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Abstract

The water level of Lake Neuchatel (Switzerland) was lowered 150 years ago, initiating soil formation and plant coloniza-
tion on the previously submerged lands. Since then, four riparian forest types have been differentiated, with contrasted
humidity and soil conditions. This study aimed to describe the processes underlying variations in organic matter (OM)
composition and content, and to evaluate the importance of water level on soil development. This investigation was con-
ducted in a semi-quantitative way, using a holistic approach. We measured OM production (wood, dead wood, and annual
litter) and OM decomposition rate (tea bag index, soil respiration), and soil macrofauna was inventoried in parallel with
descriptions of humus forms. Measured values varied with the plant composition of these forests and with water fluctua-
tions. Two different organic matter pathways characterized the four forest types. Forests with waterlogged soils displayed
fast decomposition, low soil respiration, low macrofauna biomass, and water-bound humus forms. Conversely, forests
with a low water table showed slower decomposition rates, higher summer respiration rates, higher macrofauna biomass,
and Mull-type terrestrial humus forms. Hence, there was a paradox between decomposition rate and respiration, where
decomposition was more efficient in the most humid forests, although soil CO, emissions were lower than in drier forests.
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Résumé

Le niveau du lac de Neuchatel (Suisse) a été abaissé il y a 150 ans, initiant la formation des sols et la colonisation des
plantes sur les surfaces précédemment submergées. Depuis, quatre types de foréts riveraines se sont distingués, avec des
conditions conditions d’humidité et de sol différentes. Cette étude vise a décrire les processus conduisant aux variations
de la matiére organique (MO) en termes de composition et de quantité, et aussi a évaluer I’importance de I’humidité sur le
développement de ces sols. Cette recherche a été menée de maniére semi-quantitative, en utilisant une approche holistique.
La production de MO (bois sur pied, bois mort et production annuelle de litiére) et le taux de décomposition de la MO
(indice des sachets de thé, respiration du sol) ont été mesurés, et la macrofaune du sol a été inventoriée parallélement a
la description des formes d’humus. Les mesures ont montré des différences liées a la composition végétale de ces foréts
et aux fluctuations hydriques. Les quatre types de foréts ont pemis de distinguer deux voies différentes d’évolution de la
maticre organique. Les foréts sur sol engorgé et trés humide présentaient une décomposition rapide, une faible respiration
du sol, une faible biomasse de macrofaune et des formes d’humus liées a 1’eau. Inversement, les foréts a nappe phréa-
tique plus profonde étaient caractérisées par un taux de décomposition plus lent, un taux de respiration estivale élevé, une
biomasse de macrofaune plus importante et des formes d’humus terrestre de type Mull. Il existe donc un paradoxe entre
le taux de décomposition et la respiration, ou la décomposition est plus rapide dans les foréts les plus humides, bien que
les émissions de CO, du sol soient plus faibles, que dans les foréts plus seches.

Introduction

Wetlands are recognized as a critical link between the
aquatic and terrestrial environments (Giese et al. 2000).
Extended author information available on the last page of the article They provide shelter for biodiversity, improve water quality,
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mitigate flooding, provide resources and regulate the cli-
mate (Nakamura 2022; Riis et al. 2020). Moreover, they are
of major importance in the organic matter pathways, even
though they represent only a tiny part of the Earth’s surface
(Trettin and Jurgensen 2002). The riparian forests are con-
sidered to be carbon sinks (Ofosu et al. 2022; Hanberry et
al. 2015; Suchenwirth et al. 2012). Fluxes regarding the car-
bon cycle in wetlands have already been investigated (Tret-
tin and Jurgensen 2002; Mitsch and Mander 2018), more
particularly in riparian forests adjacent to braided streams
under tropical climates (Giese et al. 2000; Wigginton et al.
2000; de Souza Rezende et al. 2016; Gongalves and Callisto
2013). Strongly man-influenced or degraded riparian forests
along rivers in Central Europe have also been the subject
of concern (Pfadenhauer and Grootjans 1999), leading to
restoration projects (Klimo et al. 2008; Hughes et al. 2012).
However, riparian forests along the shores of regulated
lakes have been scarcely studied (e.g. Wilcox et al. 2005;
Siegfried et al. 2024), and the dynamics of their organic
matter have been even less investigated. Giese et al. (2000)
showed that forests along braided rivers with altered hydrol-
ogy exhibited modified plant community succession with
ecosystem functions converging toward those observable in
mature riparian forests along lakes. Despite these previous
studies, uncertainties persist (Trettin and Jurgensen 2002).
Indeed, quantifying the organic matter compartments and
fluxes is quite challenging to assess in its entirety, and even
more so in wetlands, due to difficult access and the impossi-
bility of some measurements on waterlogged soils (Suchen-
wirth et al. 2012; Cierjacks et al. 2011).

Organic matter dynamics in riparian forests proceed sim-
ilarly to those in other wetland ecosystems, with significant
constraints such as water-saturated soils, anaerobic micro-
bial communities and adapted plant species (Trettin and Jur-
gensen 2002). These parameters modify the distribution and
quantity of organic matter, as well as the pathways of veg-
etation-to-soil decomposition, compared to strictly vadose
environments. The organic matter cycle begins with the
production of biomass by vegetation. These environments
are known to be highly productive and vary according to
system hydrology (Mitsch et al. 1991). Riparian forests with
flowing water (close to a dynamic stream) have higher net
biomass production than those with stagnant water (Brinson
et al. 1981). Soil organisms then fragment, transform, and
decompose the organic matter. They also participate in its
integration into the soil and influence its distribution in the
soil profile (Frouz 2018). Macro- and mesofaunal activity is
higher in the topsoil than in the subsoil (Brussaard 1998),
and it is also higher in ecosystems in transition, e.g., those
developing after disturbance (Frouz 2018). In Switzerland,
a high density of Enchytraeidae was found in moist acidic
soils with a large proportion of organic matter. In contrast,
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a high diversity of earthworms was observed in young
riparian soils (Bullinger-Weber et al. 2007). Humus forms,
which represente the habitat of soil decomposers, provide
clues to the dynamics of organic matter mineralization and
integration and are also considered a tool for investigating
the primary interaction between organic matter and miner-
als (Bullinger-Weber et al. 2007; Le Bayon et al. 2024). This
decomposition rate is often highly variable in these ripar-
ian ecosystems, even at small scales, and depends more
on soil environmental conditions and forest structure than
on organic matter composition (de Godoy Fernandes et al.
2021; Schmidt et al. 2011).

However, the influence of water is probably one of the
predominant factors, and some studies have emphasized
that litter decomposition is usually inhibited when soil water
content is >80% (Mori et al. 2021; Petraglia et al. 2019).
Several factors control the dynamics of water within soils
in riparian forests, including the texture and mineralogy
of soil sediments, proximity and fluctuations of the water
table, climate (precipitation and temperature), microrelief,
and finally vegetation cover and type (Prax et al. 2008).
In water-saturated soils, oxygen limitation slows organic
matter decomposition, leading to its accumulation (Sah-
rawat 2004). According to a review by Cunha-Santino and
Bianchini Junior (2023), organic matter storage is a more
prevalent process than mineralization in submerged soils.
Soil respiration, i.e., the flux of CO, emitted from the soil,
indicates the decomposition rate of organic matter (Brin-
son et al. 1981) because it partly originates from soil fauna
and oxygen-dependent microbial respiration. Next to soil
humidity, often related to soil water depth, temperature is
also crucial, and decomposition can be slow in anaerobic
conditions (Luo and Zhou 2006). However, soil respiration
is partly emitted by plant root respiration and by carbon-
ate soil weathering too (Ramnarine et al. 2012). Hence, soil
respiration is not directly proportional to organic matter
decomposition.

Finally, natural riparian forests exhibit considerable het-
erogeneity in their structure and soil properties, even at
small spatial scales, influencing the dynamics of organic
matter (de Godoy Fernandes et al. 2021). Most of the stud-
ies on organic matter dynamics focused on riparian areas
along natural tropical rivers (e.g. Giese et al. 2000; Wig-
ginton et al. 2000; Gongalves and Callisto 2013) or in tem-
perate regions (e.g. Trettin and Jurgensen 2002; Mitsch and
Mander 2018), while others are based on models and remote
sensing data (e.g. Hanberry et al. 2015; Suchenwirth et al.
2012). However, to our knowledge, none of these studies
focused on riparian forests adjacent to a lake.

Our study aims to identify and measure the processes
underlying organic matter dynamics in four types of riparian
forests adjacent to a lowered-level lake 150 years ago. The
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objectives are (i) the quantification of the various organic
matter compartments; (ii) the evaluation of the differences
between the organic matter fluxes attached to the distinctive
types of riparian forests; (iii) and the identification of the
relationships between the variables.

The research hypotheses are as follows: biomass pro-
duction, soil fauna, soil respiration and decomposition rate
vary depending on forest type. These ecological variables
are strongly influenced by hydrological conditions (ground-
water table height and fluctuations) and tend to be lower
in long-submerge riparian forests (Huylenbroeck et al.
2021; Djukic et al. 2018; Luo and Zhou 2006). Secondly,
soil respiration is correlated with the rate of organic matter
decomposition, which is indirectly inversely proportional to
topsoil organic matter content (LaCroix et al. 2019).

Materials and Methods
Study Site: La Grande Caricaie

The riparian forests of the Grande Carigaie nature reserves
in Switzerland are located on the southern shores of Lake
Neuchatel at 430 m.a.s.1 (Fig. 1). This region was subjected
to a major river correction 150 years ago (1868—1891). This
lowered the lake level by 2.7 m, releasing new lands that
had been submerged (Vischer 2003). These areas, still under
the influence of the lake or small rivers, were rapidly colo-
nized by wetland vegetation. The first forests emerged in the
1930s, but the majority developed between 1945 and 1970
(Siegfried et al. 2024). A second regulation project of the
lake took place between 1962 and 1973 to reduce seasonal
variations in lake level (Siegfried et al. 2024; Vischer 2003).
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Fig. 1 Spatial distribution of the Grande Carigaie reserves located
along the shores of Lake Neuchatel, Switzerland (background map:
Esri Topo; forest: Swisstopo)

Today, these areas are part of one of Switzerland’s largest
marshland complexes and are protected. They comprise
42 km of shoreline and 2532 ha of surface area, including
647 ha of riparian forests. The shores are mainly on Tertiary
sandstones, whose material originates from the erosion of
the young Alps (mainly freshwater Molasse from Aquita-
nian and Burdigalian; Swisstopo 2025; Buttler et al. 1995).
Glacier and lake erosion produced cliffs 30-70 m high.
Subsequent wave erosion contributed to the formation of
the present wetland bed sediments, with grain sizes rang-
ing from sand to silt (Buttler et al. 1995; Cornali 1992). A
mix of glacier moraine (Wiirm) and limestone-rich lacus-
trine sediments enhances the system’s complexity (Verrec-
chia 2007). Impermeable molasse bedrock lies less than 7 m
beneath the sedimentary cover, which can be thin, down to
just 30 cm (Buttler et al. 1995).

The climate is temperate, with a total annual rainfall
of 854 mm, peaking in June (92 mm). The yearly average
temperature is 9.8 °C, with a minimum monthly average of
0.9 °C in January and a maximum of 19.3 °C in July (data
for Payerne, 8 km from Lake Neuchatel at 490 m.a.s.l.,
1990-2020 average; MeteoSwiss 2025).

Four types of riparian forests were assessed (Siegfried
et al. 2024; Fig. 2): (1) Alnus glutinosa forests, which are
composed of pure stands of black alders (4/nus glutinosa)
with hygrophilous species (like Caltha palustris) in under-
story; (2) Alnus incana forests, which are mainly composed
of grey alders (A/nus incana) and other tree species such as
poplars (Populus spp.) and birches (Betula pendula aggr.),
with tall grasses (Carex acutifomis and Carex riapria) in
understory; (3) Fraxinus excelsior forests, which are mixed
stands with different tree species like Fraxinus excelsior,
Quercus robur, Ulmus glabra, or Prunus sp., with a sparse
understory with more mesophilic herbaceous species; and
(4) Pinus sylvestris forests, which are dominated by pines
(Pinus sylvestris), with Carex flacca and Molinia arundina-
cea in understory. Siegfried et al. (2024) provided a more
detailed description of these four forest types. According
to the phytosociological system, these communities can be
classified as Alnion glutinosae, Alnion incanae, Fraxino-
Quercion roboris and Erico carneae-Pinion, respectively
(Mucina et al. 2016). The soil composition and physico-
chemical properties of these stations were presented in
Siegfried et al. (2025).

Selection of the Stations
Three plots of 500 m? were selected in each of the four
riparian forest types, for a total of 12 plots distributed along

the entire southern shore of Lake Neuchatel (Appendix I).
Based on Siegfried et al. (2024) and Delarze et al. (2015),
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Fig. 2 Field photographs of the
four types of riparian forests
studied in the Grande Carigaie
reserves: Alnus glutinosa, Alnus
incana, Fraxinus excelsior and
Pinus sylvestris forests. These
communities are described in
Siegfried et al. (2024)

Fraxinus

we selected the most representative stands in each forest
type based on their structure and species composition.

Hydrology

The presence of water and its dynamics are among the
main factors influencing the species composition in Euro-
pean riparian forests (Buttler et al. 1995; Klimo et al. 2008;
Machar et al. 2020). To assess water table fluctuations,
piezometric tubes (1 m long, one per station) with automatic
sensors (Hobo® U20L Water Level Logger) were installed in
June 2020 in three forest types and in March 2021 in Pinus
sylvestris forests. These sensors recorded the temperature
and pressure every two hours. The Hoboware®Pro software
converted the measured pressure into water levels after cor-
recting for variations in atmospheric pressure. A water index
was calculated from the number of days with water level
above a 10-cm depth from April 2021 to June 2023.

@ Springer

Organic Matter Input

The contribution of organic matter to the system was mea-
sured using two methods based on (1) the organic matter in
place (living tree and dead wood) and (2) the annual produc-
tion of organic matter that plants generate each year (e.g.
leaf biomass).

A first set of measurements was based on the Swiss
national forest inventory, which collects precise data on the
volumes of wood and dead wood in forest stands (Brandli
et al. 2020; Fischer and Traub 2019; Keller 2011). All trees
with a diameter> 12 cm (DBH) were measured within a cir-
cle of 200 m? (8 m radius) around the centre of the plot. The
basal area of all the living trees was summed and adjusted
to the hectare.

The volume of deadwood was evaluated for dead stand-
ing trees (DBH>12 cm) and for ground-deadwood. For a
standing dead tree, the formula was (Biitler Sauvain 2003):
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% = Z (basal area * height x shape index) * 50
The basal area and height are in square meters and meters,
respectively. The shape index is a correction factor for tree
shape. In our study, we used a shape index of 0.5 for all spe-
cies (Biitler Sauvain 2003).

Lying deadwood>7 c¢m in diameter was measured along
three 15-meter transects (Appendix 1). The volume was cal-
culated according to Silva et al. (2021):

(diameter®) = 1/T

L is the length of the transect (here 15 m), T is the number of
transects (here 3), and the diameter is given in cm.

The measure of litter production generally provides
information on above-ground carbon fluxes (Hoover 2008;
Ukonmaanaho et al. 2016). Two methods were used to
measure (a) the tree litter fall necromass (what falls from
trees and bushes taller than 1 m) and (b) the herbaceous
litter biomass (non-woody plants). (a) Leaves, fruits, and
branches that fell from trees were collected at each sta-
tion using three litter traps, set 8—11 m apart, from May
to December 2021 and 2022. The surface collection of the
litter trap was 0.5 m?, at 1 m above the ground, with a
mesh size of 1 mm (Cornali 1992; Hoover 2008; Ukon-
maanaho et al. 2016). (b) Herbaceous litter was harvested
at ground level over three 0.5 m2 areas in 2021. Because
the herbaceous fraction is relatively small compared to
the biomass produced by the trees, a single collection dur-
ing the growing season was considered sufficient (Cornali
1992). The collected material was oven-dried at 40 °C to
constant weight, then weighed (Ukonmaanaho et al. 2016).
The values for Pinus forests were extracted from Cornali
(1992), who used the same two methods to measure the lit-
ter. We used the data from this study because Pinus forests
were not initially included in the project and were added
later. Considering the low changes observed in these Pinus
forests between 1984 and 2022, with a tree stratum struc-
ture and composition quite similar between the two peri-
ods (Siegfried et al. 2024), we are confident that temporal
changes are not sufficient to bias comparisons between
forest types.

Decomposition of Organic Matter

The assessment of the decomposition rate of organic mat-
ter is essential to understand its dynamics (Hoover 2008).
The “tea bags index” method was applied (Keuskamp et
al. 2013). In each station, nine green tea bags (EAN no.

87 22700 055525) and nine rooibos tea bags (EAN no.
87 22700 188438) were buried 8 cm deep during autumn
2021. Three of them were retrieved after 3, 6, and 9 months,
respectively, dried at 40 °C and weighed. The percentage
of mass loss was considered to correspond to the rate of
organic matter decomposition.

Soil CO, emissions (respiration) were measured punctu-
ally once a month from April 2021 to April 2022, during and
following a dry day (Grand et al. 2016). The measurements
were carried out with a LICOR 8100a at the exact location
in 12 plots (a plastic collar maintained in the soil between
measurements) to ensure reliable data across sampling
periods. Each measurement comprises 3 to 5 observations,
including a 30-second pre-purge phase, a 90-second mea-
surement phase, and a 30-second post-purge phase. Data on
CO, emissions were correlated to monthly averages of rain-
fall (www.meteosuisse.ch), the lake level (FOEN, https://w
ww.bafu.admin.ch/bafu/en/home/topics/water/info-speciali
sts/state-of-waterbodies/state-of-lakes/water-levels-in-lakes
.html), the soil temperature (measured simultaneously) and
the water table depth (piezometric tubes).

Biological Activity

Soil fauna was appraised through various methods. The
different species, biomass, ecological categories (epigeic,
endogeic, anecic; Bouché 1977; Bottinelli et al. 2020), and
abundance of earthworms (Lumbricidae) were extracted
from an area of 30 x30 cm using mustard flour (Lawrence
and Bowers 2002) and hand-sorting (Bouché and Aliaga
1986). This procedure was repeated at three locations in
each station in one day during autumn 2022. Earthworms
were preserved in 4% formalin, individually weighed, and
identified at the genus and species levels when possible
using the keys of Bouché (1972), Sims and Gerard (1999),
Sherlock (2018), and Csuzdi and Zicsi (2003). Echytraeids
(Enchytraeidae), as well as earthworms, were extracted
using the same methodology, and their biomass and abun-
dance were also quantified. In addition, we sampled one
soil core (4 cm in radius, 9 cm in height) at each station.
The samples were then exposed to light and heat at the
top, which caused arthropods to migrate from the topsoil
to deeper layers, where they fell into a recipient contain-
ing ethanol for collection (Macfadyen-Bieri extractor; Bieri
et al. 1987). Arthropods were counted and identified at the
major group level (primarily at the order level).

Humus forms were identified according to Zanella et
al. (2018a, b, c) by observing the decomposition of the lit-
ter from the above-ground to the first soil horizon depth,
based on a precise description (state and type of organic
matter, size of soil aggregates), i.e. between 0 and 7-25 cm

@ Springer


http://www.meteosuisse.ch
https://www.bafu.admin.ch/bafu/en/home/topics/water/info-specialists/state-of-waterbodies/state-of-lakes/water-levels-in-lakes.html
https://www.bafu.admin.ch/bafu/en/home/topics/water/info-specialists/state-of-waterbodies/state-of-lakes/water-levels-in-lakes.html
https://www.bafu.admin.ch/bafu/en/home/topics/water/info-specialists/state-of-waterbodies/state-of-lakes/water-levels-in-lakes.html
https://www.bafu.admin.ch/bafu/en/home/topics/water/info-specialists/state-of-waterbodies/state-of-lakes/water-levels-in-lakes.html

31 Page 6 of 17

Wetlands (2026) 46:31

(topsoil), depending on the location. For each station, top-
soil was sampled, dried at 105 °C (to remove the residual
humidity), and sieved. Their organic matter content was
measured by loss-on-ignition, i.e., by calculating the mass
difference after combustion at 450 °C (Sutherland 1998).

Data Processing of Variables

To visualize data, boxplots were created using the boxplerk
function (using agricolae package) described in Borcard
et al. (2018). The significance between forest types was
assessed according to a Kruskal-Wallis test, and the signifi-
cant difference between groups, with a post-hoc comparison
(Borcard et al. 2018).

A principal component analysis (PCA; the PCA function
in the FactoMineR library) was applied to identify linkages
between forest types and environmental variables. All the
variables used in this study are listed in Table 1. The statisti-
cal analyses were performed with R software, version 4.3.2
(R Core Team 2017).

Table 1 Abbreviation and description of the variables used in the PCA

(Fig. 9)

Variable Description

Quantitative variables used in PCA

Tree Basal area of living trees (DBH > 12 cm)
[m*ha ']

DWood Volume of standing and on the ground deadwood
[m*ha ']

LitterFall' Quantity of litter collected in litter traps (leaves,
flowers, and fruits) [g-m™2-year ']

HerbLitter' Quantity of herbaceous biomass [g-m > year ']

GTea Decomposition index of green tea. Calculated
using a decomposition rate from tea bags after 3,
6, and 9 months.

Rooibos Decomposition index of rooibos. Calculated
using a decomposition rate from tea bags after 3,
6, and 9 months.

SResp Annual mean of CO, soil emission
[umol CO,-m™2s71]

Arthro Quantity of arthropods [number-m 3]

EWorm Earthworms (Lumbricina) collected mass [g-m 2]

Enchy Enchytraeids collected mass [g-m 2]

SOM Organic matter [%] in the first soil horizon

(Appendix IX)
Passively projected variables

Forest Forest type based on exhaustive plant inventories

Humus form Simplified classification according to Zanella et
al. (2018) (Appendix IX)

Water Percentage frequency of the number of days per

year with a water level at a soil depth<10 cm.
Index calculated with water levels measured from
April 2021 to June 2023
IThe quantity of litter from litter traps and of the herbaceous biomass
were not included in the PCA (Fig. 9) because the data from the Pinus
forests were measured in a previous study (Cornali 1992)
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Results
Hydrology

Data from the piezometers provided a relevant indication of
water levels and their variations at the stations over the three
to five years of the study (Fig. 3; Appendix III). There was a
significant difference in daily averages between the habitats
(Kruskal-Wallis test; p-value<0.0001). 4. glutinosa forests
had the highest water level, close to the soil surface and a
soil submerged for almost half of the year (autumn-winter).
A. incana forests were less wet, with a water table close to
the surface in winter but dropping to 50 cm during the sum-
mer. The Fraxinus forests had deep soils, with a water table
at 30-50 cm in winter and dropping below 80 cm during the
summer. The Pinus forests had shallow soils, around 40 cm
thick, just above a compact, hard, impermeable molasse
rock. The groundwater level rose rapidly after rain, but the
soil dried out during the summer due to evaporation and lack
of precipitation. Recorded data showed a significant rise in
the water level in July 2021 (Fig. 3). This flood event was
exceptional, the largest since the second lake regulation
(1962-1972), with a lake level 1.42 m above the 1980-2020
average. Some of the Fraxinus (3/3), A. incana (2/3) and A.
glutinosa (1/3) stations were flooded by the lake between one
and two weeks. None of the Pinus stations were affected by
the rising lake water. In contrast, the 2022 and 2023 summers
were dry, with low precipitation (www.meteosuisse.ch).

Organic Matter Input

The amount of living wood differed between forest types
(Kruskal-Wallis test, p-value=0.0499; Fig. 4A; Appendix
IV). A. glutinosa and Pinus forests had the largest basal area,
the former having a greater number of trees (between 15 and
32 per 200 m?). Trees in Pinus forests were less numerous
(between 9 and 25), but some had large DBH (maximum
76 cm). A. incana forests had a low basal area, with 3 to 7
trees over 12 cm per station. Fraxinus forests also had 5-6
trees/200 m?, but the highest average of DBH per tree, i.e.
31 cm (against 20-23 cm in the other forest types). Dead-
wood values were not significantly different between habi-
tats (p-value=0.1963; Fig. 4B; Appendix IV). Regardless of
the kind of forest, the amount of deadwood on the ground
(mean="72 m>/ha) was often larger than the standing dead-
wood (mean=41 m>/ha; p-value 0.013).

Depending on the station, the litter falling from the trees
and shrubs was between identical (4. incana) and 70 times
larger (Fraxinus) than that from the annual production of
the herbaceous layer (Fig. 5; Appendix V). Litter traps from
A. glutinosa forests collected the highest litterfall input,
while the A. incana forests had the lowest litter production
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Fig. 3 Fluctuations of the water table depth in the four forest types
in the Grande Caricaie reserves. The daily average depth was mea-
sured from the soil surface (level 0) during three consecutive years
(June 2020 to April 2024). Periods without variations (flat curve)
corresponded to a water table level lower than the probe position (no
measurement). This limit is around —0.45 m in Alnus glutinosa forests

(Fig. 5A). Conversely, the 4. incana forests had the highest
leaf biomass in the herbaceous layer, and the Fraxinus for-
ests were the lowest (Fig. 5B).

Decomposition of Organic Matter and Biological
Activity

The results on tea bag decomposition emphasized a clear
difference between the two types of tea, with green tea
degrading faster than rooibos (Fig. 6). The green tea decom-
position was significantly higher in wetter sites (4. gluti-
nosa and A. incana forests) than in drier ones (Fraxinus and
Pinus forests). The rooibos tea degraded more slowly in
Pinus forests compared to all the others. The decomposition
of the tea was very rapid during the first three months, then
slowed down considerably (Appendix VI).

Monthly measurements of soil respiration (April 2021
to April 2022) indicated significant differences between
wet (Alnus) and dry (Fraxinus and Pinus) forests (Kruskal-
Wallis test, p-value=0.0006; Fig. 7). The soil in Fraxinus
forests had the highest CO, efflux in August with an aver-
age value of 8.31 (£1.21) umol-m %:s™!. The soil in Pinus
forests showed high emissions in June (average 3.95 umol/
m?/s) and August (average 3.92 pmol-m 25 '; Appendix
VII). The soil of A. glutinosa forests emitted the lowest res-
piration rate of all forest types, with the highest value at 2.59
pmol'm 2:s™! in August. Soil temperature was a relevant
parameter as soil respiration increased during the warmest
months (June to Grand et al. 2016). Soil waterlogging also
influenced CO, emissions, with lower fluxes from the wet

Pinus

Fraxinus

(never reached), -0.6 m in Alnus incana forests, -0.75 m in Fraxinus
excelsior forests and —0.40 m for Pinus sylvestris forests, correspond-
ing for Pinus forests to the impermeable sandstone bedrock. July 2021
was characterised by very important flood and the summers 2022 and
2023 were particularly dry

forests and lower emissions in July 2021, during the major
flood (Fig. 7).

The earthworm biomass and the abundance of arthropods
were significantly higher in the Fraxinus and Pinus forests
compared to the two A/nus forests. However, the enchy-
tracid biomass did not differ significantly between forest
types (Fig. 8), as did the number of earthworms and enchy-
traeids (Appendix VIII). A high proportion of earthworms
was not identified because individuals were either juve-
niles or cut. However, among classified individuals, anecic
worms were more common in Pinus and Fraxinus forests
than in the two Alnus forests (p-value=0.035; Appendix
VII). For example, Eiseniella sp. occurred exclusively in
Alnus forests, whereas Allolobophora sp. and Aporrecto-
dea sp. were more abundant in drier forests (Fraxinus and
Pinus; Appendix VIII). The number of arthropods was 2 to
8 times higher in the Fraxinus and Pinus forests than in the
Alnus forests (Fig. 8). Most individuals belong to the Acari
(Mites) subclass and were present in all forest types. The
Collembola class was also present in all forests, but with
around 5 times fewer individuals than Acari (Appendix
VIII). Many Hymenoptera larvae were also recorded, but
only in the Fraxinus forests.

The types of humus forms were simplified into four cat-
egories according to Zanella et al. (2018), i.e. Mull, Hydro-
mull, Anmoor, and Histic (Appendix IX). Humus forms
were highly variable in both types of Alnus forests, where
Hydromull, Anmoor, and Histic forms were observed. Mull
forms, i.e. terrestrial forms, with water influence shorter
than 6 months per year, were only found in Fraxinus and
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Fig.4 A) Basal area of living trees; B) Volume of standing dead wood
(S) and dead wood lying on the ground (G) in four forest types. Liv-
ing trees and standing deadwood included trees on 200 m? with a
DBH> 12 c¢m and dead wood on the ground included logs with a diam-
eter>7 cm encountered along three 15-m transects. The bold black line
indicates the median and the boxes are limited by the first and third
quartile. The stars indicate the significance of differences between hab-
itats, according to a Kruskal-Wallis test (* p-value<0.05, ** p<0.01
and *** p<0.001). The different lowercase letters refer to significant
differences between groups with a post-hoc comparison (Borcard et
al. 2018)

Pinus forests (Fig. 9). The proportion of organic matter in
the first soil horizon was highly variable in the Alnus for-
ests (12-95% in A. glutinosa forests; 9-58% in A. incana
forests). It decreased in quantity and variability in Fraxinus
forests (23% in drained peat and around 6% in the other
stations) and was uniform in the Pinus forests (10-12%;
Appendix X).

Relations between Variables

The x-axis of the principal component analysis referred
to variables related to organic matter decomposition (e.g.,
earthworm biomass, green tea decomposition rate, organic
matter proportion) and was correlated with water level. The
y-axis pointed to the amount of organic matter entering the
system (e.g., tree, dead wood, litter, biomass of herbaceous
layer; Fig. 9; Appendix X).
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Fig. 5 A) Annual necromass collected in litter traps (tree leaves, fruits
and branches) in 2021 and 2022 in the broadleaf forests and in 1983-
86 in Pinus forests (data from Cornali 1992); B) Herbaceous biomass
harvested in 2021 in the broadleaf forests and in 1984 in Pinus forests
(data from Cornali 1992). The width of the boxplots is proportional to

the number of measurements. Symbols as in Fig. 4
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Fig. 6 Proportion of mass loss (%) in tea bags (green tea on the left
and rooibos on the right) after three months, 8 cm deep inside the soils.
Symbols as in Fig. 4

The Fraxinus and Pinus forests have similar envi-
ronmental conditions for organic matter decomposition
(Fig. 9). These stations were characterized by higher soil



Wetlands (2026) 46:31 Page90of 17 31
[Am] [mm] [C°]
9 1.2 250 18
— 16
o ° ' 200
Q7 0.8 14
3 6 06 12
g 5 0.4 10
{ oz
8
% 4 0.2 100
'g 3 0 6
8 2 -0.2 g5p 4
il | -0.4 2
0 -06 O 0
@ N & N & & & & & QA Q S
) > al ¥ ¥ y.‘)‘g) & ® (',‘60 e}(p eféo q}‘\;b ‘o‘o’b @Ib& V.Q®
o SEEIR N ¥ <@
mmm A.glutinosa A.incana Fraxinus m Pinus

Lake level variation

Fig.7 CO, efflux from forest soils (bars), in relation to the lake level
(Am, measured relatively to the average lake level at 429.3 m.a.s.l.),
groundwater level (Am, measured relatively to the surface soil level),

CO, emissions, significantly larger earthworm biomass
and a higher number of arthropods than in the wet forests.
Humus forms, exclusively terrestrial, belonged to the Mull
class. Finally, these forests have a low water index value,
which is anticorrelated with many variables (e.g., soil CO,
emissions, earthworm biomass, arthropod numbers; Appen-
dix XI).

Conversely, alder stands are more scattered on the plot
(Fig. 9), distinguished from dry forests by the quicker
decomposition of green tea and a greater proportion of
organic matter in the topsoil. 4. glutinosa forests had a
higher above-ground biomass and basal area of living trees
compared to A. incana forests, which contained a higher
herbaceous biomass.

Discussion

According to our data, the four riparian forest types dis-
played differences in their pathways of organic matter,
mainly due to water dynamics. Water remained a prominent
factor influencing many variables, such as plant and faunal
composition and diversity, soil respiration, decomposition
rates (teabags), and the pathways for the degradation, inte-
gration and storage of organic matter into the soil. However,
our initial hypotheses were not validated: biomass produc-
tion in the different riparian forests did not appear to be
influenced by water dynamics, and the rate of organic mat-
ter decomposition tended to be greater in forests with long
periods of submergence.

Variation in average groundwater level

——— Precipitation —— Soil temperature

monthly precipitation (in mm, MeteoSwiss 2025) and soil temperature
(in °C) during measurements

Organic Matter Input

Organic matter input mainly originated from tree leaves
(more than 80% on average). The average annual total lit-
ter input was 454 g-'m 2y ! (ranging from 297 g:m 2y !
at an A. incana forest plot to 683 g-m 2y ! at an 4. glu-
tinosa forest plot; Fig. 5). These values were close to the
range of 250-758 g-m 2y ! indicated by Trettin and Jur-
gensen (2002) for bottomland hardwoods in North America
and to the range of 205-1334 g-m™ 2y ! reported by Mitsch
et al. (1991) for forests along the Ohio River. This latest
study showed a correlation between biomass production
and water-level variation, with low productivity in stag-
nant semi-permanently flooded areas (Mitsch et al. 1991).
However, our results showed little or no correlation between
ecosystem production and water variations (Appendix XI).
There was also no significant difference in total biomass
production between forest types (p-value of 0.22). How-
ever, when considering in detail the origin of organic mat-
ter, Fraxinus forests had around 25 times more litter coming
from tree leaves (392 g'-m -y~ !) than from the herbaceous
layer (17 g'm -y !). In comparison, 4. incana forests dif-
fered by their low litterfall production (244 g-m 2-y ') and
a large proportion of herbaceous litter (124 g-m~2-y~!). This
was explained by differences in canopy density, with a low
number of large, living trees in 4. incana forests (30 liv-
ing trees per ha (DBH>12 cm) and 10 m%/ha for the basal
area average; Fig. 4 and Appendix IV). The resulting low
foliage cover induced more light at ground level, allow-
ing several large Carex species, such as C. acutiformis, C.
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Fig. 8 A) Biomass of earthworms (Lumbricina) per m> (p-value=
0.0124); B) Quantity of individuals of enchytraeids (Enchytraeidae) per
m? (p-value=0.36); C) Number in thousands of arthropods (4rthrop-
oda) individuals per m® of soil (p-value<0.001). Symbols as in Fig. 4

riparia and C. elata, to form a high, dense herb layer. The
reduced tree productivity likely results from the substantial
amount of dead wood (Fig. 4B), predominantly dying pop-
lars, indicative of a transition phase in 4. incana forests.
This transition was observed in a previous study, in which
many A. incana stands shifted to Fraxinus forests in the last
decades (Siegfried et al. 2024). Although both alder species
have similar average lifespans (60—160 years; San-Miguel-
Ayanz et al. 2016), A. glutinosa forests established a little
later on the shores and had a more stable tree layer over
the last decades (Siegfried et al. 2024). On the other hand,
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the high deadwood proportion in Fraxinus forests was prob-
ably related to the recent colonization of the stands by the
invasive fungus Hymenoscyphus fraxineus, an Asian spe-
cies that kills most Fraxinus trees (Pautasso et al. 2013). In
the Grande Carigaie, it is likely that not only humidity var-
ied between stations, but also soil depth and station history,
complexifying the relationships among variables (Siegfried
et al. 2024).

Average dead wood in European primary and natural
forests is evaluated at around 110 m*-ha™! (for example,
between 27 and 255 m>-ha~! in beech forests in the Ukrai-
nian Carpathians; Bohl and Briandli 2007). Forests in the
Grande Carigaie provided similar values, with an average of
57 m*>-ha! for A. glutinosa and 172 m*-ha™! for Fraxinus
forests (Fig. 4B), with an average from 30 to 118 m*-ha ™!
of lying deadwood and 4 to 159 m®-ha™! of standing dead-
wood. This amount is well above the Swiss average of 24
m*-ha"! in lowland forests (Bohl and Brindli 2007), indi-
cating the potentially high value of these forests for the
xylophagous beetles and lignicolous fungi.

Decomposition of Organic Matter

The rates of organic matter decomposition varied among
stands, with the highest rates in the wettest forests (Fig. 6).
The differences between green tea and rooibos corre-
sponded to previous observations (Djukic et al. 2018):
green tea decomposes faster than rooibos due to its higher
water-soluble compound content (Didion et al. 2016). The
rate of decomposition was the fastest during the first three
months and decreased thereafter (Appendix VI). A seasonal
bias cannot explain this rate decrease, as the tea bags were
installed in Autumn (November 9th and 10th, 2021), with
the first three months in winter and the months 6-9 in spring
and summer. Consequently, it can be assumed that the most
labile compounds rapidly decayed during the first three
months, leaving the more recalcitrant compounds, which
degraded more slowly (Didion et al. 2016). In a previous
article (Siegfried et al. 2025) in the same stands, the qual-
ity of organic matter was measured. It concluded that this
quality varies greatly across soil horizons (organic, organo-
mineral, or mineral), rather than by forest type. However, a
slightly higher proportion of labile compounds was observed
in Alnus forests. When comparing our results with Djukic et
al. (2018), the values for green tea in A/nus forests were
similar to those reported for the temperate biome. In con-
trast, those in Fraxinus and Pinus forests were much lower,
comparable to those reported for the Mediterranean biome.
Although using similar tea bags as litter allows stations to
be compared with each other, it is essential to note that this
approach does not necessarily reflect the actual decompo-
sition rate of native litter (Didion et al. 2016). However,
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Fig. 9 Principal component analysis (PCA) of the stations based on
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(Dim 1) explained 45.61% of the total variance and the y-axis (Dim 2)
19.96%. The graph on the left represents the stations coloured accord-
ing to the forest types and the passive projection of categorical vari-
ables. The graph on the right represents the environmental variables
measured in the stations. Due to its high correlation with other vari-

based on a study by Ferreira et al. (2022), we can assume
that the decomposition rate of green tea is similar to that
of alder leaves in wet environments. The similarity is less
evident for leaves from other tree species, such as Fraxinus
or Pinus.

According to de Godoy Fernandes et al. (2021), higher
decomposition rates are correlated with higher litter produc-
tion and microbial activity in riparian forests in southeast-
ern Brazil. In the Grande Carigaie reserves, we found the
highest decomposition rates in both A/nus forests. Hence,
this correlation with litter production is verified in the 4.
glutinosa forests, which had the highest litter production,
but not in the A. incana forests, with the lowest litter pro-
duction (Fig. 5). Alnus forests were also the wettest habitats.
This result contradicts our hypothesis that decomposition is
slower in flooded areas. Consequently, the periods with suf-
ficiently dry soil to allow organisms’ respiration are prob-
ably long enough for a rapid decomposition in the upper
soil layers (Mori et al. 2021; Petraglia et al. 2019). It is also
possible that alder’s roots aerate the soil, leading to acceler-
ated mineralization (Pokorny et al. 2000).

A comparison with CO, emissions from specific biomes
reported by Luo and Zhou (2006) emphasizes values similar

Dim 1 (45.61%)

<= Explanatory variables

ables (Appendix XI), water level (Water, in blue) passively projected
based on the Pearson correlation coefficient of the values with the axis
coordinates: -0.78 with Dim 1 and —0.31 with Dim 2. An alternative
of this PCA, with two supplementary variables (litter and herbaceous
biomass), partly measured in Pinus forests in a previous study (Cornali
1992), is available in Appendix X

to those in marshes (413 g C m %y ') and Alnus forests in
the Grande Carigaie (339-402 g C m 2y~ !). However, soil
respiration in Fraxinus and Pinus forests was higher (842—
865 C m 2y ') than average values in temperate forests
(deciduous forests: 647 C m™ 2y !, coniferous forest: 681 C
m 2y~ ). Measurements from an undisturbed riparian forest
in North America provided values close to ours, with 718 C
m 2y ! (Oelbermann and Raimbault 2015). Variations
observed between the vegetation types mainly originated
from the water parameter. Silvola et al. (1996) showed that
lower CO, emissions are measured when the water table is
close to the soil surface. This result corresponds to our data
on Alnus forests, which had the water table above or near
the soil surface and also displayed lower CO, emissions
than Fraxinus forests, which had a much deeper water table
(Fig. 7). Soil CO, efflux was finally more sensitive to soil
water content than to soil temperature (Bremer et al. 1998).

Humus Forms Reveal Organic Matter Dynamics
Humus forms at the interface between vegetation and min-

eral soil layers provide useful information on the distribu-
tion and temporal patterns of organic matter biodegradation,
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recycling, and possible accumulation. When water rarely or
never reaches the soil surface, the soil is well oxygenated,
and a Mull, the most efficient form of humus for degrading
organic matter, is present (Zanella et al. 2018a; Le Bayon
et al. 2024). Soil organisms mineralize the entire fallen lit-
ter or quickly integrate it into the soil. Maximal CO, emis-
sions translated this high fauna and microbial activity in
Summer. Consequently, the forest age does not influence
the humus form in riparian systems (Bullinger-Weber et al.
2007). As water levels rise, the humus form changes and
becomes more closely linked to the amount of accumulated
organic matter. Indeed, the duration of soil waterlogging is
negatively correlated with oxygen availability and, conse-
quently, with the mineralization and integration of organic
matter (Zanella et al. 2018c¢). Histic forms, corresponding to
an important accumulation of organic matter, were found in
the wettest conditions, where the water was close to the soil
surface and stagnant (Fig. 9). Hydromulls were similarly
observed at high water levels, but along small creeks that
brought oxygenated water after flowing through waterfalls.
This suggests that a higher oxygen content in water partly
compensates for the low direct diffusion from the atmo-
sphere and allows more efficient microbial activity than in
stagnant waterlogged soils. Finally, Anmoors characterized
the intermediate conditions between the last two. A gradient
in humus forms related to water availability was observed,
but not according to the duration of soil waterlogging, as
described by Zanella et al. (2018c); rather, it appeared to be
driven by soil oxygenation. The integration of organic mat-
ter into soil is discussed in greater detail in a previous article
(Siegfried et al. 2025).

Soil Fauna

Even if fungi and bacteria are mainly responsible for the
mineralization of the litter, soil macro- and mesofauna
have a significant impact on the transformation, frag-
mentation, and integration of organic matter (Zanella et
al. 2018a; Le Bayon et al. 2024). Arthropods physically
break down organic matter using their mouthparts, thereby
increasing the surface area available for bacteria and fungi
to attack (Neher and Barbercheck 2019). Earthworms play
a significant role in burying organic matter in the soil, and
mixing it with mineral particles in their digestive systems,
thus creating aggregates (Le Bayon and Shipitalo 2004; Le
Bayon et al. 2021a).

As commonly described in the literature, the soil fauna
was not uniformly distributed in the riparian forests we
studied. Earthworms and arthropods were more prevalent in
the dry Fraxinus and Pinus forests (Fig. 8; Appendix VIII;
Siegfried et al. 2025) than in the wet forests. This result is
consistent with the Mulls found in these forests, confirming
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that soil fauna contribute to the formation and maintenance
of these dynamic humus systems. Moreover, water-sat-
urated conditions in A/nus forests are probably constrain-
ing for earthworms due to anoxia, which drives them away
(Edwards and Arancon 2022). The relationship with humus
forms in these areas is clear, as earthworms are rarely found
in Anmoors (sometimes in Summer, when the water level
decreases, thus unsaturating the topsoil) and are most of the
time absent in Histic systems (Zanella et al. 2018b, c). As
with earthworms, soil moisture, plant communities, and soil
conditions may also influence arthropod abundance (Wang
et al. 2019; Kernecker et al. 2015).

The biomass of earthworms found in riparian buffer strips
in forests from Central Europe is <50 g'm ™2 (Cameron et al.
2021), but 116 g'm 2, with 220 individuals, were found in
European, humus-rich beech forests (Bullinger-Weber et al.
2007). In the Grande Carigaie, we observed lower biomass
in Alnus forests (22-29 g'm ?) and intermediate values in
Pinus and Fraxinus forests (61-66 g-m~2; Fig. 8). This dif-
ference can be explained in part by the fact that over 80%
of the earthworms sampled were juveniles, despite the suit-
able sampling season (Appendix VIII). When specifically
looking at the number of individuals, the values were closer
to those reported by Bullinger-Weber et al. (2007), ranging
from 169 to 298 individuals per m? (Appendix VIII). How-
ever, these numbers remain well below the 460 individuals
per m2 reported in a forest with regular flooding in southern
Quebec (Kernecker et al. 2015). Complementary surveys in
Spring and Autumn would be necessary to get a better over-
view of earthworm communities and their variation.

We identified 13 earthworm species and subspecies, cor-
responding to approximately 25% of the 53 species pres-
ent in Switzerland (Salomé et al. 2011; taxo.drilobase.org
; Appendix VIII). Other studies of riparian ecosystems in
Switzerland at similar elevations reported 15 to 19 spe-
cies (Le Bayon et al. 2013; Glasstetter 2012; Fournier et al.
2012; Salomé et al. 2011), indicating that earthworm diver-
sity in the Grande Carigaie is within the same range. How-
ever, this diversity may be underestimated due to the high
amount of juveniles that are impossible to identify solely on
morphological features.

Focusing on ecological categories, we observed higher
proportions of epigeic earthworms and enchytraeids in the
two wet Alnus forests. Epigeics live at the very soil surface;
they can escape anoxic conditions in the mineral soil layers
and thus can find a suitable habitat in the leaf litter. Accord-
ing to Bullinger-Weber (2007) and Schomburg et al. (2018a,
b, 2019), epigeic earthworms and plant roots are pioneer
engineers that produce soil structure through short-term
casting and burrowing, especially in sandy environments.
Enchytreids are mainly involved in the decomposition and
recycling of organic matter (Pelosi and Capowiez 2022).
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On the other hand, endogeics and anecics dominate the
drier Fraxinus and Pinus forests, where they can dig deeper
into the soil. When the texture is more suitable, loamy or
silty, endogeics are known to actively improve the soil
structural stability, while anecics are mainly recovered in
deeper soils (Le Bayon et al. 2021a; Bayon et al. 2021b;
Amossé et al. 2015).

A Paradoxical High Decomposition Rate in Wet
Conditions

Our investigation at the Grande Caricaie highlighted the
importance of the water parameter, but also raised a para-
dox. Indeed, the rate of organic matter decomposition is
often assumed to be positively associated with soil fauna
activity and soil respiration, which were higher in the less
humid forests (Luo and Zhou 2006). However, the results
showed the opposite for the mass loss assessed with tea
bags (Figs. 6 and 9). Moreover, this high decomposition
rate was observed in soils with the highest organic matter
content (Fig. 9).

The first possible explanation relies on a temporal bias.
Indeed, tea bags were placed in November 2022, and soil
fauna was inventoried in October 2022, following a major
summer drought. However, this explanation seems unlikely,
as another bait-based method (Bait lamina test) was carried
out simultaneously to fauna inventories and provided the
same results as the green tea decomposition, i.e. a higher
consumption of the organic baits in A/nus forests than in
the Pinus and Fraxinus forests (unpublished data; Appen-
dix XII). A second explanation lies in the differing temporal
scales of the two methods. Decomposition rate integrates
processes over extended periods (months), whereas soil
respiration is captured via brief, monthly one-off basis
(minutes). To strengthen the link between soil respiration
and organic matter decomposition, future research should
employ continuous monitoring, thereby reducing the risk
of overlooking “hot moments”, i.e. intervals of optimal
decomposition conditions (Briones 2018). A third expla-
nation involves decomposition caused by specific micro-
fauna or microflora that were not measured in this study.
Dissolved organic carbon (DOC) or methane (CH,) could
have formed an escape route of carbon from the system.
Some anaerobic decomposition remains possible, as meth-
ane emissions were not measured, but such a process is less
efficient than the aerobic one (Greenwood 1961; Mitsch
and Mander 2018). However, carbon leakage in the form of
DOC is more convincing in these riparian forests (Laudon
et al. 2012). A final explanation is that specialized decom-
posers of nitrogen-rich compounds in A/nus forests rapidly
consume the nitrogen-rich part of the organic matter. That
is possible because alder litter is rich in nitrogen (due to

Frankia fixation; Bocock 1964; Weber 1990) and has a deg-
radation rate similar to that of green tea (Ferreira 2022). Wu
et al. (2025) also found that decomposition rates are higher
in wetlands. They suggested that this is due to microbial
communities specialized to these environments, capable of
efficiently decomposing organic matter under anaerobic or
fluctuating conditions. Similar measurements to those of
the tea bags, but with native litter, would be a good way to
test this hypothesis, rather than standardized substrates (tea
bags), which limit our ability to capture the full diversity of
in situ decomposition processes.

This study showed that decomposition rates in wetlands
are linked to the interaction between the local climate, tim-
escales, substrate quality, and soil biology. So, it may not
be so paradoxical to have significant mass loss associated
to low CO, efflux. The specific environmental conditions of
these riparian forests show that the pathways of organic mat-
ter decomposition are much more complex than assumed.

According to de Godoy Fernandes et al. (2021), the rate
of decomposition in tropical forests is influenced by eco-
system productivity, suggesting that greater photosynthesis
would lead to more root exudates, greater microorganism
activity, and thus increasing soil respiration. We did not
observe this phenomenon in the Grande Caricaie, as the two
Alnus forests had different productivities (Fig. 5), whereas
CO, emissions (Fig. 7) and organic matter decomposition
rates (Fig. 6) were similar.

Limits in Studies of Riparian Environments

Precisely quantifying pathways of organic matter in the
studied riparian forests was complex. Indeed, several limi-
tations could not be avoided. We originally planned to use
litterbags with 1 and 4 mm mesh sizes, placed with native
litter at the soil surface and 8 cm in depth (Huang et al.
2020). However, fine sediments were deposited on the lit-
ter during a flood, and it was impossible to remove them
without losing dead leaf fragments. The finer mesh of the
tea bags prevented sediment deposition but also prevented
macrofauna from accessing the organic matter. Similarly,
we collected earthworms’ castings (Le Bayon et al. 2002;
Bayon et al. 2022) to measure their activity. However, the
high soil humidity made their field identification difficult,
and not all earthworm species produce visible castings (Le
Bayon and Binet 1999). Finally, these forests are regularly
disturbed by mammals. Although it may positively affect
the ecosystem functioning, it also influences data collection.
For example, a new beaver dam flooded large areas of two
Alnus forests, changing the soil water regime. Additionally,
some of the tea bags were lost due to wild boars and foxes
digging, and litter traps were lost due to tree falls or visits
from an inquisitive animal.
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Conclusion and Perspectives

Our study demonstrated, through a holistic approach, that
there were clear and significant differences in the pathways
of organic matter observed in the different riparian forests.
As expected, the water level and its associated fluctuations
are undoubtedly a preeminent parameter, influencing eco-
system production, soil fauna, the rate of organic matter
decomposition, the soil respiration, and the humus forms.
Nevertheless, numerous questions remain, notably concern-
ing the decomposition rate of organic matter, which clearly
anticorrelates with soil respiration.

Given their history, these riparian forests offer a rare
opportunity to study soil and vegetation dynamics in par-
allel under different water conditions. Indeed, their sub-
strate was probably very similar 150 years ago, when they
emerged after lowering the lake level (old glacial moraine
with lacustrine sediments). Since then, differences in water
conditions have led to contrasting soils, rich in organic mat-
ter, with low faunal biomass, low soil respiration, and high
decomposition rates in the wetter conditions, and the oppo-
site characteristics in the drier sites. Interestingly, the plant
communities are even more sensitive to ecological condi-
tions, as each of these two categories is further differenti-
ated into two forest types based on water level and/or soil
depth (Siegfried et al. 2024, 2025).

Although this study already considered many param-
eters, complementary measurements could improve our
understanding of these ecosystems. For example, mea-
surements of methane emissions, dissolved organic carbon
in water and evaluation of microbial pathways involving
bacteria and fungi would help assess the importance and
seasonality of the anaerobic decomposition of organic mat-
ter in these soils. Data on dissolved oxygen in water could
more precisely explain the distribution of soil fauna, even
in waterlogged soils, especially if a finer identification of
the collected arthropods complements it. Finally, a sec-
ond inventory of soil fauna would be useful for evaluat-
ing the effects of adverse meteorological events. Indeed,
the Grande Carigaie reserves were impacted by a historic
flood in 2021 and a severe drought in 2022, which may
have influenced our data.
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