranean (nM) in light orange, and (e)

altered Mediterranean (aM) in dark orange (only reservoirs with irrigation purposeby-default). The thick line represents the average of the

flow regimes. The shaded months are the sampling months.

standards for DOC-measurements we used potassium hydrogen phtalate (KHP). We took DOM absorbance and fluorescence
measurements simultaneously using an Aqualog (Horiba Ltd, Kyoto, Japan). We measured-used MQ-water as a blank inserted

every 10-15 measurements; each of 3 field replicates was measured 3 times and spectra were visually checked for consistency.
and outlier removal. We measured absorbance in 5 nm increments from 250 nm to 600 nm and fluorescence as excitation-
emission-matrices (EEMs); we excited the samples from 250 nm to 600 nm in 5 nm increments with emission from 212 nm to
620 nm in 2 nm increments. We subtracted MilliQ water EEMs from all sample EEMs to remove optical scatter phenomena but
did not apply any inner filter correction since the decadal absorption coefficient at 254 nm (As54) was lower than the threshold
of 0.3 for all samples (Ohno, 2002).

We used the Aqualog measurements to calculate 6 optical indices; fluorescence index (FI), humification index (HI), freshness
index (B/«), E2:E3 ratio, slope ratio (SR) and specific UV absorbance (SUVAgs4), as summarised in Table 2. Further, we
performed a parallel factor analysis (PARAFAC) after Raman-normalizing, smoothing and normalizing each EEM by setting
the maximum emission to 1 (Coble et al., 2019). We used the StaRdom package (Pucher et al., 2019) in R version 4.0.3 (R Core
Team, 2020) to partition the EEMs into individual components i-aceordanee-with-following the PARAFAC modelling strategy.
We chose the 8-component PARAFAC model as the one achieving the best representation of the 699 EEMs dataset. We verified

the model with split-half analysis with random sample selection following residual analysis. Sample-specific fluorescence of
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components was expressed in Raman units by reverting the normalization step through the multiplication of F,,,, values
with the original EEMs’ maximum emission values. We scanned the literature via the OpenFluor database (Murphy et al.,
2013) for similar components (Table3). The components C1, C2, C3, C4 and C5 were reported as old humic-like DOM with
strong terrestrial signals composed of mostly high MW substances. C6, C7 and C8 were all protein-like compounds of recently
produced fresh material (Table 3). We grouped the relative contribution of the first 5 components (C1-C5) into an indicator of
humic and terrestrial signatures (Cre;restriqr) by dividing their sum of relative contributions by the sum of all components. In

the same manner, we turned the last 3 components into an indicator of freshly produced microbial input (Cpsicrobial)-

Table 2. Calculated optical indices, their meaning and used method

Indice Description Method

FI Fluorescence index; the relative contribu-  Ratio of emissions of 450 and 500 nm at 370 nm excitation (McKnight et al.,
tion of terrestrial to microbial fluorophores  2001)
HI Humification index Dividing the sum of emission intensities from 435 to 480 nm by the sum of

intensities from 300 to 345 nm and from 435 to 480 nm (Ohno, 2002)

Bla Freshness index, a proxy for relative mi-  Ratio of emission-intensity-emissions at 380 nm to the maximum emission
crobial (fresh) contribution observed-between 420 and 435 nm at 310 nm excitation (Harjung et al., 2019;
Wilson and Xenopoulos, 2009)
E2:E3 Inverse indicator of molecular size Absorbance ratio of 250 to 365 nm
SR Slope ratio; inverse indicator of molecular ~ Slope ratio of short slope between 275 and 295 nm and long slope between
weight 350 nm and 400 nm (Loiselle et al., 2009)
SUVA254 Aromaticity indicator Decadal UV absorbance at 254 nm divided by DOC concentration

We used liquid size—exclusion chromatography (SEC) with organic carbon and nitrogen detection (LC-OCD-OND; Huber
et al. (2011)) for the molecular size distribution measurements. This allowed us to estimate the abundance of non-humic high
molecular weight substances (C g 27w g, like polysaccharides and proteins, mg C L™1); humic substances (C g ymic, mg CL™1)
and neutral, hydrophilic to amphiphilic low molecular weight substances (Cr,prw s, €.g., aldehydes, sugars and amino acids,
mg C L™1). For samples below the detection limit, we used half the value of the detection limit in the final dataset to allow
multivariate data analysis. To have an estimate of the relative contributions of each of the defined size fractions, we divided

each by total dissolved organic carbon concentration measured by SEC (Heinz and Zak, 2018).
2.3 Statistical analysis

To assess differences among the flow regimes, we did-aPEAused principal component analysis (PCA) using the 81 flow indices
reported in Pefias et al. (2016) and grouped the rivers according to their hydrelogical-regime(Supp-Fig—Sh-flow regime to see
if flow alterations homogenize or diversify the-flow-regimes-in-terms-of-theirflow-characteristies—natural flow characteristics

Supp Fig. S1). To this aim, we also used the average distance to the centroid of a particular flow regime as a measure of
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Table 3. PARAFAC components with the modelled maximum emission and excitation values (EXyaz, Emyq.) were compared to the
literature using OpenFluor (TCC combined > 0.90). For each component, the main sources, the peak names and selected keywords from the

literature are given.

Source Comp. EXmaaz Emyq. Keywords
C1 330 444 Terrestrial humic-like, Peak C (Kothawala et al., 2012), high aromaticity, high
MW, photosensitive (Lambert et al., 2016a)
C2 <260 (340) 520 Terrestrial, humic-like DOM, high MW, aromatic (Kothawala et al., 2012;
(Lambert et al., 2016a, b), Peak A and Peak C (Lin and Guo, 2020)
Crerrestrial C3 <325 390 Humic-like, low MW, UV-A, fresher DOM, Peak M (Kothawala et al., 2012)
C4 260 (300) 420 High MW, aromatic (Kothawala et al., 2012), photoproduct of a terrestrial,
Peak A, Terrestrial humic-like (Lambert et al., 2016b)
(6] <260 (380) 460 High MW (Kothawala et al., 2012), photochemically degradable, terrestrial

humic-like (Harjung et al., 2019), aromatic, fulvic acid (Yang et al., 2017)

C6 <260 (295) 380 Protein-like, microbial-humic like fluorescence (Lambert et al., 2016a),
tryptophan-like (Derrien et al., 2018), microbially produced, Peak T/Peak M

mixture (Kothawala et al., 2012)

Crricrobial  C7 260 340 Tryptophan-like recent biological production (Lambert et al., 2016a), Protein-
like (Lambert et al., 2017)
C8 270 310 Protein-like recent biological activity fluorophores (Lambert et al., 2016a),

tyrosine-like fluorophores (Painter et al., 2018)

dispersion in the same way as for DOM data (see below for assessment of the among-river variation of annual mean DOM
composition). The magnitude of 1-30-90 day High Flow Events (1HF, 30HF, 90HF) and the magnitude of 1-30-90 day Low
Flow Events (1LF, 30LF, 90LF) were selected to compare the four flow regimes following the findings of natural and altered
rivers’ flow differences of Goldenberg-Vilar et al. (2022) on the same rivers.

As measures of mean DOM concentration and mean composition for each river, we computed annual averages-means of the
DOC concentration, of optical indices and of SEC fractions. To express the seasonal variability of these variables we computed
river-specific temporal coefficients of variation (CVs) and used them as indicators of annual shifts in DOM composition.
Annual means and temporal CVs were then used as univariate responses describing DOM regimes to test for differences
between the four flow regimes. For this, we followed a 1-way approach in 2-two steps for each response variable: First, we
tested mean and CV differences of all four hydrelegieal-flow regimes with a one-way test (Welch, 1951), which - unlike
classical ANOVA - does not need variance homogeneity as a prerequisite. In case of significance, this was then followed by
planned paired t-tests between (i) natural Atlantic and natural Mediterranean (nA vs nM), (ii) altered Mediterranean and natural
Mediterranean (aM vs nM), (iii) altered Atlantic and natural Atlantic (aA vs nA). We corrected p-values with the Bonferroni

method assuming 3-three a-priori planned tests. We also compared the spatial variation of annual means and temporal CVs

10
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across the rivers of the four flow regimes; nA;-aA;nMs-and-aM. For this, we followed a similar 1-way approach in 2-two steps,
where we first tested for variance homogeneity of annual means and of temporal CVs across all four regimes with a Bartlett
test, which - when significant - was followed by planned F-tests between (i) nA vs nM, (ii) aM vs nM and (iii) aA vs nA. Taken
together, our response variables included measures of mean location and temporal variation for each river 's DOM indicators,
which serve as DOM regime descriptors, and measures of (spatial) variation of these DOM regime descriptors across rivers
belonging to the same flow regime. The latter was specifically computed to assess whether, in any given hydrelogical-¢lass;
flow-alteration-by-vartous-dams-natural reference flow regime, dam-induced flow alteration diversifies DOM regimes across
rivers compared to DOM regimes under natural flow.

Additionally, to assess the similarities and differences in annual average DOM composition and its-annual-turpover-shifts
in DOM composition between natural and altered rivers for-each-hydrological-class-in a more integrative, multivariate way,
we did a principal component analysis (PCA) using the relative fluorescence of PARAFAC components, optical indices and
SEC fractions. We looked for recognizable differences in DOM composition among flow regimes (i.e., between natural and
altered regimes of both hydrological classes) with regard to location (mean DOM composition) and specifically with regard to
temporal turnover-of-shifts in DOM composition in the various rivers. To statistically test for differences in DOM composition
among flow regimes we #se-a2-way-used a 1-way permutational multivariate ANOVA (Anderson, 2001) on annual average
mean locations (river-specific centroids) in the PCA-space with the same paired strategy-as-testing strategy as described above.
Temporal turpever-of DOM-compeositionis-shifts in DOM composition are graphically represented in 2D PCA-space by eonvex
hulls-polygons for each river (Fig. 56c-f), where each corner represents the DOM composition of a sampling date in the PCA
space and the centroid represents the mean DOM composition of that river over the entire sampling period. The average
distance of individual sampling dates to the centroid of a river serves as a measure of temporal turrever-of-shifts in DOM

composition; it is computed as a dispersion (i.e., multivariate variation) on all dimensions of the PCA —using the function

betadisper() from the vegan R-package (Oksanen et al., 2025). Here, high average distance to the centroid (high dispersion

means strong temporal shifts in DOM composition. To statistically test the temporal turnever-of-shifts in DOM composition we
followed the same analysis approach as described above for a univariate response variable, i.e. a one-way ANOVA comparing
dispersion as a response among all 4-four flow regimes followed by 3-three planned t-tests as post hoc tests.

In analogy to the analysis of univariate responses, we also compared the among-river variation of annual mean DOM com-
position and ef-temperal-turnover-of-that of temporal shifts in DOM composition across the four flow regimes given by the
multivariate dataset. This-step-was-again-metivated-in-order-Our motivation was again to assess if, in any given hydrological

alterati arious-dams-natural reference flow regime, dam-induced flow alteration diversifies DOM regimes
(in either mean location or temperat-tarnoverin temporal shifts of composition, i.e. dispersion) compared to DOM regimes

under natural flow. Again, we followed a similar 1-way approach in 2-two steps. For the among-river variation of annual mean

DOM composition, we tested for dispersion homogeneity of river centroids across all four regimes with PERMDISP, a per-
mutational equivalent of the Bartlett test (Anderson, 2006), which - when significant - was followed by planned permutational

F-tests between (i) nA vs nM, (ii) aM vs nM and (iii) aA vs nA. For the among-river variation of temporal tarrever-of-shifts in
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DOM composition, we used the river-specific measure of temporal dispersion as a univariate response and followed the same
approach as described above for variation of univariate responses (Bartlett-test followed by planned t-tests).

As the individual axes of the PCA can be understood as distinct meaningful components of a river s DOM regime, we also
tested the differences in average location and variance along PC1 and PC2 axes following the same univariate strategy of a
one-way test followed by planned t-tests as described above. Similarly, we compared across-river variance of average location
and variance along the PC1 and PC2 axis, with a Bartlett test followed by planned F-tests as post hoc analysis. A summary of

To look for links between characteristics of the flow regime and annual-turnover-of-temporal shifts in DOM composition,
we performed three partial least squares (PESPLSR) analyses (one for the overall turnever-ef-shifts in DOM composition,
one each for PC1 and PC2 variance). We chose PLS-PLSR analysis due to its reputed good performance in situations with
high collinearity of predictors and small sample size (Carrascal et al., 2009; Coble et al., 2019). As predictors, we used 81
hydrological indices computed by Pefias and Barquin (2019) that were grouped into 5-five flow regime components: magnitude,
duration, frequency, timing, and rate of change (Supplementary-Table-S1Supp. Table S3). As dependent variables we used the
multivariate dispersion (for the overall turnover-of-shifts in DOM composition) and the two variances on the first 2-two
PCA axes for each river, which can be understood as the two most important components of BOM-tarnevershifts in DOM
composition, each having a specific qualitative character captured by the respective PCA-axis. In PES-PLSR analysis, we
selected the hydrological indices with VIP-scores (Variable Importance on the Predictor) higher than 1 as the most important

explanatory variables and reported only the first component of the PES-PLSR analysis for simplicity.

3 Results
3.1 Flow Regimes

Both Atlantic and Mediterranean natural flow regimes are characterized by high flows in early to late spring and low flows
throughout the summer with a minimum in August-September before fall rains begin (Fig. 2a-and-¢3a and d). Additionally,
natural Atlantic flow regimes have a second high flow peak in early winter (November-December) compared to the natural
Mediterranean regime.

Contrarily, altered Mediterranean rivers, with their irrigation reservoirs, do not experience the natural succession of spring
high-high spring flows followed by summer droughts as observed in the aM-rives-natural Mediterranean rivers (Fig.3b and ¢).
From previous studies, we know that our altered Mediterranean rivers collect water during winter and spring and release it from
May to September (Pompeu et al., 2022), which is the reason behind the summer-high-high summer flows. We also know that
this behaviour is limited by the storage capacity of these reservoirs, where a lower storage capacity requires an additional ‘pre-
release’ in late winter-spring due to the capacity being reached, resulting in a double-humped shape of the annual hydrograph
(Fig. 23c and e).

When the mean of the altered Atlantic rivers is compared to its natural equivalent (Fig. 2b3a-c), we see that the above-

mentioned introduction of summer high flows is not as consistent, i.e. 3-three rivers have distinct summer high flows while
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3-others-havesummer-droughts—intate-summer-three others have late summer droughts. When grouped aceerdingto-their
reservoir-purpesesby reservoir purpose, rivers with hydropower reservoirs (Fig. 2¢3b, Narcea, Nalon, Nansa) still possess

summer droughts even though they have altered flow regimes:-, i.e., they somewhat mimic the natural flow regime expected
of that river. Contrarily, rivers with irrigation reservoirs (Fig. 2b3c, Porma, Esla, Arlanzon) are-relativelysmall-and-hence
havehave clear summer high flows due-to-storage-eapacity timitationsand a secondary peak in spring due to limited storage
capacity. Thus, in altered Atlantic rivers, flow regime heterogeneity among the rivers comes from the different purposes of

the reservoirs (irrigation vs hydropower), whereas in altered Mediterranean rivers, flow regime heterogeneity is derived mostly

from the reservoirstoragecapacity-differeneessince-they-are-allirrigationreservoirsdifferences in storage capacity of reservoirs

exclusively dedicated to irrigation.
From previous studies on our rivers, we know that altered rivers show a higher diversity of flow regimeregimes compared to

natural rivers (Goldenberg-Vilar et al., 2022).
In a PCA analysiswith-these-respective-groups—and—, we found that altered Mediterranean rivers have 13-fold and altered
Atlantic rivers 44-fold higher dispersion in the PCA space compared to their natural equivalents, while both natural flow
regime-classesregimes showed similarly small dispersions (Supp Fig. S1). This furthermere-confirms that altered Atlantic
regimes encompassing both irrigation and hydropower reservoirs are semewhat-more diversified than altered Mediterranean
regimes whieh-onlty-have irrigation-reservoirs-with irrigation reservoirs only.

As a final step, we looked at seme-selected flow regime characteristics (Fig. 34), specifically to-at the magnitude of 1-30-90
Day High and Low Flow Events (selected from Goldenberg-Vilar et al. (2022))Aecording-to-these-resulting-boxplots; both-,
These selected indicators are used to show the general trend of our flow regimes in magnitude and duration of annual minimum

and maximum flows, covering short-duration flood pulses as well as seasonal droughts. Both natural flow regimes have higher
+HE-1-Day High Flows than their altered counterparts. Natural Mediterranean rivers have higher 30HE-30-Day High Flows

than altered Mediterranean rivers, whereas this difference was not as clear between natural and altered Atlantic rivers. There

was not much visible difference between regimes in 99HF90-Day High Flows. Similarly, natural Atlantic rivers have lower

werl-Day Low Flows than Atlantic rivers in

flows altered by irrigation dams but not in those with flow altered by hydropower dams. Natural rivers have lower 30EF-and
90EF-30-Day Low Flows and 90-Day Low Flows than altered counterparts for both Atlantic and Mediterranean rivers.

3.2 Average and temporal variation of DOC concentration

The DOC concentration varied 10-fold from 0.59 mg L~! to 5.3 mg L' across rivers throughout the year. Planned t-tests eould
did not show any significant difference in annual average-mean DOC concentration (Fig. 45a, Table 4) between the two natural
flow regimes (nA-nM), nor between the altered and natural rivers withineach-elimate-(aA-nA and aM-nM, respectively). The
consistently higher median in all altered Atlantic rivers compared to the natural Atlantic rivers and partly significant results

prior to Bonferroni correction point to a lack of statistical power due to low sample size causing a lack of significance. The

two highest average DOC concentrations belong to Duero and Ebro, respectively (Figure 5a). We could not find any common
hydrological characteristics separating these two from the remaining altered Mediterranean rivers, but note that Ebro has the
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Figure 4. Boxplot-Boxplots of magnitude of extreme flow events representing flow variability; Magnitude of (a) 1-Day High Flow Event
(PCA-abbreviation;-1HF), (b) 30-Day High Flow Event (30HF), (c) 90-Day High Flow Event (90HF) and (d) 1-Day Low Flow Event (1LF),
(e) 30-Day Low Flow Event (30LF), (f) 90-Day Low Flow Event (90LF). Natural Atlantic (nA) rivers are shown in light blue, altered Atlantic
(aA) in dark bluesblue, separated by different shades according to their dam purposes; natural Mediterranean (nM) rivers are shown in light

orange and altered Mediterranean (aM) in dark orange, where all rivers are altered with-irrigation-dams-by defauttdams built for irrigation.

highest storage index in the dataset. We also could not find any association of DOC concentration with discharge (Supp Table
1). In fact, Ebro and Duero show completely opposite trends; Ebro has its highest DOC concentration in April at 1.05 m®3/s and
lowest DOC value in August at 5.31 m?>/s, which coincides with the water release timings. Contrarily, Duero has its highest

DOC concentration in June at 4.56 m3/s and lowest DOC concentration in December at 0.88 m®/s, when reservoirs are filled

up..
The annual DOC variation of the rivers (CV po¢) ranged from 14% to 53%. The two natural regimes (nA-nM) showed no

significant difference in CV po¢ (Table 4).

~Looking at
the change in DOC through the sampled months in Atlantic rivers (Fig. 45b), we observe that both altered and natural rivers’
average DOC time-series follow similar paths through the year with lowest values in August followed by an increase until
spring high flows. In Mediterranean rivers, however (Fig. 45¢), altered rivers’ DOC time-series increase in April and MayJune,

while most natural rivers have low values in these months.
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Figure 5. (a) DOC of each river as individual boxplots grouped by flow regime; natural Atlantic (nA) in light blue, altered Atlantic (aA) in
dark blue, natural Mediterranean (nM) in light orange and altered Mediterranean (aM) in dark erangesorange. (b) Atlantic and (c) Mediter-
ranean rivers’ temporal DOC behaviours are represented as lines following the same colour scheme. The aA rivers are separated into two
reservoir purpose groups, irrigation and hydropowerfor-the-sake-of-visualisation. All aM rivers have reservoirs-with-irrigation purposes-by
defauttreservoirs. The individual points represent single DOC measurements in various rivers of each flow regime in each sampling month,

thus thin lines represent the trajectory of a river throughout the year. The thick lines are-connect the average-of-that-menth-monthly averages
for all the rivers of the represented-respective flow regimeregimes.

In both flow regimes, the among-river variation of DOC and CV po¢ seems lower in natural rivers than in their altered
equivalents, but we could not find any significant difference between either-of-the-any of the tested flow regime pairs (data not

shown), likely again because of low statistical power.
3.3 Average DOM composition and its temporal turnevershifts

In all regimes, DOM showed strong terrestrial characteristics throughout the year with relatively low FI (<1.4) and 5/« (<1) and
high HI (0.86 & 0.04) and SEVA254-SUVAss4 (>2.4). Also, with values >60%, the indicator Creprestria; Showed dominance
of soil-derived materials over microbially produced materials (McKnight et al., 2001; Fellman et al., 2010; Hansen et al.,
2016). The FI values ranged from 1.09 to 1.38 among the rivers throughout the year, typical for natural waters (Hansen et al.,
2016). The SR values were relatively low for all flow regimes (SR<1) indicating dominance of higher MW compounds and
aromatic, plant-derived materials (Oliver et al., 2016). The relative contribution of SEC fractions also indicates that, in all of the
regimes, humic substances were most abundant (Cg), followed by simple monomers like sugars and amino acids (Crasws)
and polysaccharides and proteins (Cgrarw s)-

When we compare the two natural regimes of Atlantic and Mediterranean rivers, there was no significant difference in

any annual average optical indicator or SEC fraction (Table 4). However, CVgr and CV gs.p3 were significantly higher in
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natural Atlantic rivers compared to natural Mediterranean rivers. The F-test results for all annual averages and annual-tarnever
compositional shift indicators show similar among-river variances between the two natural regimes (nA-nM, data not shown).

When we compare the natural regimes to their altered equivalents in terms of average DOM composition, we could not ob-

serve any significant difference in the annual average optical indices (Table 4) in either-of-the-two-hydrological-elassesAtlantic

or Mediterranean rivers. Among the temporal-turnover-indieators;-CV_values, indicating shifts in DOM composition, we ob-
served that in Atlantic rivers, CV ga. g3, CVeoprotein and CVorerrestriar Were significantly higher in natural rivers compared

to their altered equivalents (Table 4). In Mediterranean rivers, CVgr was significantly higher in altered rivers compared to
their natural equivalents. From the F-test results, we observe that all of the average DOM composition and temperal-tarnover
compositional shift indicators showed similar among-river variances between the natural and altered regimes (data not shown).

We further analyzed-analysed the similarities and differences in the annual average and temporal tarrever-ofshifts in DOM
composition in a multivariate approach with a PCA. The first and second axes of the PCA (Fig. 56, PC1) explained 47 %
and 16 % of the total variation of DOM composition. PC1 was negatively correlated with terrestrial and humic components
(Crerrestrial), humic substances (Cgg) and HI, and positively correlated with microbially sourced components (Cazicrobial)s
FI, B/a, and Cy s, representing non-humic biopolymers (Huber et al., 2011). PC2 was negatively correlated with SR,
E2:E3 and SUVAy54 and positively correlated with Cp, sy 5. FogetherTaken together, the PCA space from the bottom left
to the top right corner shows a gradient of terrestrially sourced, aromatic, high MW and presumably diagenetically older
material to microbially sourced, fresher, low MW material. Notably, PC1 and PC2 capture indicators of DOM composition
described with different methods: PC1 groups mostly fluorescence-based indices (Cpzicrobials CTerrestrial>, FI, HI, S/c) and
PC2 groups absorbance indices (E2:E3, SUVA»s5,, SR) and SEC fractions. The patterns in PCA space were not related to DOC
concentration or discharge (data not shown).

‘We used the centroid location and average distance to the centroid of each river (represented as polygons in 2D space in Fig.
56c-f) as proxies for the annual average and temporal dispersion of DOM composition, respectively. We did-could not find a
significant difference in centroid location, i.e. annual average DOM composition, between any of the compared pairs of flow
regimes (SuppTable-t. Table S2). In terms of temporal dispersions, we could not identify a significant difference between the
natural rivers nor between the natural and altered Mediterranean rivers, yet we ebserve-observed that natural Atlantic rivers
have a significantly higher average distance to the centroid compared to their altered Atlantic equivalents (Fig. 56c-d, Fig. 67a,

SuppTFable—+. Table S2). Thus, in Atlantic rivers, DOM composition was more variable over time when the flow regime was

natural. This effect was not as clear in Mediterranean rivers: Though DOM regimes appeared as being temporally less variable
in all altered Mediterranean rivers, they showed a higher diversity in natural rivers. This higher diversity of DOM regimes in
natural Mediterranean rivers, with some being naturally quite dynamic while others show fairly stable DOM composition in
time, precluded the identification of a significant flow alteration effect. Notably, however, Mediterranean rivers showed slightly.
more clearcut flow alteration effects along the individual PCA-axes (see below), with slightly more prominent excursions
towards higher PC1 scores and lower PC2 scores in dam-impacted rivers towards late summer and fall.

The global tests comparing the 4-flow-regimes-—eould-four flow regimes did not show any significant difference in among-

river variance regarding the mean centroid location and the mean dispersions from the river centroids (SuppTable—t. Table
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Table 4. Means of river-specific annual averages-means and temporal coefficients of variation (CV) for each of 4-the four flow regimes;
natural Atlantic (nA), altered Atlantic (aA), natural Mediterranean (nM), altered Mediterranean (aM). The table provides means =+ standard
deviations. Superscripted letters above the values of mean and standard deviation indicate significant differences according to t-tests and
F-tests done pairwisely between two flow regimes. These letters allow pairwise comparisons between any two flow regimes, but Bonferroni-
correction was applied to p-values assuming only 3 a-priori planned tests of relevance (nA vs. nM, nA vs. aA, nM vs. aM). The letters
were dropped when the pairwise comparisons did not indicate a significant difference. For the calculations of the mean and CV values, 6

measurements distributed across one year were taken into account. The number of sites (n) for each flow regime is given in the column

headlines,

Atlantic Mediterranean

natural (n =4)

altered (n =5)

natural (n =4)

altered (n = 6)

Water Chemistry

DOC (mgCL™Y) 10244015 15542 +£039 16242 £056 2735 £1.37
CVpoc 0.38 £ 0.13 0.33 £0.14 0.33 £ 0.04 0.19 £ 0.07
Optical Indices

FI 1.20 £ 0.02 1.18 + 0.04 1.23 +0.04 1.22 4 0.03
CVrr 0.04 4 0.01 0.034+0.005  0.03+0.02 0.03 +0.01
HI 0.86 + 0.02 0.86 + 0.02 0.88 + 0.02 0.84 + 0.03
CVur 0.06 + 0.03 0.03 £0.009  0.03 +0.01 0.05 £ 0.02
Bla 0.66 + 0.03 0.66 + 0.05 0.66 + 0.02 0.70 £ 0.02
CVs/a 0.07 £ 0.01 0.07 + 0.03 0.05 £ 0.02 0.09 + 0.03
E2:E3 5804 £0.05 64448 +£006 630°B+0.04 7.10% £0.06
CVEa.m3 03144010 0132 +004 0138 +£003 0145 £0.04
SR 0.89 + 0.07 0.89 £0.10 0.82 + 0.05 0.97 £ 0.09
CVsr 0344 +£005 0208 £0.10 0112 +£002 02047 +£0.05
SUVAass 2.93 +0.32 2.74 +0.37 2.63 4+ 0.26 2.40 +0.33
CVsuvazsa 0.18 4+ 0.04 0.20 + 0.05 0.23 £ 0.06 0.27 £ 0.05
PARAFAC Components

Crerrestrial 0.69 % 0.02 0.69 % 0.04 0.71 £ 0.05 0.64 + 0.07
CVerTerrestrial 0.194+007 0092 +£002 01248 £0.04 0.1248% £ 0.04
Cprotein 0.31 £ 0.02 0.31 £0.04 0.29 + 0.05 0.36 £ 0.07
CVprotein 0404 £0.10 0202 £0.05 02842 £0.04 0217 £0.05
Relative Contribution of SEC fractions

Camws 0.09 + 0.02 0.06 + 0.01 0.07 £0.02 0.09 + 0.03
CVermws 0.60 + 0.25 0.45 +0.27 0.59 +0.22 0.65 £ 0.18
CrLuws 0.13 £ 0.01 0.13 £ 0.02 0.14 £+ 0.02 0.14 £ 0.01
CVeormws 0.27 £ 0.08 0.25 £ @40 0.27 £ 0.07 0.11 £0.10
Crs 0.77 £ 0.03 0.81 £ 0.07 0.79 £ 0.03 0.76 £ 0.04
CVonus 0.12 £ 0.03 0.09 + 0.09 0.11 £0.06 0.07 £0.02
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S2). Still, DOM regimes did not appear similarly variable among the various flow regimes: Specifically, the seasonal turnever
of-DOM-shifts in DOM composition in natural Mediterranean flow-regimes-was-rivers were quite variable. Here, by optical
assessment, atteratton-dams caused a homogenization across rivers with seasonalty-similar-invariable DPOM-invariable DOM
through seasons (Fig. 56e-f). Also, seasonal turpover-of-DOM-shifts in DOM composition in natural Mediterranean regimes
seemed to be more variable than in Atlantic counterparts.

Since individual PCA axes represent ualitatively distinct shifts in DOM

composition, we looked at the timelines, average locations and variances of rivers along the PC1 and PC2 axes separately as
well. Timelines of DOM composition throughout the year show-showed similar patterns on PC1 for all flow regimes (Supp
Fig. 2a-b). Contrarily, on PC2, natural rivers differ from their altered equivalents both in August and October (Supp Fig. 2c-d).
Plotting the 3/« index as a particular example, it is-turned out higher in October in altered Mediterranean rivers than in its
natural equivalents; such a difference was not observed in other months nor in Atlantic rivers (Supp Fig. 2 e-f). We could not
find any significant difference in average location along the PC1 or PC2, neither between the two natural regimes nor between

altered and natural Mediterranean rivers (Fig. 67b, Supp Table 1). ButHowever, we can visually see that aA—irrigationrivers
have-the-highest3-and-aA—hydrepewer-has-thelowest3-Atlantic rivers with irrigation dams have the three highest medians on

PClmedian, while Atlantic rivers with hydropower dams have the three lowest.
We found that altered Atlantic rivers (SuppFable—t. Table S2) have lower average PC2 scores than natural Atlantic rivers.

Stmitarhy;—~we-We _could not find any significant difference in temporal variation along the PC1 and PC2, neither between
the natural regimes nor between the altered and natural Mediterranean rivers (nM-aM, Fig. 67b, SuppTable—t. Table S2).
However, we found that natural Atlantic flow regimes have significantly higher temperal-BOM-turrover-seasonal shifts in
DOM composition than their altered equivalents along both PC1 and PC2 axes (nA-aA, SuppTable-t. Table S2).

Moreover, along PC1, the among-river variation of mean DOM was similar among the rivers. Along PC2 we found a
difference between the natural rivers (nA-nM; SuppTable-+, Table S2). Similarly, along PC1, among-river variation of temporal
DPOM-turnover-seasonal shifts in DOM composition was similar for all the rivers. Contrarily, along PC2, it was different both
between the natural rivers and between natural and altered in-the-Atlantic Rivers (nA-nM, nA-aA; SuppTable—1. Table S2).

These results confirm our visual assessments (Fig. 56c-f, Fig. 67).
3.4 Linking DOM regimes to flow regimes

The first component of the partial least square regression (PLSR) models explained 36:86-30.9 % of the variance of the
dispersion in the entire multidimensional PCA space, +8-7218.7% of the variance on the PC1 axis, and 23-99-24.0 % of the
variance on the PC2 axis. For ease of interpretation, only the +st1%' component was selected from each of the three PES-PLSR
models. Based on VIP > 1 as a criterion, 34, 34, and 29 indices were selected to explain the multidimensional dispersion and
the variance of PC1 and PC2 axes, respectively. Mostly, indices identified as important for "PEA-Multidimensional dispersion"
- as the global model of POM-turnover-shifts in DOM composition - were then also found as relevant te-explain-for explaining
variances of PC1 or PC2 or both axes. A few indices, however, were identified as relevant in only one of the three models,

vernoisy but more

suggesting multivariate dispersion to be a maybe
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Figure 6. Principal component analysis of DOM composition. Graphical representation of (a) scores and (b) loadings of the PCA results
where scores of each sampling occasion show a large overlap of flow regimes regarding DOM composition. The bottom panels show the
temporat-turrover-of-seasonal shifts in DOM composition in each river as a polygon in the same PCA space, where (c) the natural Atlantic
rivers (nA) are represented in light bluetdiamond), (d) the altered Atlantic (aA) rivers are represented in dark bluefsguare), (e) the natural
Mediterranean (nM) rivers are represented in light orange {inverse-triangle)-and (f) the altered Mediterranean (aM) rivers are represented in
dark orangeftriangte). The PCA is based on absorbance and fluorescence measurements; humic-like components (Creyrestrial), protein-like
components (Chasicrobial), Specific absorption at 254 nm (SUVAa2s4), humification index (HIX), fluorescence index (FI), freshness index
(Blav), slope ratio (SR), inverse molecular weight indicator (E2:E3) and size exclusion chromatography fractions: high MW biopolymers

(Cumws), humic substances (Cys) and low MW substances (Crarw s).
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Figure 7. Femporal-turnover-of DOM-compesition-Seasonal shifts in

atDOM turnever-composition as average dispersion (distance to river centroid) along

all the PCA axes (a); temporal variation of DOM in each river along PC1 (b) and PC2 (c). The rivers are grouped by flow regime; natural
Atlantic (nA, light blue), altered Atlantic (aA, dark blues), natural Mediterranean (nM, light orange) and altered Mediterranean (aM. dark
orange) rivers. The aA rivers are separated into two reservoir purpose groups, irrigation and hydropower;for-the-sake-ef-visualisation. All
aM rivers have reservoirs with-used for irrigationpurposes-by-defatlt.

comprehensive measure of shifts in DOM composition, i.e. capturing POM-turnover shifts in DOM composition that cannot
be attributed solely to either PC1 or PC2.

The global-model for dispersion was driven by high flow in the wet winter and spring months (November, December,
January Flow, and March, April, May Flow, Fig. 78a) and low flow in the dry summer months (June, July, August, September
Flows, Fig. 78a). Standard deviations of these flow magnitude indices show-showed a similar trend of positive correlation
in wet months and negative correlation in dry months. Moreover, the gtebal-dispersion-inereases-dispersion increased with
increasing magnitude and frequency of short duration high flow events (1-3-7 Day Maximum and 1-3-7 Day Frequency,
Fig.78a). Regarding the rate and frequency of flow change, the count of increasing flow days deereases-decreased and the
count of decreasing flow days inereases-increased this dispersion (No Increasing Flow Days, No Decreasing Flow Days, Fig.
78a). Regarding the timing indices, the later date of the annual minimum flow is-was related to higher dispersion whereas
variation in this date (i.e. its standard deviation) is-was related to lower dispersion.

In addition to the-global-dispersion-drivers—-we-observe-identifying the drivers of dispersion, we observed that PC2 variance
deereases-decreased with increasing long-duration minimum flows specifically, while PC1 variance inereases-increased with
increasing high flood frequency and counts. Similarly, PC1 variance inereases-increased with increasing rise rate and decreases
decreased with increasing fall rate. Additionally, we found that PC1 variance deereases-decreased with increasing SD of

minimum flood-related indices especially, while most SD indices are-were negatively correlated.
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Figure 8. Following the PLSR model the indices with VIP scores higher than 1 were assessed for each model. (a) The mean indices and (b) the

intra-annual standard deviation indices are separated for ease of interpretation. The yellow bars represent normalized regression coefficients

for the indices in the model explaining multidimensional dispersion, the purple and grey bars represent the regression coefficients for the

indices in the models explaining variance along PC1 (ranging from -0.07 to 0.07) and along PC2 (ranging from -0.06 to 0.06), respectively.

For better comparison, regression coefficients were normalized to ranges [-0.02, 0.02], [-0.07, 0.07] and [-0.06, 0.06] for dispersion, PC1

and PC2, respectively. The indices that belong to the same sub-group are grouped together. The complete list of indices used and their

abbreviations are given in Supp Table 2:3.
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4 Discussion

In this study of 20 rivers, we compared the effects of flow-alteration-on-the- DOM-regime-in-dams altering two distinct natural

flow regimes —Ourresults-contribute-to-the-inereasing-evidenee-on DOM regimes. The literature suggests that dams do not
influence all rivers alike (McManamay et al., 2012)-Indeed;-, and indeed, the likely high diversity of DOM regimes associated

RN
with natural flow regimes may-give-the-tmpression-that-makes similar reactions to flow-alterattons-are-damming appear im-
probable. On the other hand, a suite of common ecological effects associated with reservoirs, e.g. the simple fact of increased
residence time, may indeed drive commonalities of DOM regime response to a dam-induced alteration of natural flow dynam-

ics. In reality, the natural flow regime forms a baselinebackground, on top of which a dam with a reservoir of a certain size and
a-eertain-type of operation, thusresidence-time,-may-causeflow-alterations-may alter flow with consequences for the DOM
regime. When-designing-this-study;-we-acknowledged-this-We acknowledged this in our study design by restricting study rivers
to 2-distinet-hydrological-classestwo distinct natural reference flow regimes, namely Atlantic and Mediterranean. n-ourstudy

Notably, in several aspects, DOM regimes were more variable across the natural and altered Mediterranean rivers, hampering
MQ@%MWMm Atlantic and Mediterranean regimes to-flow-alterations

ing-by a strict comparison of altered rivers to their natural
equivalents. Aeross-the-considered-natural-flowregime-elassesHowever, DOM regimes responded-differently-yetconsistently-to

flow-alterationshowed consistent features in both altered Atlantic and Mediterranean rivers. We suggest that {+)-reservoir effects
(i.e. Hydraulie-retention-hydraulic residence times and operation schemes Maavara-et-al-2020);+2)-(Maavara et al., 2020)),
which cause flow seasonality shifts and (3)-flew-regime-homegenization-flow regime smoothing, may work towards altered
DOM regimes in downstream systems along a range of pathways;-with-ultimately-. This may ultimately lead to unique outcomes
for each hydrotogieat-etassriver, yet with some consistencies despite rivers belonging to different reference flow regimes.

4.1 Investigated flow regimes and observed flow alterations

This study benefits from Pefias and Barquin (2019) who classified natural flow regimes on the Iberian Peninsula into 20 distinct
regime types (or hydrological classes), of which we selected two. Indeed, natural rivers in both classes have pretty distinct flow
regimes, each with common features. Hence, both elassesnatural flow regimes have a low variance of flow descriptors aeross
theirrivers-among their rivers (Supp Fig 1c). Contrarily, the high among-river vartation-variations of flow variability boxplots in
most altered regimes (Fig. 34), combined with the hydrographs (Fig. 23), indicate little commonality in flow alteration-regimes
across the altered rivers: while some rivers have smoother hydrographs, others show a tendency towards increased temporal

variation in their flow regime (eg-—e.g. introducing summer high flows and/or winter low flows) or show little influence of the

dam on the seasonal time scale studied. This is in accordance with the literature ;-which-suggests-that-flow-alterations-may

not-affect-all-flowregime-classes-alike;suggesting diverse effects upon damming, and while it may push some rivers outside
of their normal river-funetion-hydrological functioning (McManamay et al., 2012), others may still behave similarly to their

expected natural flow regime. Mereever,as-
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As visible by their higher aeross-river-among-river variation, flow alterations diversified altered-Atlantic rivers more than

in-Mediterranean rivers (Supp
. 3). Indeed, both reference flow regimes diversified into different directions, mostly due to by-design—with-reservoirs-of

different-various reservoir designs, purposes and suesfegefheﬁ&eﬂe—gfeup—a}tﬁedr Altered flow regimes are thus not as
easily classified and not as distinct as their natural equivalents.

of altered flow regimes: (1) the general loss of dynamics ef-the-flow—regime-throughout the year by less intense 1-Day high
flows-High Flows (Fig. 34a) and more intense seasonal low flows (Fig. 34e-f), and (2) the newly introduced summer high flows

resulting in a shift in-of flow seasonality (Fig. 24 b and e). The latter was especially pronounced in Mediterranean rivers,

where reservoirs exclusively serve the purpose of irrigation and thus release water to arid downstream regions during summer.
Additionally, the reservoir capacity is surpassed in some but not all smaller reservoirs in winter-spring-flowslate winter to earl

spring, resulting in a-second-an unreliably appearing secondary earlier “release”, hence the double-humped shape of theirflow

regime—some altered flow regimes. Reservoirs of our study ranged in size between 2 hm” and 664 hm?, thus some but not
all were big enough to withhold high spring flows for storage until release in a single summer peak. A similar seasonal water
release does not exist in the altered Atlantic rivers, especially those flowing to the North (Nalon, Nanca, Narcea)sinee-they-are
al-hydropowerreservoirs-without-mueh-, These hydropower reservoirs have low storage capacity, hence they— at the studied
seasonal time scale - they more closely mimic the intense summer low flows of their natural equivalent—

s—for later hydropeaking (Almeida et al., 2020), yet hydropeakin

was not observed in the studied rivers.

Thus, in our study, flow regimes diversify through common, yet varied types of alteration. Our study design implied the

creation of inherently heterogeneous "altered" flow regime groups with reservoirs differing in size and residence time, but

also facilitating various stratification patterns and showing various warming potentials. One thing our study cannot achieve
by design is to look for commonalities in DOM regimes for reasonably categorlzed distinct types of alteration—But—as—a

flow—featuresflow alteration. In fact, grouping reservoirs by purpose (irrigation vs. hydropower) resulted in mostly little dif-
ference between the studied flowregime-responsesDOM regimes despite their distinct flow features. Thus, we believe any
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commonality

mere "dam-induced flow alteration" may be of prominent importance and strong applicability.

signwe find based on a coarser definition of

4.2 Responses of annually averaged DOM quantity and composition towards flow regimes

In our comparison of annual averages of DOM quantity (DOC) of natural and altered rivers, we-saw-clearly-higher median

oA ed-to-theirn e an nd aalerren on-of-the M end-nMedite N

ompareato atatra gutva ana-a-wed prcattono

A—eleareut-tests missed significance likely due to low statistical power despite median values of altered rivers appearin,
higher specifically in the Atlantic rivers. Yet, a clear-cut response of DOM quantity to flow regimes or their alteration is net
easy-to-predictDOC-maybe naive to expect. DOM quantity of natural rivers is affected by various environmental factors such

as topography, climate and land cover;-while-, In contrast, in altered rivers, it is additionally influenced by factors such as dam
operation, reservoir stratification and reservoir water temperature (Maavara et al., 2020). Various studies have found conflicting

results on reservoirs as increasing, decreasing or not altering DOC concentrations for the downstream systems (Ulseth and

Hall, 2015). In rivers from arid regions with high flow variation for example, upstream reservoirs may act as a carbon source
Parks and Baker, 1997) or a carbon sink (Miller, 2012). In temperate regions, upstream reservoirs may act as a carbon source
Knoll et al., 2013), while no change was observed in reservoirs of boreal rivers (Nadon et al., 2015; Imtiazy et al., 2024).

The existing diversity of influences makes a common response of DOM quantity to flow alteration across Atlantic and
Mediterranean rivers unlikely, especially when considering the highly integrative nature of a variable like annually averaged

DOC that integrates DOM across various sources and chemical compositions as well as over time. Yet, in our study, we

observed an inerease-increasing trend in DOC from natural to altered rivers when Atlantic and Mediterranean rivers were sep-
arated. One explanation for this effeet-of flow-alteration-by-apparent effect of dams on DOC concentration is-could reflect a
sampling problem associated with the efficient capture, transient storage and averaging of extreme DOM amounts delivered to
the river network from the catchment during short-term flood events (Raymond et al., 2016). In this explanation, dams with

large enough reservoirs interfere with the downstream transmission of a DOM pulse during a flood, but more importantly,

some-PDOM-this DOM pulse is transiently stored in the reservoir and passed-en— if not subjected too strongly to bio- and
hotodegradation - passed on towards downstream later over a longer time. Thanks to this hydrelogical-averaginginterference
of dams with naturally occurring flow and DOM pulses, downstream DOM composition is "hydrologically averaged" and

invariant in time. Thus, sampling at discrete points in time in dewnstream-rivers-thus-altered, downstream rivers results in rela-
tively high and stable values, while it is highly unlikely that with just six sampling dates we were able to capture a pulse on any
of our natural rivers, whose annual mean DOC then ends up underestimated. In addition or alternatively to this effect of tempo-
ral smoothing of terrigenous DOM pulses, productivity in reservoirs may contribute additional DOM of autochthonous origin-
Both-meehanisms-arerelated-to-the-inereased, which could potentially also counteract losses by bio- and photodegradation.

All these mechanisms are associated with residence time of water in the reservoirs, yet they expectedly result in very-different

DOM compositions passed on to downstream river reaches.
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Strictly looking at annual average measures for DOM composition between natural and altered flow regimes we found only
limited evidence for differences; we observed a significant differenee-onty-in-flow alteration effect on mean DOM composition
only along PC2 betweennatural-and-altered-for Atlantic rivers. FThe-Here, altered rivers appeared on average more humic with
signs of photodegradation (SR). The (further) lack of significant effects between naturally flowing and flow-altered rivers with

500 regard to (average) DOM composition to some extent supports the idea of reservoirs as smoothers of a lewly-variablevariable,
natural DOM regime, or it may imply that other factors such as hydrology or catchment characteristics have an overriding
influence on DOM composition, thereby masking any potential reservoir effect by a lot of noise.

In fact, the literature on linking DOM composition to dams has mixed results. Some studies show that a high export of au-
tochthonous and biolabile DOM caused by increased primary production in reservoirs and tailwaters may result in a shift from

505 terrestrially sourced DOM to protein-like DOM downstream of dams Xenopoutos-et-al;-202H(Imtiazy et al., 2024; Ulseth and Hall, 2015
. Contrarily, other studies claim that dams of certain size and function may have no significant effect on downstream DOM

composition. In boreal rivers, for example, no shift in DOM composition from terrestrial to protein-like was observed down-

stream of dams-(Xenoporlos-etal;202H—hydropower and storage dams (Nadon et al., 2015). However, another study from
the same climatic region observed that increased residence time in a hydropower-producing mesotrophic reservoir shifted the
510 DOM composition from allochthonous to autochthonous (Imtiazy et al., 2024). This diversity of responses again points to a

particular source of noise in our study that may cause difficulties in finding eleareut-clear-cut effects of flow alteration on
DOM composition: the fact that we grouped various dams of different purposes and sizes under the term “flow alteration”. In
this respect, reservoir trophic state and dam operations such as the timing of the reservoir filling or water release are also of
concern, specifically regarding their influence on the composition of DOM transported to downstream reaches by interfering
515 with residence times and transmission of upstream source signals (Xenopoulos et al., 2021). Indeed, dams can be a carbon
source or a carbon sink depending on many such factors related to dam nature and operation; in-the-worst-easetheylead-te
potentially, they cause DOM composition to respond to “flow alteration” in opposing directionseven-ifrivers-are-expected-to
belong-to-the-same-hydrological-class.
4.3 DOM regime reactions: Atlantic and Mediterranean rivers show divergent responses to flow regime alterations in
520 annual-DOM-turnoverbut with similar outcome

A DOM regime may be better described than just by annually averaged DOC and DOM composition, especially when these

variables are subject to dynamic processes and show pronounced temporal variability. Indeed, when looking at the temporal

change of DOM composition indicators (SuppFig—2e-f, Fig. S2), we observed specific differences in summer and fall months

between the natural and altered regimes in both Atlantic and Mediterranean rivers. The divergence between natural and altered

525 rivers is even more obvious in the multivariate analysis, specifically along PC2 as well as in $/«, where particularly during
summer, DOM in altered rivers behaved differently than in natural rivers (SuppFig-—2e-é)—, Fig. S2¢-f).

To make use of the temporally spaced information without having to resort to time series analyses, we computed measures

of variation of DOC and of turnever-efshifts in DOM composition at the annual timescale as descriptors of the DOM regime.
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We reasoned that such integrative measures based on variance can also be quite flexibly computed in cases where the temporal

spacing of measurements is uneven, not aligned among rivers, or sampling is sparse or spread randomly over multiple years.
Hydrological seasonality and event-induced flow variation are the main drivers of annual variation in carbon concentration

in natural rivers (Fasching et al., 2016). However, we could not observe an effect of flow regime on the annual DOC variation

nor observe any clear difference among annual timelines of DOC (Fig. 45b-c). Contrarily, we found several DOM indices

showing differences in their annual variance (CV values) and PCA-dispersion-among-Atlantie-in multivariate dispersion amon

natural and altered flow regimes. Stch-common-patterastn-Adtian vers-butlack-thereofin-altered Mediterraneanriversimply

ehimate-speeific-effeets-on-DOM)Specifically dam-impacted Atlantic rivers showed consistently lower temporal variation of
various indices, multivariate dispersion and PCA-axes. Thus, dams in these rivers led to a significant temporal homogenization
of DOM in downstream sections. These patterns appeared in Mediterranean rivers as well, most notably when assessing
multivariate dispersion (Fig. 6). However, in Mediterranean rivers, the differences between natural and altered flow regimes
were insignificant for most indicators, largely because of remarkably higher spatial variation of temporal CVs across the
various natural Mediterranean rivers. DOM regimes in naturally flowing Mediterranean rivers were indeed either quite variable
over time or fairly stable - a finding that strongly contrasts the consistently dynamic DOM regimes of natural Atlantic rivers
(Fig. 6, 7). Taken together, our results suggest that dams may lead to fairly consistent and temporally stable DOM regimes
in downstream river sections even in climatically different reference flow regimes and contrasting the high diversity of DOM
regimes potentially appearing in natural flow especially in Mediterranean rivers.

4.4 Dam and reservoir-associated mechanisms behind DOM regime reactions to flow alteration

Our PLSR results linking flow regime characteristics to PEA-multidimensional dispersion and variance along PC1 and PC2

axes yield more insights into the mechanisms

shifts in DOM composition. Short-duration high-flow events are key in mobilizing terrestrially stored carbon into the riverine
system via increased riparian connectivity. The PLSR results show an-inerease-in-DOM-turnover-wider annual shifts in DOM
composition with an increase of indices describing magnitude (1-3-7 Day Maximum) and frequency (1-3-7 Day Flood Fre-
quency) of such short-duration high flow events (Fig. 78a). These relationships may be partly driven by natural differences
in terrestrial DOM mobilization, but mere-likely they are also associated with the ability of reservoirs to interfere with the
downstream transmission of a terrigenous DOM pulse.

Indeed, many reservoirs in Northern Spain are associated with a decreased frequency of high flow events due to the storage
of water in the reservoir and downstream flow hemegenization-smoothing (Aristi et al., 2014). In our study, in both natural flow
regimes, summer low flows follow high winter and spring flows (with some climate-specific variation, for instance in the exact
timing and intensity of drought). Thus, flow alteration largely leads to a more or less strong reversal of seasonal dynamics by
retaining water in reservoirs in winter and spring for later release during the-summer. This effect is greater in Mediterranean

rivers. These-seasonalities-This seasonality of the flow regimes in our study are-is reflected in patterns of POM-turnover—a
positive-corretation-shifting DOM composition: PLSR modelling identified a positive effect of mean monthly flows 6fin winter
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and spring high-discharges-(floods) but a negative eorrelation-effect of mean monthly flows in summer droughts-with-the DOM
tarnover(droughts) on the magnitude of shifts in DOM composition. This is corroborated by relatively higher terrestrial signals
in the rainy spring months in natural rivers (SuppFig—2a-b. Fig. S2a-b) and also shown by the positive eorrelation-of-aromaticity
and-moleeular-weight-varianee-with-effect of seasonal high flows (March, April, MayFlews)~) on PC1 indicating aromaticity
and molecular weight variance. This is in accordance with the current scientific consensus that high flows are generally linked
to allochthonous DOM inputs while low flows promote autochthonous production (Imtiazy et al., 2024). Natural flow regimes
allow the transmission of flood-induced terrigenous DOM pulses in spring while such DOM is rare in these rivers during
summer low flows, when there is increased opportunity for production of autochthonous DOM. On the other hand, in altered
flow regimes, reservoirs pass on seasonally smoothed and thus rather invariable terrigenous DOM to downstream systems long
into summer (SuppFig
regimes-with-global PCA-dispersion;indieating-. Fig. S2e-f). The negative effect of summer flows on the magnitude of shifts
in DOM composition is likely as much driven by low summer flows in natural flow regimes as by high summer flows in altered
flow regimes. In altered flow below dams, the lack of summer dreughts-drought lowers the natural BPOM-varianee-variation of

DOM composition of a river.

,
low flow during naturally dry summer months eontribute-to-DOM-turnover-as-well-as-may directly increase the variation of
DOM composition through higher microbial signals from autochthonous production of DOM in the merely flowing rivers.
This is shown by higher PC1 and PC2 values during summer low flow in the natural Atlantic rivers while DOM remained
comparably invariable in the altered Atlantic rivers (SuppFig—2a. Fig. S2). A similar microbially sourced carbon pulse was

observable in altered rivers in October, coinciding with the lowest flow rate for these rivers. This finding still agrees with

the earlier interpretation about reservoirs as hydrological smoothers of upstream DOM signals, which, however, may include
not only terrigenous DOM but also in-stream produced material. Within reservoirs, these two types of material may then be
subjected to photo- and bio-degradation, ultimately leaving less labile humic material for continuous downstream export with

little compositional variation,
A counter-effect to the lowered autochthonous contribution from upstream rivers to DOM variance in the altered rivers

may be givenby-the potential production of DOM in the reservoirs, especially when these-reservoirs have longer residence

times (Ulseth and Hall, 2015; Imtiazy et al., 2024), reasonable nutrient (Maavara et al., 2020) supply and support warming.

summer-compared-to-their-natural-equivalents (see-time-series-of For Atlantic rivers, our data do not suggest reservoirs as
sources of new autochthonous material. For Mediterranean rivers, summertime excursions of DOM towards higher PC1 -P€2;
and-betascores (i.e. towards more microbial DOM, higher FI and (/alpha;SuppFig-—2b:-d-and-fa ratios, Supp. Fig. S2 bd

suggest some influence of DOM production within reservoirs, even though this effect could not be identified as statistically.
significant. These results agree with the generally good ecological status and thus low trophic state of the reservoirs (Table I).

Notably, the buffering effect of reservoirs may also imply a change of DOM composition due to higher degradation as a

result of longer residence time. We observed that in August - October measurements, PC2, which is strongly correlated to SR
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and E2:E3, diverges between natural and altered rivers in both Atlantic and Mediterranean regimes. Here, natural rivers have

positive values and altered rivers have negative values. We think this may be related to the higher irradiation particularly-sinee

SR-indieates-higher-as SR indicates photodegradation. This might be due to two factors; longer residence times in the reservoir

leading up to these months-moments of sampling and water release from the reservoirs from-May/tune-til-Oetober-where-water
depthdeereases-hence-light-penetration-inereasesover summer that decreases water depth, hence increasing light penetration.

The pervasive effects of dams on DOM regimes
also had an interesting additional effect when looking at the spatial variation of DOM regimes across rivers. When assessing
DOM composition, we observed that flow regime-alterations homogenized the DOM regime across rivers despite our dams
being of differing sizes and purposeswhich-alter-the-flow-regime-in-different-directions—, altering flow regimes in various
directions (e.g., Fig. 6). This loss of natural BOM-diversity-spatial diversity of DOM regimes across rivers indicates that dams
have a very-strong-powerful homogenizing effect on DOM regimes —at the landscape scale. Interestingly, we could not find
such an effect for variation of DOC and CV poc:. Here, data inspection (Fig. 5, Table 4) shows a non-significant trend towards
increasing spatial variation across rivers from natural to altered rivers. This would indicate a spatial diversification of DOM
regimes in terms of quantitative behaviour, which parallels the flow regime diversification due to dams.

5 Conclusions

In our study, we investigated how dams, serving various purposes, alter Mewegmﬂow and DOM regimes in rivers
with disti

natural

h(reference) flow patterns. We concluded
that a-dam—-may-meve-ariver-outside-of4ts—dams in our study can move rivers outside of their normal river function both
in terms of its-annual average and annual variance of DOC concentration and composition threugh-its-inflaences—on—the

o—towards surprisingly similar outcomes despite

differences in underlying natural hydrology. Dam effects such as high flows during natural seasonal drought and interfering
interference with natural high and low flow events are likely the driving factors for the decrease in annual-turnover-of-carbon

DOM composition. A main mechanism is the prevention of transmission of upstream-sourced terrigenous and autochthonous
DOM towards downstream-located systems. In conclusion, these-the often drastic seasonality reversals of the flow regime may
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can strongly impact the seasonality of the DOM compositionregatively. It appears that in our study area, reservoirs act as a

buffer, where longer residence times average out the naturally high-tarnever-of DOM-compesition—-and-send-occurring shifts
in DOM composition by trapping the upstream-sourced carbon inputs in the reservoir for a longer time and objecting them
to bio and photo-degradation, thus sending relatively invariable DOM further downstream. This effect was similar across all
altered flow regimes despite the diversity of dam types and purposes.

Flow alterations atse-thus resulted in the homogenization of DOM downstream of dams across time and-space(within each
river) and space (across rivers). This may have important consequences for riverine carbon cycling. In natural flow regimes,
considerably variable DOM meets benthic bacterial consumers that undergo frequent succession due to disturbance by flow.
The likely resulting mismatch between the chemical traits of incoming DOM and the microbial functions needed to process this
DOM as a resource limits its metabolism (Talluto et al., 2024). In contrast, in altered flow regimes, there is an increased chance
for a match between diverse but stable carbon resources and functions of their heterotrophic consumers in now less disturbed
microbial communities. Ultimately, this would translate to increased metabolism of terrigenous DOM and increasingly higher
€OZ-emissions—in-CO, emissions from rivers downstream of dams. Notably, this yet-to-be-tested effect on riverine carbon

cycling comes on top of already-known effects on intensified DOM processing caused by higher residence times in reservoirs.

Increasing knowledge on this frontier could also help to design
flow alteration strategies that prevent impacts on ecosystem structure and functioning and move one step forward in restoring

natural riverine habitats.
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