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1- Introduction 

Peatlands are wetlands systems where soils 

remains temporally or permanent waterlogged 

and play a strategic role in the global carbon 

cycle, as they keep 1/3 of the global carbon 

stored in the soil. In this systems, dead plant and 

animal material are decomposed very slowly 

while primary production is active leading to an 

accumulation of the organic matter (OM) in 

form of peat (Limpens et al. 2008). OM 

degradation is mainly promoted by 

microorganisms but environmental constrains, 

such as low levels of pH and oxygen, slow down 

the organic material (OM) decomposition 

(Freeman et al. 2001). In the soil, OM is broken 

down by Extracellular Enzymes Activities 

(EEA) produced by microorganisms (Trivedi et 

al. 2016), and eventually resulting in the 

emission of methane (CH4) and carbon dioxide 

(CO2) to the atmosphere (Freeman et al. 2001)  

OM degradation in peatlands is sensitive to 

environmental variations, such as warming and 

drought (Fenner and Freeman 2011, Hopple et 

al. 2020), and changes in peatlands conditions 

might generated an acceleration of the OM 

decomposition and promote greenhouse gas 

(GHG) production, potentially realising the 

huge amounts of carbon stored in their soil. 

Globally, this potentially high GHG emission 

from peatlands is of great concern hence it may 

act as a positive feedback sharping global 

warming (Davidson and Janssens 2006). 

Globally, there are still many gaps in our 

understanding of the mechanisms behind 

microbial carbon cycling and the degradation of 

the OM in peat soil. Filling those spaces is 
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ABSTRACT 

Peatlands are key ecosystems in the global carbon balance due in 

part to the slow microbial degradation of the organic matter (OM) 

in peat soils. Role of peatlands as powerful carbon storage systems 

may be threatened by climate change, leading to a potential huge 

release of greenhouse gases to the atmosphere. Our knowledge on 

the mechanisms behind the microbial OM degradation is still 

incomplete, and it is also essential to develop better management 

strategies and mitigate global change impacts. In the frame of the 

present fellowship, the microbial extracellular enzymatic 

mechanisms of the OM degradation in peat soil and pore water 

were studied in a French altered peatland, assessing changes in 

soil depth and warming effect during an annual cycle. Additionally, 

to the research programme, during the present fellowship a new 

technique for the host laboratory was implemented (protocol to 

measure extracellular enzyme activities in pore water and peat 

soil), the fellow participated in several conferences and seminars, 

three publication were or are in the process of being published, and 

a new project with the host laboratory is in developing.  
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essential to propose mitigation strategies and 

solve urgent environmental issues, such as the 

ongoing climate change (Cavicchioli et al. 

2019). 

Microbial OM degradation in peatlands is 

shaped by different properties of the ecosystem, 

such as plant cover (Bragazza et al. 2013), 

hydrological changes (Fenner et al. 2011), 

oxygen availability, and variation of pH (Kang 

et al. 2018) or nutrients. In terms of oxygen 

availability, it is usually reduced in depth 

although vascular plants may pump oxygen 

inside soil through their roots producing peat 

microhabitats (Rupp et al. 2019). All these 

aspects interact with the metabolic capabilities 

of the microbial community dwelling in these 

environments to determine the OM processing, 

making difficult to unravel all the mechanisms 

involved.   

In addition to the peat soil, pore water is 

other important component of peatland and 

water reaches, in some cases, more than 98% of 

soil weight. Traditional, pore water is mainly 

considered as linked to the system hydrology 

where nutrients are diluted and transported, but 

it may also play an active role in the OM 

processing as some microorganisms might be 

favoured/harm by pore water recalcitrant 

conditions. This aspect has been less studied 

and we know very few about the microbial 

metabolism occurring in the porewater and 

potential links to the peat soil activity 

(Romanowicz et al. 2015). Usually, pore water 

microbial activity is included in the bulk peat 

metabolism, but it has not been clarified yet 

how pore water is contributing to the OM 

degradation and total carbon cycle in these 

systems. 

In this context, during the Le Studium 

fellowship a research program was developed 

aimed to improve our understanding of 

microbial OM metabolism in peatlands, using 

as ecological model, a site where the host 

laboratory develops a long-term monitoring. 

The conducted research program involved an 

initial set up and standardisation of the 

experimental protocol for measuring EEA in 

peat soil and pore water in the host laboratory. 

It also included two research collaborations that 

aimed to i) determine the effect of warming on 

pore water microbial metabolism (EEA) in 

disturbed peatlands; and ii) to study the links 

between microbial metabolism (EEA) in pore 

water and peat soil at different depths, and in 

relation to CO2 production and emission at the 

La Guette peatland.   

2- Experimental details 

Study Site 

La Guette peatland is a transitional acidic poor 

fen (pH about 4.5) located in the Centre Val de 

Loire. Its mean peat thickness is the 80 cm, the 

mean annual temperature is 6.82 °C and mean 

annual precipitation 737.19 mm for the period 

2009-2020. Hydrology of this peatland is 

altered due to a road crosses, a pipeline for 

drinking water supplement, and a ditch for 

rainfall drainage; the site is now invaded by 

vascular plants, especially Molinia caerulea, 

Betula spp. and Pinus sylvestris, at the 

detriment of Sphagnum spp. (Gogo et al., 2011). 

Standardisation of Extracellular enzyme 

activities 

Several tests were conducted from June 2019 to 

August 2019 in order to standardise the 

experimental conditions for measuring EEA in 

peat soil and pore water from La Guette 

peatland. Hydrolases were measured by using 

MUF-labelled substrates (Glycosynth, 

Warrington, UK) and oxidases with L-DOPA 

(Sigma-Aldrich, Saint Louis, MO, USA). 

Protocol for peat soil was adapted from Dunn et 

al. (2013), while that for pore water was 

developed by the fellow based on several other 

protocols (German et al. 2011, Mora-Gómez et 

al. 2018). Standardisation consisted in: i) to 

define the time where linearity is preserve 

following the enzyme activity along the time; 

and ii) to define the saturation concentration of 

the substrate. EEA measured in this study are all 

part of the OM degradation of plant tissues and 

are associated to the carbon cycle by the 

degradation of cellulose (ß-1,4-glucosidase), 

hemicellulose (ß-1,4-xylosidase), and lignin-

like/phenolic compounds (phenol oxidase). 

Some of them are related the uptake of nutrient 

from the soil OM, such as nitrogen (ß -1,4-N-

acetyl-glucosaminidase that helps to acquiree 
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nitrogenic compounds from chitin derived 

oligomers), phosphorus (acid phosphatase that 

mineralizes organic P into phosphate), and 

sulphur (Arylsulfatase, involved in the 

acquisition of organic sulphur) (Kang and 

Freeman 1999, German et al. 2011) 

Effect of warming on pore water EEA 

EEA in pore water was studied in an experiment 

developed in the host laboratory as part of Qian 

Li thesis (Li 2021, Fig.1).  

 

Figure 1. Warming experiment setup at ISTO  

laboratory campus. Photo Qian Li.  

Twelve cylindrical peat monoliths were 

collected from La Guette peatland in June 2018. 

They were composed of intact vegetation (mix 

of dominant plant species in the field Sphagnum 

spp., Molinia caerulea and Erica tetralix) and 

undisturbed soil. Mesocosms were placed 

outside the ISTO laboratory in holes dug into 

the soil and they were isolated with mineral soil 

using bubble wrap, and they were randomly 

separated into two treatments: six with Open-

top chambers (OTCs), which can increase air 

temperature and six without OTCs as control 

(Fig. 1). The OTCs are transparent 

polycarbonate hexagons, which are made in 

accordance with the standardized ITEX system 

(International Toundra Experiment). The design 

of OTCs allows it to obtain high solar 

transmittance of visible wavelength close to the 

natural state and minimize the transmittance of 

infrared wave re-emitted (Marion et al. 1997). 

Before placing mesocosms into the holes dug, 

three rhizons (Rhizosphere Research Products) 

for water collection were inserted into each 

mesocosm. Pore water for EEA measures was 

collected at each season from September 2019 

to May 2020, and activities were measured 

following the protocol standardised during the 

course of this fellowship.  

Seasonal variation of pore water and peat 

metabolism with soil depth at the La Guette 

peatland  

Two soil CO2 profiles were installed in 

September 2019 in the La Guette peatland in 

collaboration with Fabien Leroy, postdoctoral 

researcher in the host institution. Both profiles 

were similar with a plant cover dominated by 

Molinia caerulea and Erica tetralix. Each 

profile has four CO2 probes (GMP343, Vaisala) 

installed at 0, 10, 20 and 40 cm with sensors 

measuring the temperature and the soil water 

content. The data was acquired every hour and 

stored in acquisition station (CR1000X) 

powered with solar panel. Three rhizons (0.6 

µm) per profile and depth were installed to 

collect pore water every three months, covering 

seasonal variation. At each sampling date peat 

soil was also collected in a nearby site taking 

care to select a place with similar plant cover 

than the selected for the profiles. Samples were 

transported to the laboratory in the ISTO and 

EEA in peat soil and pore water were measured 

following the protocol previously developed. 

Other variables were also measured, dissolved 

carbon (DOC) and total nitrogen (TN) in pore 

water with a Shimadzu TOC-5000 analyser, soil 

respiration (CH4, CO2) by modifying method 

from Li et al. (2021), and soil water  content and 

soil organic matter were measured 

gravimetrically. 

 

Figure 2. Depth profile installed in La Guette to 

monitoring EEA in pore water and CO2 production. 

In parallel, soil EEA were also measured. 
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3- Results and discussion 

Standardisation of Extracellular enzyme 

activities: 

Defined experimental conditions after 

standardisation tests to measure EEA in the peat 

soil and pore water are summarised in table 1.  

Table 1. Conditions of the enzymatic essays defined 

to measure the EEA in pore water and peat soil.  

PW= pore water.  

 

Developed protocol was proposed for 

enzymatic assays with pH and temperature at 

environmental conditions. Enzyme activity 

depends on the environmental conditions and 

the enzymatic potential of the microbial 

community (Arnosti et al. 2014). Enzymatic 

essay may be conducted with standard 

conditions (saturation concentration of the 

substrate and standard environmental 

conditions) to estimate the potential enzyme 

activity of an specific microbial community, but 

this does not allow us to know the real 

behaviour at field conditions (Wallenstein et al. 

2010, German et al. 2011). I opted to keep 

substrate saturation to get optimal enzyme 

activity but using field environmental 

conditions in pH and temperature. Future 

studies can explore differences between enzyme 

activities at both potential and field condition to 

better allow comparisons with other study sites.  

In the same way, there are also contrasting 

finding on the use of L-DOPA in acidic 

environments, such as peatlands  (Bach et al. 

2013, Wiedermann et al. 2017), due to its  auto-

oxidation potential and sensitivity to pH. 

However, it has been proposed that shorth 

incubation times are a good alternative for using 

this substrate (Tahvanainen and Haraguchi 

2013) and that it is suitable for peat soils (Dunn 

et al. 2013). Similarly, it has been proposed that 

L-DOPA essay may give a measure of the 

oxidative potential of the entire soil matrix more 

than the oxidative enzyme activity (Bach et al. 

2013). Other substrates have been also used in 

soils and peatlands to measure oxidative 

enzyme activities, but they are less commonly 

used and also have technical limitations (Jassey 

et al. 2012, Bach et al. 2013). Future research is 

needed to clarify oxidative activity and L-

DOPA essays in peat soils. 

Effect of warming on pore water EEA: 

During the study period, from summer 2019 to 

spring 2020, warming treatment (OTC 

chambers) significantly increased soil 

temperature in a range of 0.55 to 1.31 oC (LMM, 

p<0.03), mainly at -5 and -15cm in depth (Fig. 

3a). 

 

Figure 3. Effects of warming treatment on daily 

mean soil temperature at 5 cm (a), relationship of 

some enzyme activity to seasonal temperature 

 
Cod 
in 

text 

Incubation 
time (min) 
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concentra
tion (mM) 
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Enzyme  PW Soil PW Soil  

ß-1,4-
glucosidase 

B 30 60 0.5 0.5 

Yields free 

glucose. Related 
to cellulose 

degradation. 

Arylsulfatase S 30 60 0.5 1 

Involved in the 

acquisition of 
organic sulphur. 

ß-1,4-

xylosidase 
X 30 60 0.5 1 

Degrades short 
xylan chains into 
xylose. Related to 

hemicellulose 
degradation. 
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glucosamini
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hydrolysis chitin 

derived oligomers 

Acid 
phosphatase 
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lignin-like, 
phenolic 

compounds. 
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variation (b,c), and principal component analysis-

PCA (d) of all pore water measured variables. 

Enzyme codes as in table 1. TN= total nitrogen, 

DOC=dissolve organic carbon, Temp_d= daily 

mean temperature of the sampling day, SUVA= 
absorbance measurement used to give an estimate of 

the aromaticity of DOC.  

Correspondingly with the slight warming effect 

observed, we found subtle but significant effect 

on OM metabolism. The enzyme activities 

related to hemicellulose (X) and cellulose (B) 

degradation were reduced in warm mesocosms 

at the superficial soil (5cm) mainly during 

summer, spring and autumn (LMM, p<0.05, 

Fig. 1b). It has been shown that extracellular 

enzymes are differentially sensitive to 

temperature depending on the environment 

(Wallenstein et al. 2010) but usually activity is 

enhanced with a rise in the temperature inside 

environmental ranges, what is contrary to the 

observed effect in X and B. Microbial activity 

in the pore water might have been influenced by 

the compounds present in the water such as 

nitrogen, carbon, nutrients (dissolved and 

particulate) and the enzymes released from the 

soil. Both, B and X were the only enzymes 

positively correlated to annual temperature 

variation, and also to the SUVA index (Fig. 3c), 

suggesting these enzymes are activated in the 

water when there are lower levels of labile 

carbon in the system. In an experimental study 

testing the effect of temperature and water table 

level on OM degradation in peatlands 

(Dieleman et al. 2016) SUVA index in pore 

water progressively declined under high water 

table conditions probably in association with 

higher plant activity under wetter conditions 

that potentially release labile sugar to the soil. 

In our study, the experimental warming with the 

OTC helped to keep the humidity in the soil 

during the warmer seasons (Li 2021) what 

might have stimulated plant growth in the warm 

mesocosms and the release of labile compounds 

to the pore water, reducing in turn the two 

enzymes, B and X that yield to simple 

polysaccharides. 

Contrarily, we also found that the warm 

treatment increased the uptake of nitrogen from 

OM compounds associated with chitin 

degradation (Fig. 3c), mainly in winter. Higher 

N mineralization from OM is expected under 

the warmer treatment as microbial metabolism 

might be accelerated by a temperature increase 

and microorganisms need basic elements for 

growing. Additionally, it has been observed a 

distinctive increase in temperature sensitivity 

with decreasing temperature in the N enzyme 

(Koch et al. 2007), what would explain the 

warm treatment significant effect for this 

enzyme principally in winter. 

Seasonal variation of pore water and peat 

metabolism with soil depth at the La Guette 

peatland  

We found significant seasonal variation and 

changes in depth profile in both pore water and 

soil enzymes activities (PERMANOVA, 

p<0.05). However, not all the enzyme 

responded in similar manner to environmental 

fluctuations and while pore water activities 

varied in higher proportion with seasonal 

variation, activity in the soil was more affected 

by changes in depth (Fig. 4).  

Seasonally, EEA might be affected but changes 

in water table depth, temperature, and plant 

metabolism (Romanowicz et al. 2015). In pore 

water, degradation of lignin-like (POX) and 

cellulose (B) compounds seasonally varied with 

the temperature increase through seasons, while 

phosphorus (P), nitrogen (N), and sulphur (S) 

mineralisation were not related to temperature 

changes (Fig. 4a). Similarly, nitrogen and 

phosphorus mineralisation in soil were not 

affected by seasonal temperature changes, as 

well as lignin-like compounds degradation (Fig. 

4b). Some EEA also varied with depth in both 

soil and pore water, with general higher values 

at superficial soil, supporting the common 

funding of a more active layer in the first 10 cm 

of the peat soil (e.g. Bobu̘ská et al. 2015). 

Nevertheless, sulphur and phosphate 

mineralisation in pore water, and lignin-like 

compounds degradation in the soil, did not vary 

among depths.  
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Figure 4. EEA and some environmental variables 

measured in pore water (a) and peat soil (b) at 

different soil depth and during an annual cycle 

(2020) in the La Guette peatland. Also, correlation 

between pore water and soil EEA (c) is presented. 

Enzyme codes as in table 1. TN= total nitrogen, 

DOC=dissolve organic carbon, Temp_d= daily 

mean temperature of the sampling day. 

Processes in the soil and water were linked 

mainly through the DOC concentration in the 

pore water. Hydrolases (B,X,S,N) in the soil, 

except for P uptake, were positively correlated 

to cellulose and lignin-like compounds 

degradation in the water (e.g. Fig. 4c), and all 

these enzymes, both in soil and pore water, were 

in turn also significantly correlated to the DOC 

concentration in the pore water (Fig. 4a,b). 

DOC values in pore water is usually a measure 

of the OM decomposition in the soil (Dieleman 

et al. 2016) and higher concentration reflects 

active OM degradation, this was confirmed in 

our study for soil enzyme activities. However, 

DOC for microbial metabolisms in the pore 

water might have been more related to the 

carbon availability for microbial consumption, 

that in our study, they were mainly cellulose and 

lignin derived degradation compounds. 

Additionally, CO2 production was measured in 

field and laboratory and data are currently being 

analysed.  

4- Conclusion 

OM decomposition is one of the crucial 

processes controlling carbon storage capacity in 

peatlands but mechanisms behind microbial 

processes involved are still not clear. The 

research programme carried out in the frame of 

the present fellowship tried to shed some light 

on the microbial EAA in two compartments of 

the peatland ecosystem, the pore water and peat 

soil. Our results showed a different but 

complementary role of the two compartments. 

Some EAA in pore water showed to be highly 

sensitive to even small temperature changes and 

they were linked to, but not mirrored, the 

microbial metabolisms in the soil. On its side, 

EAAs in the peat soil were more sensitive to soil 

depth variations, and potentially influenced 

EEAs in the pore water through the releasing of 

carbon compounds to the water as product of the 

soil OM degradation. Future research is needed 

in order to better understand regulators of EAA 

in the pore water and quantify its impact on the 

total carbon balance.  

5- Perspectives of future collaborations 

with the host laboratory 

Collaboration with the host laboratory is still 

active. The researcher started a new project 

during her fellowship on the effect of 

microplastics in the microbial carbon cycle of 

wetlands, in collaboration with other 

institutions. i.e. Bangor University (UK), 
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National University of Colombia, and Yugra 

University (Russia); and she is currently 

developing the project thanks to the Labex-

Voltaire’s funding support. 

6- Articles published in the framework 

of the fellowship 

It is expected to publish at least one article as 

part of the experimental work conducted in the 

host laboratory, which is currently in 

preparation. Additionally, the fellow 

collaborated in a book chapter and submitted an 

article on the same research topic in the 

framework of her Le Studium fellowship. 

Summary of publications is showed below: 

- Qin L, Kang H, Freeman C, Mora-

Gómez J, Jiang M. 2020. Chapter 10: 

Environmental Change and Microbial 

Contributions to Carbon Cycle 

Feedbacks. In: Jürgen Marxsen (ed). 

Climate Change and Microbial 

Ecology: Current Research and Future 

Trends (Second Edition). Caister 

Academic Press. Pages: 297-326. DOI: 

https://doi.org/10.21775/97819136525

79.10 

- Mora-Gómez J, M. Alajmi F.E, Vargas 

J.O, O Kang H, Golyshin P, Freeman C. 

Regional and Local Constrains of 

Microbial Organic Matter Degradation 

in Moss-Dominated Peatlands. 

Submitted to ISME journal.  

- Mora-Gómez J, Li Q, Leroy F, Gogo S, 

Laggoun F. Microbial organic matter 

degradation in pore water and soil in a 

French peatland: seasonal changes and 

responses to global warming. In prep.  

Similarly, the fellow participated in one 

conference, one workshop, and gave two talks 

on her research in the regional laboratories 

during the fellowship. Also, she collaborated 

with several researchers in the host laboratory 

and tutored one undergraduate student. 

Summary of the oral communications is showed 

below: 

- Climate, air quality, and health: long-

term goals and near-term actions. June 

28, 2019. Auditorium Jean Zay - 

Canopé Orléans, France. Mora-Gomez 

J. Quantification of greenhouse gases 

(GHG). 

- Workshop Knowledge’s frontiers in 

water unsaturated hydrogeosystems: 

interface dynamics, heterogeneities & 

couplings. 27-28 June, 2019. ISTO, 

Orléans, France. Laggoun F, Gogo S, 

Guimbaud C, Perdereau L, Jacotot A, 

Ait Mansour EH, Leroy F, Mora-

Gomez J, Savoie F, Chevrier S, 

Chalumeau G. Platform for gases 

Exchange at the 'Soil - Atmosphere' 

interface in peatlands (PESAt) 

- December 5, 2019. Mora-Gomez J. 

Microorganisms and climate change: a 

critical piece in the global 

environmental puzzle. Le Studium 

Thursdays. Hôtel Dupanloup, Orléans, 

France. 
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