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ARTICLE INFO ABSTRACT
Keywords: Over the last century, lands used for livestock and agriculture have been progressively abandoned on mountains
Landscape indicator across Europe. The afforestation of abandoned agricultural lands leads to significant environmental impacts

Hydrochemical indicator
Chemical weathering
Long-term trends

particularly in karst catchments, which are highly responsive to climate change and human disturbances. Due to
the lack of long-term historical records and appropriate methods, these impacts are not yet well investigated. The
Climate change remote Baget forested catchment (Pyrenees Mountains), where a long-term hydrochemical survey has been
Acid deposition conducted since 1979, was chosen to develop a method for reconstructing the evolution of landscapes based on
Remote sensing heterogeneous and multi-temporal satellite imagery and aerial photographs from 1942 onwards. An indicator of
Pyrenees mountains landscape change is proposed, based on three vegetation groups, compatible with the various supporting data.
The spatio-temporal landscape evolution evidenced a regular increase of 31% in forest extension between 1942
and 2019, while pioneer (grassland and heathlands) and open forest (early woodland) stages showed an overall
but uneven decrease, marked by an accelerated decline of the latter due to an increase in livestock activities. The
trends of streamwater discharge and chemistry were related to these environmental changes. A set of processes
influencing the changes in the hydrochemical patterns, particularly the increase in dissolved elements in
streamwater originating from carbonate dissolution, is proposed and discussed. The forest recolonization (40.05
Km?2.yr~!) enhanced soil organic matter content, generating an increased pCOy in soils, which in turn enhanced
the carbonate dissolution, expressed by a concentration increase of + 5 peq.L L.yr ! for (Ca**+Mg?") and of +
10 peq.L L.yr~! for HCO3. The steeper slope of HCO3 could result from decreasing terrestrial Ca%*+Mg?* export
together with decreasing SOF leaching (—4 peq.L.yr 1) due to decreasing acid atmospheric deposition. In the
meantime, the observed increase in air temperature (+0.03 °C.yr™!) favoured tree growth, litter decomposition
and water demand by trees. This study has demonstrated the powerful indicator of linking the historical evo-
lution of the landscape, quantified using images, to the observed trends in the hydrochemical composition of
stream waters, to highlight the internal processes of the critical zone. However, because of nested effects, it still
remains a challenge to strictly quantify their respective impact on streamwater chemistry.

1. Introduction Karstic Critical Zone (K-CZ) is an excellent model for studying their
impacts on water resources and on the biogeochemical cycles of carbon

Mountainous karst hydrosystems are critical zones that are sensitive and nitrogen, currently greatly disturbed by land use changes. Karst

to climatic variations and anthropogenic pressures (IPCC, 2014; Lopez- environments display marked geomorphological characteristics,
Moreno et al., 2014; Moran-Tejeda et al., 2010). Consequently, the involving surface discontinuities and a complex network of water
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pathways, which connect surface water to groundwater (Bakalowicz,
2005, 1979; Daher et al., 2011). This proximity between the two types of
waters results in water mixing leading to a high vulnerability of the
water resource, as anthropogenic contaminants can rapidly reach the
groundwater. Moreover, the dissolution of carbonates, the main lithol-
ogy forming karst systems, is very sensitive to climate changes. Climate
warming increases pCO; in soils by promoting the activity of microor-
ganisms and the mineralization of organic matter (Deines, 1980; Li et al.,
2010). Consequently, this leads to a variation in weathering products
and the physico-chemical characteristics of stream and ground waters
(Binet et al., 2020).

The modernization of agriculture in the second half of the 20th
century led to the abandonment of less productive lands and less
accessible areas (Chassany, 1999). From this period onwards, a rural
exodus, especially in mountainous areas, accompanied the sharp decline
in pastoralism and agricultural land use (Camacho et al., 2008). The
abandonment led to a progressive forest recolonization (Pointereau and
Coulon, 2009) through vegetation transition to the forested state (Génot
and Schnitzler, 2012; Rameau, 1999). Forests are a key factor in the
carbon cycle through their role as a carbon sink through photosynthesis
that fixes atmospheric carbon (the inverse of Equation (1)). They also act
as a carbon source to the atmosphere via autotrophic respiration and
indirectly via the contribution of organic matter to the soil (above and
below ground litter, root exudates), where they are decomposed by
microorganisms (Catalan et al., 2016; Clark and Fritz, 1997; Porcal
et al., 2015; Reynolds et al., 2017). The recolonization by forests of land
abandoned after agricultural activities therefore promotes the produc-
tion of organic matter in the soil (Arrouays et al., 2001). These changes
can lead to an increase in the partial pressure of CO, (pCO5) in the soils
and in the karstic networks (Equation (1)) (Raich and Tufekcioglu, 2000;
Rasse et al., 2001). This increase can favour the dissolution of carbon-
ates (Equations (2) and (3)) and the hydrolysis of silicate minerals (Cao
et al., 2019; Hartmann et al., 2009; Moquet et al., 2011), but may also
enhance the production of dissolved organic carbon (DOC) in the water.
Thus, landscape transition is a potential indicator of modifications in the
carbon fluxes through changes in chemical weathering in the K-CZ.

CH,0 + 0,—~CO, + H,O0, (€D)]

Natural drivers (i.e., climate, soil type, vegetation and organic matter
inputs) and anthropogenic activities influence the carbon fluxes be-
tween the atmosphere and the soils. In the K-CZ, the natural parameters
controlling the dissolution of carbonates (Equations (2) and (3)), and
consequently the water chemistry are the plant species and the soil
properties (Calmels et al., 2014). These are directly affected by tem-
perature, precipitation and age since deglaciation, which all change
differently with elevation in different mountain areas (Theurillat and
Guisan, 2001). Plant species influence the quantity and characteristics of
organic matter, affecting their decomposition by microorganisms and
the CO; production in the soils (Equation (1)). For instance, the rate of
natural carbonate weathering in the Jura Mountains is 20-30% higher
under deciduous than under coniferous vegetation (Calmels et al.,
2014).

CO; + H,0—~H,COs, )

CaCO;(calcite) + HyCOy < Ca* +2HCO;, 3)

Thanks to advances in remote sensing, the availability and improved
spatial resolution of satellite imagery on the one hand, and the avail-
ability of ancient aerial photographs on the other hand, land use changes
can be analysed over large areas and over long time periods (Dusseux,
2014; Guerschman et al., 2003). These tools facilitate a regular moni-
toring of natural phenomena and indicators on the Earth’s surface
(Sawadogo et al., 2008) such as vegetation dynamics and changes in the
land cover (Girard and Girard, 2010). However, it remains challenging
to converge these products in a harmonized way.

Over the world, some studies have shown a significant long-term
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(>10-30 years) change in the chemical composition of stream waters.
Changes in various environmental parameters were pointed out such as
air temperature (Ulloa-Cedamanos et al., 2020), atmospheric acid
deposition (Binet et al., 2020; Pierret et al., 2018; Vuorenmaa et al.,
2018), agricultural activities (Stets et al., 2014), rainfall (Yan et al.,
2011) and even a potential role of the dominant type of land cover
(Raymond and Cole, 2003). Meanwhile, an increase in the partial
pressure of COy (pCO3) has been highlighted in karst cavities and soils,
in Belgian (Ek and Godissart, 2014), Swedish and French catchments
(Jeannin et al., 2016). It has been suggested that this rise in pCO; is
linked to an increase of about 30% of the forest in thirty years (Ek and
Godissart, 2014), or to changes in agricultural practices and global
warming (Jeannin et al., 2016). In addition, obvious changes in land use
mainly due to farmland abandonment were observed in Europe (Garcia-
Ruiz and Lana-Renault, 2011; Rabbinge and van Diepen, 2000),
including the Pyrenees mountains (Houet et al., 2012, Lopez-Moreno
et al., 2014). In this region, forest recolonization (Garcia-Ruiz et al.,
2011; Lopez-Moreno et al., 2011) and global warming (Lopez-Moreno
et al., 2014; Amblar-Francés et al., 2020) have led to a decline in water
availability. Despite these studies, while trends have been observed, the
connection between the changes in land use and the trends in stream
water chemistry on the long-term, has seldom been investigated and
quantified in remote areas. The reason is the lack of long-term hydro-
chemical historical records over decades and of appropriate methods to
harmonize data from recent satellite imagery and ancient aerial
photographs.

In this context, the Baget karstic catchment (BC) was selected as a
pilot site, because a complete set of hydrochemical data covering almost
50 years was available. The objectives of this study were as follows: (i) to
develop and apply a method for reconstructing the evolution of the
landscape in the BC over decades using satellite imagery and aerial
photographs from 1942 onwards, (ii) to confront the indicators of land
cover change with the evolution of the stream discharge and stream-
water chemistry in this sensitive K-CZ, and (iii) to decipher the influence
of changes in the environmental parameters on the water chemical
trends.

The supporting hypothesis was that the progressive expansion of the
forest area in the BC would imply, with a time shift, an enhancement of
the biogeochemical cycles in the soils, and then, would affect the stream
hydrochemical patterns. This amplification would lead to an increase in
pCO2 within the soil-rock system and thus stimulate chemical weath-
ering processes, and control the changes in the water chemistry. At the
same time, other key environmental pressure factors linked to global
warming could antinomically accelerate/moderate these changes.

2. Materials and methods
2.1. Description of the study area

The Baget catchment (BC, centroid in 42°57'42"” N, 0°58'30” E) is a
small karstic and forested basin with a surface area of 13.25 km? (Fig. 1;
Bakalowicz, 1979; Labat et al., 2000; Ulloa-Cedamanos et al., 2020). The
BC is located in the lower part of the Pyrenees, in southwestern France.
Its altitude ranges from 498 (elevation outlet) to 1417 m, with very steep
slopes, particularly in the middle part of the basin where they reach up
to 60% (Mangin, 1975).

The BC exhibits an Atlantic oceanic climate with a clear mountainous
influence. The average rainfall and evapotranspiration are respectively
1700 mm and 540 mm (Johannet et al., 2008; Mangin, 1975; Padilla
et al., 1994). The annual average daily air temperature is 11.8 + 6.3 °C
for the period between 1961 and 2020, recorded at the nearest meteo-
rological station of Saint Girons (43°00'19” N, 1°06'25" E, altitude 414
m, operated by Météo France) about 8.3 km from the outlet of the BC
(Ulloa-Cedamanos et al., 2020). Between October 2019 and September
2020, 60% of annual precipitation (1713 mm.yr ') occurred from
November to December, and March to May (wet seasons) (Ulloa-
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Fig. 1. (A) Location and relief with contour lines (in meters) and (B) land cover of the Baget catchment (BC) in 2019. Modified from Ulloa-Cedamanos et al. (2021a).
The coordinates of the extreme edges of BC are 42°58'21.9” N, 0°58'15.9” E (north), 42°56'41.1” N, 1°0'21.3" E (south), 42°57'19.9” N, 1°1’52.1"” E (east) and

42°57'27.7" N, 0°54'40.5" E (west).

Cedamanos et al., 2021a). The main stream is oriented west to east. The
average annual discharge is 0.48 m3.s7! (i.e., a specific flow of 36 Ls L.
km_z, between 1970 and 1997, Labat et al., 2000) at the outlet (Baget
B1, Fig. 1). Recent studies report in BC an average discharge of 0.44 +
0.67 m®.s %, with extreme values of 10.10 and 0.02 m®.s* for the period
1979 to 2018 (Ulloa-Cedamanos et al., 2020). The period of high-water
flow occurs from November to May, and is controlled by a bimodal
rainfall regime with generally a first peak at the beginning of winter in
December and a second peak in late spring in May. Approximately 50%
of the total streamflow occurs between December and March (Mangin,
1975; Ulloa-Cedamanos et al., 2020).

From 1970 onwards, rural abandonment and the ageing agricultural
population led to an agricultural and pastoral decline in this region
(Barrué-Pastor and Fournié, 1996). The consequences are perceptible
with the progressive forest recolonization, and the sparsity of livestock
farms in this area dedicated to breeding. The BC is mainly wooded (67%
of the catchment surface, Fig. 1B). A dense mixed deciduous and
coniferous forest dominates the upper basin (above 900 m, Fig. 1A),
while grasslands are observed on the south-facing slope and near the
outlet (Ulloa-Cedamanos et al., 2020). Livestock are present in the
grasslands (about 250 animals), while herds are only present from May
to November.

This catchment drains a large carbonate area (67% of total surface;
Mangin, 1975; Ulloa-Cedamanos et al., 2021b) with 98% calcite dating
from the Jurassic and Lower Cretaceous (Debroas, 2009; Mangin, 1975).
It is clearly distinguished from other karst systems in the region by a
high specific dissolution of carbonates (Bakalowicz, 1979), which leads
to the dominance of some ions, as shown by the discharge-weighted

mean concentrations for calcium (Ca2+, 2.97 + 0.18 meq.L'l) and for
bicarbonate (HCOs3, 2.90 + 0.22 meq.L'l) in surface water, as observed
in BC for the period 1979-2018. The weathering of secondary lithologies
in BC provides other less abundant major elements such as magnesium
(Mg?*, 0.36 + 0.05 meq.L}, 1979-2018) and sulphate (SO%, 0.35 +
0.13 meq.L’l, 1995-2018). The other major elements (sodium-Na™,
chloride—CI’, nitrate—NO3 and potassium-K") from atmospheric or bio-
logical origin, display concentrations of<0.05 meq.L™! (Ulloa-Cedama-
nos et al., 2020). According to Ulloa-Cedamanos et al. (2021b), the
contribution of mineral/rock weathering to streamwater chemistry at
the outlet is as follows: pyrite oxidation (1% of the total dissolved solids,
called TDS) < carbonate dissolution by sulfuric acid (3%) ~ gypsum
dissolution (3%) < silicate weathering by carbonic acid (16%) < car-
bonate dissolution by carbonic acid (73%).

2.2. Hydrochemical survey

The BC was monitored at the outlet (Baget B1, Fig. 1) between 1979
and 2020. The outlet represents the integration of the whole catchment
in terms of response to environmental factors. The monitoring frequency
was as follows: a weekly frequency from 1979 to 2006 by the CNRS
(French National Centre for Scientific Research) laboratory of Moulis
(Binet et al., 2020), a biannual frequency by the BRGM (Bureau de
Recherches Géologiques et Minieres) Occitanie (ADES database, 2021)
from 2007 to 2014, and a bi-monthly frequency between October 2016
and September 2020 by the Laboratory of Functional Ecology and
Environment (Ulloa-Cedamanos et al., 2020).

Rainfall was measured from September 2019 to December 2020 at
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the meteorological station of Balagué nearby BC (42°58'06.5” N
1°00'39” E, elevation 658 m, Fig. 1A). Rainfall between September 1978
and August 2019 was calculated using the very significant relationship
(R% = 0.80; p < 0.001; n = 365, with a slope of 1.39) between the daily
rainfall registered at Balagué station and at the closest Météo-France
meteorological station of St. Girons (elevation 414 m, situated 8.3 km
downstream from the outlet of BC) (Ulloa-Cedamanos et al., 2021a).
Daily temperature and daily potential evapotranspiration (ETP model,
Penman-Monteith method) were also recorded at the same Météo-
France meteorological station. A strong correlation was observed be-
tween these two parameters for the period October 1978 - September
2018 (R? = 0.70; p < 0.001; n = 14604, with a slope of 3.7).

The discharge (Q, m3.s71) of the Lachein stream was acquired from
the water level data measured at the monitoring station located at Baget
B1 (Fig. 1). This site is equipped with a mechanical limnigraph (OTT 20
1/5, Loveland, CO, USA) and a float-type water level sensor (OTT
Thalimedes, Loveland, CO, USA). The water height data (H), freely
accessible since 1968 (Banque Hydro, 2021), were transformed into Q
from a rating curve H/Q plot (Mangin, 1975; Ulloa-Cedamanos et al.,
2021a).

The physico-chemical parameters including pH, conductivity (in uS.
cm™ ) and water temperature (in °C) were measured with a multi-
parameter probe (ProfiLine Multi 3320, WTW, Xylem Analytics Ger-
many Sales GmbH & Co., Weilheim, Germany) directly in the stream
during sampling at the outlet (Fig. 1). Water samples were collected in a
1 L HDPE bottle and stored in darkness at 5 °C until analyses. Prior to
analyses, all samples were filtered through 0.22 pm Millipore cellulose
nitrate membranes. Alkalinity was measured using a standard acid
titration method with 0.02 N HCl and a Metrohm titrant (716 DMS
Titrino, Metrohm, Riverview, Florida, USA). Strong acid anion concen-
trations (SOF, NO3 and CI') were measured by ion chromatography
(Dionex apparatus ICS 5000+, Thermo Fisher Scientific, Waltham, MA,
USA). Samples were previously acidified with 16 N HNO3 and analysed
for major cation (Ca?t, Mg?*, Nat and K*) and silica concentrations by
an inductively coupled plasma optical emission spectrometer (ICP-OES;
Iris Intrepid II XLD, Thermo Electron, Thermo Fisher Scientific, Wal-
tham, MA, USA). The TDS (total dissolved solids, mg.L’l) is the sum of
the major elements (Ca%t, Mg?", Na*, K, HCO3, SO%, NO3, Cl" and
H4Si04). Protons and ammonium (NHJ) were negligible in our case
study. The Net Inorganic Charge Balance (NICB = 200 x (TZ" - TZ)/
(TZ" + TZ), in %) between the sum of cations (TZ') and the sum of
anions (TZ") (considered both in meq.L’l) was within a + 10% range for
99.5% of samples.

Regarding the quality assurance (QA) and the quality control (QC),
the data set was too long to have a QA/QC procedure over the entire
period from 1978 until 2020. Concerning the QA, the protocols for the
sampling, filtration, pre-treatment, and storage of the streamwater
before analysis were controlled during the entire period. In relation to
the QC, all the methods of analysis were controlled following French
(NF), European (EN), and international (ISO) standards. Moreover, for
several decades, the physico-chemical analysis platform of the Labo-
ratoire écologie fonctionnelle et environnement has participated each
year in the ICP-Water Intercomparison protocol lead by the Norwegian
Institute for Water Research (NIVA), which follows a QA/QC procedure.

2.3. Landscape classification

A synthetic flow chart of the methodological approach is presented
in Appendix A. All the landscape classification procedure was performed
in QGIS software (QGIS Development Team, 2021).

2.3.1. Input imagery data

We reconstructed the evolution of land cover since 1942 (the oldest
aerial photograph available in the basin, Appendix B Figure B.1), at 8-
year intervals, except for the period 1947-1963 due to missing data
(Fig. 2). The time step of 8 years was chosen since the impact of changes
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Fig. 2. Temporal distribution of the available dataset images over the year for
the period 1940-2020. The resolution of sentinel-2 is 10 m, that of SPOT-2 and
4 is between 10 and 20 m.

in land cover was not detected for a lower time-step on water chemistry,
and also to match with the availability of the supporting data. The
following data (Appendix B Table B.1) were used as input of the model:

(i) Satellite imagery SPOT 2 and 4 (between 2001 and 2011) and
Sentinel 2 (since 2015) (available on the Theia-Land platform),

(ii) Aerial photographs between 1942 and 1989 available on the IGN
(National Institute for Geographic and Forestry Information)
website and,

(iii) Exogenous data for the recognition of the site, including images
in Google Earth, Forest Inventory and digital elevation model
raster (DEM). The last two data sets are available on the IGN
website.

2.3.2. Data processing

The processing of aerial photographs, unlike satellite imagery, re-
quires pre-processing including ortho-rectification, geo-referencing and
inclusion of Digital Elevation Model (DEM) data. Considering the in-
formation provided by the aerial photographs, a texture index was
included via the texture ratio (Haralick et al., 1973; Huang et al., 2007),
in complement to the pixel values. The main disadvantages of the aerial
photographs were: (i) the irregularity of acquisition campaigns mainly
carried out between May and October due to meteorological constraints,
(ii) the one-off availability of photographs per year, and (iii) the cover of
the surface catchment by several image mosaics (Fig. 2, Appendix A,
Appendix B Figure B.1). For the satellite images, the challenge was to
select five images at different dates without a dense cloud cover, rep-
resenting the main seasons of the year. The set of images for each year
was aggregated to obtain a multi-temporal yearly image containing a
large number of bands suitable for land cover detection of the whole
catchment area.

2.3.3. Processing and exploitation of imagery data

Multi-temporal images and multi-source data have already been used
to study changes in land cover (Dusseux, 2014) for assessing various
environmental processes (Grinand et al., 2013), such as the influence of
ancient ecological processes on current biodiversity (Herrault, 2015).

The photo-interpretation of imagery data (Google Earth) and the IGN
forest inventory of 1987 served to develop the nomenclature (Miranda
et al., 2018) and to identify the tree species, as well as the location of
anthropic structures (buildings, roads, cultivated areas). These data
constitute the training dataset, 50% of which was used in the classifi-
cation model and the other half to validate the classification image
(Marais Sicre et al., 2020). This step was crucial, as the quality of class
equality, maximum intra-class homogeneity and inter-class heteroge-
neity determine the pixels classification and therefore the discrimination
of the different classes.
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The method used was a supervised classification fed by the first half
of the training dataset using the Orfeo Toolbox in QGIS software (QGIS
Development Team, 2021). This process treats each pixel one by one
from the image provided using the Random Forest algorithm (Breiman,
2001; Marais Sicre et al., 2020), in order to assign all pixels to a certain
class. This non-parametric algorithm (Breiman, 2001) was used due to
the better performance compared to other classification algorithms
(Gislason et al., 2006), its robustness in wide area classification (Pel-
letier et al., 2017) and the easy parameterization (Rodriguez-Galiano
et al., 2012). Thus, seven main land cover types were identified over the
whole basin (Fig. 1, Appendix C) using satellite images, with beech and
broadleaf forests as the two dominant land covers. However, the use of
only one date per year (Fig. 2) and the quality of the old aerial photo-
graphs impeded the classification into seven classes. Aiming for a
common indicator of landscape change, applicable to both satellite
images and aerial photos, we selected a landscape classification
including three main vegetation transitions: pioneer, open forest and
mature forest stage (Table 1) (§ Appendix C for more details). This
classification took into account the land cover transition, the biomass
density and the potential influence over pCO; production in soils. Each
resulting raster with the landscape classification was transformed into a
polygon (polygonise tool) to quantify the surface area of each type of
landcover.

2.3.4. Evaluation of the classified image

The land cover classification was assessed using the F-score (Powers,
2011; Van Rijsbergen, 1979), the kappa index (Marais Sicre et al., 2020)
and the confusion matrix (Congalton, 1991). The F-score is the harmonic
mean of each class, i.e., an average between the precision (number of
correctly classified pixels among all classified pixels) and the sensitivity
(number of classified pixels over correctly classified pixels, for each
class). Thus, the F-score quantifies the proportion of well-classified
pixels of each class. The kappa index is the relative difference between
the proportion of agreement observed and the proportion of random
agreement for the whole model (Marais Sicre et al., 2020). The land
cover reconstruction also generates a confusion matrix to assess the
robustness of the classification. Confusion matrix shows which classes
were confused with each other, i.e., which pixels were classified in the
wrong classes.

For the classifications generated on aerial photographs, the evalua-
tion was carried out on each mosaic and then averaged over all the
mosaics covering the catchment. For satellite images, the assessment
was carried out on the classified and smoothed image (use of a majority
filter (3x3) to discard isolated pixels). The evaluations were based on the
second half of the training dataset.

2.4. Indicators of changes for landscape and water chemistry

In order to evaluate the intensity of the change in land cover (R),
water chemistry (X) or discharge (Q), we calculated the rate of growth/
decline of these parameters with reference to the year 1979 (Egs. (4)—
(6), Maaf-IGN, 2016), since water chemistry data were available from

Table 1
Usage of terms.
Term Usage
Vegetation A process of change in the vegetation communities over time

transition from pioneer to forest stage.
Pioneer community A community of heaths and grasses developed on an

stage abandoned field, formerly used for agriculture or livestock
farming.
A seral community in the early stages of forest transition. It
includes loose forest and broadleaf copse.
A steady forest ecosystem reached through the process of
vegetation transition. The forest communities encompass
stands of broadleaf and coniferous trees.

Open forest stage

Mature forest stage
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this year (see above § 2.2).

Ry =2 =5 109 @
1979
x(%) = =6 00 )
Cior9
0(%) = w « 100 ®)
1979

where Sy, Cy and Qy are the surface of each land type, average concen-
trations and discharge at year-step y, respectively. The S1979, C1979, and
Q1979 correspond to values of the surface of each land type, concentra-
tions and discharge in 1979.

The average concentration (C) of each element for each year was
weighted by discharge (Q), according to the following equation (Lit-
tlewood, 1995; Phillips et al., 1999):

2 (Cr0)
> Q)

The loss of alkalinity (in equivalent %) was calculated as follows for
carbonated systems (Perrin et al., 2008; Ulloa-Cedamanos et al., 2020):

C(meq.L™") = )]

Ca** + Mg*") — HCOy

(
AAlk =
Ik (Ca + Mg“)

x 100 ®

2.5. Statistical analysis

All calculations were computed on a hydrological year basis (Octo-
ber-September). For simplicity, only the second year of each period will
be indicated, for example the period from October 1978 to September
1979 will be named as the year 1979. Statistical data processing was
performed in R (R Core Team, 2021) using RStudio software (RStudio
Team, 2020). Redundancy analysis (RDA, Jari Oksanen et al., 2020) is a
two-step analysis in which individual and environmental data are ana-
lysed using multivariate linear regression, producing a matrix of fitted
values. Then, PCA of the fitted values was used to produce canonical
axes, which were linear combinations of the predictors (Legendre and
Legendre, 2012). RDA was used to analyse many individual character-
istics and environmental predictors simultaneously (Forester et al.,
2018). This technique has been widely used in ecology to assess the
cause-effect relationship between changes in the genotype or phenotype
of individuals and fluctuations in environmental factors (Forester et al.,
2018; Jalal et al., 2005). The linear regression (R Core Team, 2021) was
used to determine the long-term trend of each parameter, together with
the significance level (p-value) and the Spearman correlation coefficient
(R

3. Results
3.1. Reconstructing the evolution of landscapes

The Baget catchment landscape was mapped based on the classifi-
cation set up in section 2.3, to study the evolution of the landscape from
1942 to 2019 (Fig. 3).

The overall performances (kappa index) of the aerial photographs
were 0.54 (Fig. 4A). The mature forest stage was the class with the
highest F-score (mean of 0.80), while the open forest stage had the
lowest F-score (mean of 0.50) (Appendix B Figure B.3). The lower index
from 1979 to 1989 is due to the fact that the reconstituted images were
sometimes made up of several mosaics (between 2 and 4) and were
acquired at different periods of the year. The kappa index of the satellite
image classifications was relatively stable (mean of 0.72) and higher
than those generated for aerial photographs. However, the F-scores
show that some groups were slightly misclassified (Fig. 4A). This is
owing to the difficulty of identifying some types of land cover such as
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Fig. 3. Evolution of landscape in the Baget catchment from 1942 to 2019. Data input: aerial photographs between 1942 and 1989, satellite imagery SPOT 2 and 4
(between 2001 and 2011), and sentinel 2 (since 2019). In the map of 1942, NW: Northwest, SW: Southwest, NE: Northeast, SE: Southeast.

undifferentiated broadleaf forest (mature forest stage) and heathland
(pioneer community stage), whose mean F-scores were 0.53 and 0.48,
respectively. In contrast, undifferentiated conifers (mature forest stage)
exhibit the highest mean F-score (0.97) (Appendix B Figure B.4). In
general, these index values were not close to one (pixel-perfect classi-
fication of all groups). In addition to those mentioned above, another
potential influencing factor could be the use of recent data following the
step of photo interpretation, to classify the old data.

In 2019, 67% of the surface area of the BC was occupied by steady
forest (mature forest stage), while only one third of the total surface area
was covered by pioneer (16%) and open forest stages (17%). The present
situation differed markedly from the landscape in 1942, where the main
environment was the open forest stage (42%), followed closely by the
mature forest stage (36%) and finally by the pioneer community stage
(22%) (Appendix B Table B.2).

Satellite images showed that nowadays, two-thirds of the current
land cover is composed of mature forest: beech forest (47%), followed by
undifferentiated broadleaf forest (12%) and undifferentiated coniferous
forest (8%) (Appendix B Table B.3, Appendix C). Overall, the proportion
of the mature forest stage increased from 1942 to 2019, unlike the other
stages (Fig. 4B). Nevertheless, these trends were not consistent
throughout the study period. The proportion of mature forest stage first
increased but then reached a plateau from 1970 to 1989, before
increasing again regularly until 2019. The open forest stage decreased
from 1942 to 1970, and then fluctuated as follows: increase from 1970 to
1989, decrease from 1989 until 2003, increase from 2003 to 2011 and
decrease again until 2019. In a complementary way, the pioneer com-
munity stage rose slightly from 1942 to 1962, before dropping to 1989,
increasing again to 2001, decreasing weakly to 2003, and increasing
again to 2019. The behaviours of the pioneer and open forest stages were
antagonistic, showing opposite trends (Fig. 4B), while the mature forest
stage followed an independent and overall increasing pattern.

By focusing on a specific area, we can identify local changes in the
land cover, due to abandoned lands or other disturbances.

In the north-western part of the BC, grasslands and heathlands are

surrounded by dense beech forest (Fig. 1). This area has continuously
changed, from a dominant mature forest stage in 1989 to heavy defor-
estation till 2011. It was then only gradually recolonised by forest until
2019. Likewise, the north-eastern part of the catchment is very hetero-
geneous in time and space, with a changing vegetation cover type over
time (Fig. 3).

In the southwest of the basin, an increase in the mature forest stage
emerged between 1942 and 1989, and contributed to a relative global
increase of + 13% (from 36% in 1942 to 49% in 1989). Conversely, the
pioneer community stage gradually decreased by —14% (Appendix B
Table B.2). In this area, an expansion of the mature forest stage was
visible between the years 2011 and 2019 (Fig. 3, Fig. 4B), as evidenced
by the growth of the beech stand (broadleaf) (+7%, Appendix B
Table B.3). This expansion was reinforced by the reduction in the open
forest stage: decrease of the loose broadleaf stand (—4%) and of
broadleaf copse (—6%).

In the south-east of the BC, an area covered by coniferous stands
(mature forest stage, Fig. 1) underwent strong changes between 1970
and 1979 (Fig. 3, Appendix B Figure B.2), and then remained homoge-
neous from 2001 to 2019 (mean surface of 1.0 + 0.1 Krnz). Meanwhile
during this period, the pioneer community stage was more or less stable
as the grassland decreased (-4%), while heathland tended to increase
(+5%) (Appendix B Table B4).

3.2. Hydrochemical composition of the Baget stream water

The major hydrochemical ions (Ca®*, Mg?* and HCO3) are reported
for the period 1979-2020 in Appendix B Table B.4, while the complete
hydrochemical parameters (all major element concentrations) are stated
for the period 1995-2020 in Appendix B Table B.5.

As indicated by their mean concentration, the most abundant cation
was Ca2" (1515 + 91 ymol.L'), followed by Mg?" (171 + 28 umol.L'})
and Na' and K (<42 pmol.L'). The mean Ca?*/Mg?" molar ratio was
8.5 + 1.2. The most abundant anion was HCO3 (3095 + 233 pmol.L'l),
followed by SO‘Z{ (105 £ 70 umol.L'l) and CI" and NO3 (<48 pmol.L’l).
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Fig. 4. (A) Evaluation (F-score and Kappa index) and (B) surface evolution of each landscape group, using aerial photographs from 1942 to 1989 and satellite

imagery from 2001 to 2019.

The mean SO%’/ HCO3 molar ratio was 0.05 + 0.03. This is consistent
with the results of Ulloa-Cedamanos et al. (2020) for a less extended
period (1995-2018).

The two most abundant ions (Ca2+ and HCO3) accounted on average
for 89.1 + 2.7% of instantaneous TDS (mg.L'l) and they dominate the
charge balance (mean interannual value of 98.3 + 0.1% and of 88.0 +
1.5% of the total sum of cations and anions in meq.L, respectively
(Appendix B Figure B5). The highest coefficient of variation (CV, Ap-
pendix B Table B5) of instantaneous data was for discharge (1.45) and
air temperature (0.52), mainly in relation with seasonal fluctuations.
The dissolved elements with the highest CV were SO3 (0.44) and DOC
(0.53), while the lowest CV were for Ca’* (0.06), HCO3 (0.08) and TDS
(0.06).

3.3. Long-term trends in stream water chemistry and landscape

At the outlet of the BC, carbonate dissolution dominate the water
chemistry, accounting for 73% of TDS, followed by silicate weathering
(16%) (Ulloa-Cedamanos et al., 2021b). A first analysis of long-term
trends in air temperature, (Ca®** + Mg2+) and HCO3 concentrations
indicated a slight increase between 1979 and 2018. In contrast, long-
term trends in discharge and calculated pCO- in the streamwater, after
degassing of CO, and/or calcite precipitation (Ulloa-Cedamanos et al.,
2021b), did not show any significant trends (Ulloa-Cedamanos et al.,
2020).

The hydrochemical dataset between 2007 and 2016 (N = 35)
included only a small number of samples per year compared to the rest

of the other years (mean of 53 samples per year). However, this period
was considered in the long-term trend analysis because it does not
modify the trends, but it takes into account a greater dispersion of the
points between 2007 and 2016 (Fig. 5A and 5B). The trend of the mean
annual concentrations of (Ca2++Mg2+) and HCO3 confirmed the overall
increasing trend already observed on instantaneous data by Ulloa-
Cedamanos et al. (2020) (p = 0.02, Fig. 5A and p < 0.01, Fig. 5B,
respectively). The lineal regression indicated a steeper slope for HCO3
(slope = 0.010) than for Ca®* + Mg?" (slope = 0.005). The annual
concentration averages showed a strong significant increase (p < 0.01)
until 2003 (increase of the slope to 0.010 for Ca%*+Mg?*and 0.014 for
HCO3). After this year, a decrease in concentrations was observed be-
tween 2004 and 2006, with concentrations slightly lower than those of
the last 4 years of study (2017-2020). The air temperature was the only
parameter showing a constant increasing trend for all the period (p <
0.01, Fig. 5C). Conversely, annual discharge varied around the mean
with no significant trend (p = 0.78, Fig. 5D) during the same period. An
alternation of wet and dry periods was observed on the inter-annual year
variation. An increase in the stream discharge was observed for three
years (2013, 2014 and 2018). This may however have led only a minor
dilution effect because even for these years, concentrations of
Ca?*4+Mg?" and HCO3 continued to increase. Nevertheless, if we
consider the measurements before 2013, the discharge trend displayed a
significant decrease (p = 0.04) (Fig. 6).

In parallel, the trends in landscape surface for the three types of
vegetation classes were quantified between 1942 and 2019 (Fig. 5D).
The mature forest stage showed a regular increase from 1942 to 2019
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Fig. 5. Evolution of the mean annual water chemistry based on instantaneous data (A: Ca®>*+ Mg?" and B: HCO3), of mean annual hydroclimatic parameters (based
on daily air temperature (C) and daily discharge (D) and of landcover transition (E). Continuous lines and surface included within dash lines represent the linear
regressions and the 95% confidence interval of the long-term trends, respectively. p-value: significance level, R%: Spearman correlation coefficient.

(R? = 0.9), unlike the pioneer community stage (R?> = 0.4; mainly be-
tween 1972 and 1989, Fig. 4A) and the open forest stage [R? = 0.6,
mainly between 1989 and 2019, Fig. 4A), which displayed an overall
decrease. In addition, even if the trend was downwards for pioneer and
open forest stage, their internal variations were mutually antagonistic
(Fig. 5D). Indeed, it can be noticed that the observed trends for stream
water chemistry, temperature and discharge have remained similar if we
only consider the years concerned by the landscape transition analysis, i.
e., the years 1979, 1989, 2001 and 2019.

3.4. Link between environmental indicators and stream water chemistry

The cause-effect relationship between environmental parameters
and water chemical composition was investigated using the Redundancy
analysis (RDA, Fig. 7). This statistical method, widely used in ecology,
analyses many individual characteristics and environmental predictors
simultaneously (Forester et al., 2018; Jalal et al., 2005; Sytiuk et al.,
2020). According to the statistical analysis, significance (p-value) of
each explanatory variable included in the RDA was tested using 1000
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Fig. 6. Rate of change in hydrochemical and environmental indicators (in %) with reference to the year 1979 (§ Equations (4)-(6)). For discharge, only the linear

regression was plotted until 2012 due to the strong dispersion of the data.

permutations.

The first RDA was computed using the instantaneous values to
highlight the seasonal control of discharge and temperature on the dy-
namics of major elements in streamwater (Fig. 7A, N = 1685 samples).
The second one was performed using the annual mean values of the
previous parameters and the surface of the mature forest community, to
understand their long-term cause-effect relationship on water chemistry
(Fig. 7B, N = 31 years). The mature forest stage surface was chosen as an
environmental indicator to complement the RDA analysis since (1) it
enabled the strongest indirect relationship with the increase in soil pCO4
(Calmels et al., 2014; Ek and Godissart, 2014) and (2) it showed the most
robust performances (0.66 < F-score < 0.92) in the landscape classifi-
cation model (Appendix B Table B.2 and B.3).

The first biplot (Fig. 7A, significance level of the model “p” < 0.01)
involved two axes, representing 5.2% (p of the axis < 0.01) and 1% (p of
the axis < 0.01) of the variance. This RDA contrasted air temperature
and Mgt concentration on the upper positive side, while discharge,
Ca?* and HCO3 concentrations were positioned on the lower negative
side.

The second biplot (Fig. 7B, p-value = 0.015) was composed of two
axes that explained 23% (p of the axis < 0.05) and 2.7% of the variance.
In this RDA, a similar pattern, which opposed air temperature to
discharge on one side, and Ca%t and HCO3 to Mgt concentrations on
the other, was observed. However, Ca and HCO3 were more closely
associated to air temperature. The changes in mature forest stage and
the air temperature were close and positively linked to the Ca?* and
HCOj3 concentrations, in opposition to discharge.

4. Discussion

4.1. Reasons for long and short-term changes in the landscape of the
Baget catchment

The surfaces of the three groups of landscape undergo successive
growths and declines (Fig. 4A). However, the landscape evolution be-
tween 1942 and 2019 indicated a progressive vegetation transition to-
wards the forest stage in the BC (Fig. S5E). This forest recolonisation was
related to a decrease in the pioneer and open forest stage (Fig. 4B). In the
sixties, there were 50 farming families in the catchment, while nowa-
days there are only 14, of which only eight live in the catchment. This is
why the landscape for livestock and agriculture (grassland and heath-
land) was progressively abandoned and overgrown around the 1980 s,
but has been re-occupied since 2000, resulting in a limited landscape
opening (Fig. 4B, Fig. 5E). The example of the north-western part of the
BC, with a pioneer community stage surrounded by a dense beech forest
(Fig. 3), is also illustrative of this human pressure. This area which

showed a near-enclosing of the landscape in 1989, was re-opened arti-
ficially before 2001 due to the construction of an access road. That is
why we observed an increase in the pioneer community stage, which
gradually enclosed again until 2019. The enclosing of the landscape, in
response to agricultural and pastoral abandonment in mountain envi-
ronments, has already been identified in other studies concerning
remote areas (Chassany, 1999; Houet et al., 2012), such as the Pyrenees
mountains and the Massif Central in France since the 1940s (Houet et al.,
2012; Robert, 2016). Consistently, the major origin of landscape evo-
lution in the Baget catchment was linked to the intensity of human
pressure.

This is evidenced by the complementary patterns observed between
the pioneer and open forest stages (Fig. 4B, Fig. S5E). Before 1989, forest
recolonisation due to the abandonment of agriculture and livestock
farming led first to a slight increase in open forest stage to the detriment
of pioneer communities. Then from the 2000 onwards, the reuse of land
for agriculture reduced the landscape area occupied by open forest
stage, as these lands are quicker and easier for farmers to deforest.

The indicator of forest recolonisation tended to increase steadily but
slowly (Fig. 6), as the dynamics of establishment and growth of a forest
stand extend over several decades. However, locally, the razing of
broadleaf stands (beech and chestnut trees) as in the south-eastern BC
prior to 1979 (Fig. 3, Appendix B Figure B.2) halted this process. This
area is currently occupied by coniferous stands planted after 1979
(Fig. 1, 8% of the current area of BC). Consequently, these local dis-
turbances impacted the general trends and explain the stability of the
mature forest stage observed between 1970 and 1989 (Fig. 4B, Fig. 5E).

4.2. Cause-effect relationship between environmental changes and trends
in water chemistry

In this study, the main target was to determine the effect of envi-
ronmental variables on the chemical composition of surface waters.

The relationships between water chemistry and environmental in-
dicators vary depending on the temporal scale of the study. The seasonal
control of temperature and discharge on the carbonate dissolution
products was demonstrated using the instantaneous values (N = 1685
samples, Fig. 7A). The increase in carbonate dissolution during winter
explains why Ca?" and HCOj3 show the opposite trend to temperature
and in the same direction of discharge over axis 1. This is also confirmed
by the systematically higher contribution of carbonate ions to the total
dissolved solids (TDS) in winter (Ulloa-Cedamanos et al., 2021b).
Conversely, the opposite position of Mg2" (Fig. 7), originating from the
dissolution of dolomite, was not surprising since its relative contribution
to streamwater composition is higher during the summer low water flow
period. During this period, some tributaries dry up completely, which
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forest stage surface (ha) and discharge (m3.s7!) at the outlet of BC. Code meanings: “***” (p-value < 0.001), “**” (p-value < 0.01), “*” (p-value < 0.05).

leads to an increased relative contribution of dissolved elements to the
streamwater from certain areas. This is the case for Mg?" whose
contribution increased by about 10% (Ulloa-Cedamanos et al., 2020).
The landscape classification aimed to create an efficient indicator
that illustrated the influence of the different land covers on the observed
changes in water chemistry, expressed by the variations in (Ca®" +
Mg%") and HCO3. The significant increase in air temperature (global
warming) was identified as a key factor which might explain the sig-
nificant increasing trends observed for these ions (Binet et al., 2020;

10

Ulloa-Cedamanos et al., 2020). Except for discharge, however, no other
environmental parameter supported this hypothesis. An increase in air
temperature and COs concentration in the atmosphere has several
environmental consequences. It favours forest growth (Morison and
Lawlor, 1999; Went, 1953), promoting the evapotranspiration process
and hence, the uptake of soil water (Jaramillo and Destouni, 2015; Leng
et al., 2015; Lippmann et al., 2019). The extent of this change can be
proved and quantified by comparing the trends in precipitation (P),
discharge (Q), and evapotranspiration (ET), noticeably during the
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growing season (interannual monthly means from April to July, Ap-
pendix B Figure B.6) in BC. The increasing ET with the increasing pro-
portion of forest area over the period resulted in an increasing
disproportion between precipitation and discharge (P-Q) of 3.6 mm.yr
at BC (Fig. 1A), while the potential ET (ETP model) increased only by
1.8 mm.yr ! at the St Girons station (Appendix B Figure B.6). Thus, the
increase in forest cover impacts the water balance, by reducing surface
runoff through forest interception and drainage due to increasing water
demand (Khorchani et al., 2021; Tormos, 2010), by enhancing the
infiltration of non-consumed water through the soil, and returning most
of the water to the atmosphere through transpiration (Aussenac, 1981).
Afforestation also plays a buffering role by stabilizing the discharge over
time at the catchment scale (Burch et al., 1987; Hlasny et al., 2015).
Conversely, landscape openness leads to a significant improvement in
soil water availability (Aussenac et al., 1995) and decreases ET
(Khorchani et al., 2020). Our study brings additional data to support this
idea, illustrated by the opposition of discharge against air temperature
and the mature forest stage surface in axis 1 in Fig. 7B (significance level
of the model of 0.015).

The observed decreasing trend in stream discharge could have led to
a potential accretion of the dissolved ions in surface waters (Li et al.,
2010; Qin et al,, 2019). The concentration/discharge relationships
indicated a seasonal hydrological control on concentrations, with most
of the ion concentrations decreasing with the increase of discharge
(particularly obvious for SO%’ in BC; Ulloa-Cedamanos et al., 2021a),
because of dilution effect (Zhong et al., 2020, Zhong et al., 2017). In
such karst system, the high concentration observed both during low and
high discharge conditions can be ascribed to the long water transit time
and to the piston effect of more concentrated waters, respectively (Ulloa-
Cedamanos et al., 2021a). The interannual increasing concentrations of
(Ca*" + Mg?") and HCO3 could either result from decreasing discharge
(concentration effect), or from increasing weathering rate. The opposite
patterns observed in the BC between the surface of mature forest stage
and the ions originated from carbonate dissolution, against the
discharge, are consistent with these hypotheses (Fig. 7B). The analysis of
the interannual fluxes of (Ca®™ + Mg2+) and HCO3 (Appendix B
Figure B.7) revealed that these trends (deviation from the mean between
109 and —96% for HCO3) are more driven by the discharge (deviation
between 94 and —95%) rather than by the concentration (deviation
between 18 and —13% for HCO3). However, at the annual scale, the
discharge drives the fluxes, but not the concentrations (Appendix B
Figure B.8), as it has been observed for CO5 consumption fluxes in BC
(Ulloa-Cedamanos et al, 2021b). The strong global chemostatic behav-
iour of Ca?* and HCOj3 concentrations with changing discharge, was
already evidenced in BC (Ulloa-Cedamanos et al, 2021a), and relies on
the rapid kinetic of carbonate dissolution. Therefore, the increase in
(Ca2+ + Mg2+) and HCOj3 concentrations should be related to an in-
crease in the weathering process by an acid source.

4.3. Cause-effect relationship between changes in acidity source and in
water chemistry

The extent of forested area in catchments could also affect DOC
leaching. The elevated leaching of organic acids from soils may increase
rock weathering, and consequently element products concentrations
such as (Ca2+ + Mg2+) and HCOs3 in BC. An increasing trend in DOC
concentrations was observed in European northern headwater areas as
well as in agricultural areas due to decreasing SOF deposition, climate
change and changes in land use (de Wit et al., 2021; Monteith et al.,
2007; Ponnou-Delaffon et al., 2019). Long-term DOC survey was not
available in BC, however, in karst systems DOC concentrations and
fluxes are relatively low (1.0 + 0.6 mg.L"} and 1.3 + 0.4 t. Km 2yr ! in
BC, Appendix B Table B.5) compared to forested catchments (13.3 t.
Km_z.yr_l in Korea; Yoon et al., 2010) and to peatlands (40 + 4 t.
Km~2yr~! in UK; Worrall et al., 2012 and between 16.1 + 0.4 and
34.6 + 1.5 t.Km~2yr~! in the French Pyrenean massif; Rosset et al.,
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2019). The mobilisation of DOC from the upper soil horizons with the
increasing discharge (Ulloa-Cedamanos et al., 2021a) may thus play a
limited seasonal role in rock weathering, and its impact on interannual
evolution remains unlikely in such buffered carbonate systems. The low
absolute mean value of NICB (1.4 £ 1.5%, N = 855) also evidenced a
good equilibrium between cation and anion charges, and consequently
confirmed that the contribution of organic anions to the anionic charge
remain negligible.

Under forest, litterfall and humus are enhanced. Even if organic
matter (OM) storage is a slow process following land abandonment,
increasing forest cover leads to higher OM in soils and evidenced a
microbial origin (Nadal-Romero et al., 2021). The higher air tempera-
ture stimulates microbial activity and the decomposition of organic
matter (Zhong et al., 2018). The consequent increase in CO3 production
in soil (Equation (1)) (Zeng et al., 2021; Zhao et al., 2019) contributes to
accelerating the dissolution of carbonates (Equations (2) and (3)), even
if the calcite solubility decreases when temperature increases (Cao et al.,
2012; Plummer and Busenberg, 1982). This is consistent with the posi-
tion of Ca®* and HCO3 on axis 1 (Fig. 7B), i.e. close to air temperature
and mature forest stage surface. As mentioned above, the enclosing of
the landscape increases the release of organic matter into the soil, which
is oxidized to produce CO5 and then converted to carbonic acid (HoCO3).
This weak acid weathers rocks, such as limestone, composed of mineral
calcite (CaCO3). Thus, the enhanced relative dissolution increases the
Ca®* and HCOj3 concentrations observed in BC surface waters.

The less steep net increase of Ca?*+Mg?* than the net HCOj3 increase
could result from decreasing terrestrial Ca export together with
decreasing SO3 leaching (-4 peq.Ll.yr™!, Fig. 8A) due to decreasing
atmospheric sulfuric acid deposition or farmland NPK-fertilizers (Binet
et al., 2020; Kopacek et al., 2020; Weyhenmeyer et al., 2019). The BC is
characterized by a limited and sparse agricultural activity, suggesting
that the external source of SOF must almost only be remote atmospheric
deposition, which, in this mountainous area, was estimated to be lower
than in the northern part of France and Europe (Pascaud et al., 2016).
This hypothesis was reinforced by the interannual decrease of: (i) the
contribution of the annual average SOF concentration to the anionic
charge for HCO3 (Appendix B Figure B.5), and (ii) the mean annual loss
of alkalinity (Fig. 8B, Equation (8)). The loss of alkalinity could be linked
to the dissolution of gypsum and/or rock weathering by strong acids
(H2SO4 and HNO3) (Perrin et al., 2008; Ulloa-Cedamanos et al., 2020).
Low and high-water level conditions caused changes in gypsum disso-
lution and pyrite oxidation, leading to seasonal changes of the loss of
alkalinity in the BC (Fig. 8B) (Ulloa-Cedamanos et al., 2020). The inter-
annual average of alkalinity loss decreases, with higher values before
2000 (Fig. 8B). This decrease can be explained by the decline in acid
deposition from long-range atmospheric pollution, as previously shown
by Binet et al. (2020) and Ulloa-Cedamanos et al. (2020) in this remote
basin.

In BC, the Ca?* also partly originates from the dissolution of gypsum
(CaS04-2H50), which accounts only for up to 4.9% of annual TDS
(Ulloa-Cedamanos et al., 2021b). The decrease in water drainage in the
catchment may decrease the Ca?' production from the gypsum disso-
lution that could also contribute to the less steep net increase of
Ca?*+Mg?" compared to the HCO3.

Furthermore, because of forest recolonization, the nutrient con-
sumption by young trees increases since they draw on the available
nutrients to ensure their growth. Calcium is essential for the metabolic
development of plants, while Mg?" is a necessary component of chlo-
rophyll, and therefore of photosynthesis (Bohn et al., 2004; Hepler,
2005). However, the Ca?" + Mg?" uptake is compensated for an
equivalent release of H' ions that neutralize an equivalent amount of
HCOg3. As a result, the retention of these nutrients linked to afforestation
contributes to a concentration decrease of these ions, but does not
change the (CazJr + Mg2+)/HCO§, ratio in stream water.
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the chemical composition of stream water.
5. Conclusions

This study investigated the impact of landscape changes over de-
cades on the stream water chemistry in a small forested karst catchment
from the Pyrenees Mountains, using a unique 40-year survey dataset.
The method developed may it possible to harmonize heterogeneous data
sources (aerial photographs from 1942 to 1989, satellite images from
2001 to 2019 and other exogenous data) to reconstruct and quantify the
landscape changes undergone in the Baget catchment (BC) from 1942 to
2019. The landscape classification was split into three main classes
(pioneer community, open forest and mature forest stage) to create an
indicator that allowed the comparison/harmonization between aerial
photographs and satellite image data, as well as to be consistent with the
objectives of the study.

From 1942 to 2019, the Baget catchment has undergone a progres-
sive enclosing of the landscape through afforestation of abandoned lands
and forest growth. This change was not linear, with periods of openness,
for instance, for pastoral uses. Between 1942 and 1979, the enclosing of
the landscape increased due to the marked abandonment of the territory
by farmers. In 1989, the area of the open forest stage decreased slightly
due to the cutting of a broadleaf stand and the replanting of coniferous
stands in the southeast part of BC. Then, from 1990 to 2003, we
observed a re-opening of the landscape, linked to a resurgence of pas-
toral activities. Finally, from 2003 to 2019, the enclosing of the land-
scape was marked, particularly through the significant expansion of the
beech stand.

The increasing forest recolonisation has an impact on the chemical
composition of streamwater at the scale of this karstic catchment. Sig-
nificant increasing trends (p < 0.02) of carbonate dissolution products, i.
e., Ca?*, Mg?* and HCO3, were observed. Changes in landscape have a
delayed effect on water characteristics and chemical composition
through enhanced hydrological and biogeochemical processes, such as
evapotranspiration, water infiltration and rock weathering. A first in-
direct indicator was the decrease in the discharge due to the enclosing of
the landscape and increasing water demand, which could increase the
concentration effect of the dissolved elements in the water. The second
indicator was the extension of forest stands, which are mainly composed
of broadleaf at different phenotypic stages, and conifers (8%), which
contributes to increase organic matter content in the soils. A third in-
dicator was the increase in the average air temperature due to global
climate change. This increase stimulated forest growth, enhanced the
mineralization of organic matter, increasing the concentration of CO5 in
soils and consequently, the production of carbonic acid. This natural

12

acid weathered carbonate rocks, releasing Ca®*, Mg?* and HCOj3 into
stream water. A fourth indicator was the decrease of SOF leaching,
resulting in a less steep net increase in Ca>" concentrations (associated
with both SOF and HCO3) than the net HCOjincrease (associated only
with the CaCOj3 dissolution). Finally, we concluded that the increase in
Ca + Mg (+5 peq.L't.yr™!) and alkalinity (+10 peq.Ll.yr 1) in the BC
stream water over the last 40 years is statistically linked to the increase
in air temperature (+0.03 °C.yr™1), to the enclosing of the landscape
(recovery of the forest cover by + 0.05 Km2yr™!), to the decreasing
atmospheric SOF deposition (-4 peq.Lt.yr™1), and to a lesser extent, to
the decrease in discharge (-4 L.s’l.yr’l).

This study has demonstrated the powerful indicator of linking the
historical evolution of the landscape, quantified using images, to the
observed trends in the hydrochemical composition of stream waters, to
highlight the internal processes of the critical zone. However, because of
nested effects, it still remains a challenge to strictly quantify their
respective impact on water chemical composition.
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