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Abstract Vernal pools are small, shallow and

ephemeral freshwater wetlands, often located in

forests. Despite harboring high levels of biodiversity

and being biochemical hotspots, they have been

severely degraded by human activities. Restoration

of vernal pools has become a priority for resource

managers, and monitoring of restoration projects is

needed to track the effectiveness of restoration tech-

niques. In this study, we analyzed the ecological

functioning of natural and restored vernal pools in the

forest of Chinon (France) four years after a restoration

project. Specific aims were to: (1) compare organic-

matter decomposition rates between natural and

restored pools, and (2) evaluate the main drivers of

organic-matter decomposition in these two types of

pool. In five natural and nine restored vernal pools, a

standardized organic-matter decomposition assay

(cotton strip) was deployed for up to 57 days. Each

pool was characterised in terms of vegetation type,

water and soil quality. We found that decomposition

rates did not differ between natural and restored pools.

The natural pools, however, had the greater stores of

total organic carbon (TOC) content, and Sphagnum

moss cover. Across both pool types, decomposition

rates were positively associated with canopy openness

and vascular plant cover, suggesting a possible

‘priming effect’ of primary producers on microbial

decomposers. Sphagnum moss cover and some soil

variables, such as TOC, were associated with slowed

decomposition, highlighting the potential of
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P. Hervé (&) � S. Grellier � K. M. Wantzen �
F. Isselin-Nondedeu

UMR CNRS 7324 CITERES (Cités, Territoires,

Environnement et Sociétés), Université de Tours, 33, allée
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Sphagnum spp. at influencing microbial activity. We

suggest that future studies couple the cotton strip assay

with biotic indices to assess the overall functioning of

these wetlands.

Keywords Seasonal forested pools � Temporary

ponds � Organic-matter breakdown � Cotton-strip
assay � Carbon cycle � Ecological restoration

Abbreviations

CS Cotton strips

OM Organic-matter

TN Total nitrogen

TOC Total organic carbon

%TSL,

%TSLd

Percentage of tensile strength loss,

Percentage of tensile strength loss per

day

Introduction

Worldwide, approximately 60% of inland wetlands

were lost due to human activities since the start of the

twentieth century (Davidson 2014). Among these

wetlands, vernal pools have been particularly

impacted due to their ephemeral nature, an ecosystem

trait that facilitates their destruction during annual

low-water phases. Across the globe, projects for the

conservation and restoration of vernal pool have been

initiated but with uncertain results. Restoration suc-

cess is most commonly evaluated using indices based

on ecosystem structure (Matthews et al. 2009),

whereas functional indicators are still relatively rarely

used, representing less than 10% of the restoration

monitoring programs between 2004 and 2013 (Koll-

mann et al. 2016). This is in contrast to the way in

which ecologists perceive vernal pools—as ecosys-

tems with structure and function—and the focus on

ecosystem structure in many ways neglects the

valuable ecosystem services that vernal pools provide

(e.g. nutrient transformation, carbon sequestration).

Organic-matter (OM) decomposition can be used as

a proxy of ecosystem biogeochemical functioning

(Neher et al. 2003; Fennessy et al. 2008; Young et al.

2008) because this process integrates the biological

activity of mostly invertebrates and microorganisms

and the environmental variables that constrain it.

Decomposition rates covary with the chemical quality

of the OM, and since plant species vary widely in their

quality, the composition of vegetation communities

can influence overall OM decomposition rates in an

ecosystem (Webster and Benfield 1986; Bot and

Benites 2005; Kayranli et al. 2010). Sphagnum spp.

are known as ecosystem engineer species, because

they can reduce the pH of their environment and

increase moisture and anoxia (Rydin et al. 2006).

These species also produce phenolic compounds as

secondary metabolites which can reduce hydrolase

enzyme activity (Freeman et al. 2004; Rydin et al.

2006; Chiapusio et al. 2013). Combined with their

common low degradability, they could make decom-

position rates decrease (van Breemen 1995). In

addition to leaf-litter quality, OM decomposition is

also influenced by temperature (Tiegs et al. 2019),

nutrient (Colas et al. 2019) and oxygen availability

(Webster and Benfield 1986; Graça et al. 2015), high

nutrient content (Woodward et al. 2012), type and size

of decomposer populations including invertebrates and

microorganisms (Webster and Benfield 1986; Graça

et al. 2015), and water current and wave action (Pabst

et al. 2008). Several methods can be used to quantify

OM decomposition rates with the most common being

litter bag assays, which allow researchers to measure

OM mass loss through time (Bärlocher 2005), and

cotton strip (CS) assays (Tiegs et al. 2007, 2013), that

are based on the loss of tensile loss of cotton fabric, a

process that reflects the microbial catabolism of

cellulose. Cotton-strips are composed of 95% cellu-

lose, which is the most abundant organic polymer on

earth and the main constituent of plant litter. Thus, CS

are in many ways an ecologically relevant form of

organic matter that can be used in decomposition

experiments (Tiegs et al. 2019). They do not neces-

sarially reflect the decomposition rate of the locally

availably OM, but rather, provide a highly standard-

ized and reproducible means of comparing the decom-

position potential of ecosystems (InfoClimat 2017;

Météo-France 2017). Additional advantages include

their ease of use, their cost effectiveness, and the fact

that the incubation periods required are generally less

than those of leaf litter (Tiegs et al. 2007, 2013; Slocum

et al. 2009). Originally used in soil studies (Trettin

et al. 1996; Mendelssohn et al. 1999), this method is

increasingly used in stream ecology (Tiegs et al. 2019;

Burdon et al. 2020) and more recently in freshwater

ponds, and to assess above-ground decomposition

rates (Tiegs et al. 2007; Vizza et al. 2017).
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Vernal pools are small, temporary freshwater wet-

lands, often found in forests. In the temperate and boreal

climates of Europe and North America, their hydrope-

riods generally vary from three to eleven months, even

more than one year in some cases (Colburn 2004), and

their wet-and-dry cycle is subject to multi-annual

patterns. Vernal pools may be filled in different

proportions by snowmelt, groundwater, direct precipi-

tation, surface runoff, endorheic streamflow or flood-

water from temporary connectivity to close surface-

water bodies (Colburn 2004). These ecosystems are

known for their high level of biodiversity at local and

landscape scales, adding aquatic habitats to the upland

matrix, and providing feeding, breeding and resting

places formany species (Calhoun et al. 2017).However,

very few studies have focused on the ecological

functioning of vernal pools, especially on OM decom-

position. Capps et al. (2014) showed that inundation

increased above-ground decomposition rates in vernal

pools, supporting similar studies on other types of

freshwater wetlands (Neckles and Neill 1994; Kelley

and Jack2002;Battle andGolladay2007).Amicrocosm

study demonstrated how decomposition rates were

influenced by the inundation period and by the presence

of Molinia grasses and Sphagnum spp. (Hervé et al.

2018). In addition, Holgerson and Raymond (2016)

highlighted their important biogeochemical activity by

quantifying CO2 and CH4 emissions.

Despite their importance for biodiversity and

materials cycling, vernal pools are threatened ecosys-

tems and they are often overlooked because of their

small size, as shown by Burne and Griffin (2005) for

vernal pools in the USA. They are vulnerable to land

use changes, and impacted by runoff from forest

plantations, urbanization or agriculture, and to climate

change, all of which lead to modifications of their

hydrology (Williams 2005; Calhoun et al. 2017). As

with other wetlands, the evaluation of restoration

success in vernal pools rarely uses functional indica-

tors and research has yet to be conducted that

compares OM decomposition rates between natural

and restored vernal pools.

This study was carried out in natural and newly

restored (i.e. four years prior to the study) vernal pools

located in a temperate forest in Chinon (France). Our

objectives were to (1) compare the above-ground OM

decomposition rates between natural restored vernal

pools, and (2) identify environmental variables that

explain variation in OM decomposition rates in these

two pool types. The study was based on the following

hypotheses: (i) four years after the restoration project,

the OMdecomposition rates in the natural vernal pools

are slower than in restored vernal pools due to the

presence of Sphagnum spp., (ii) Sphagnum spp. and

vascular plant cover is greater in natural pools, and

some soil characteristics, such as OM content, differ

between the two types of pools and (iii) Sphagnum

spp. are a main driver of OM decomposition. The

overarching goal of our study was to evaluate the

effects of vernal pool restoration, and help identify

ecological indicators that are sensitive to this increas-

ingly common means of resource management.

Methods

Study area

The study was carried out in the spring–summer of

2016, in the Chinon forest, in France (47�12053.300N,
0�19045.300E). This area has a temperate oceanic

climate, with mean annual temperature of 11.8 �C
and mean annual precipitations of 695 mm

(1981–2010) (Météo-France). Temperature and pre-

cipitation data from a meteorological station situated

at 50 km North-East from the forest were recorded

(InfoClimat) (Online Resource 1). Principal soils in

the study site are haplic albeluvisols [according to

WRB 2006 classification from IUSS Working Group

WRB (2006)], acidic and hydromorphic (Boutin

1989, 1996). Their thickness varies in mean from 0.4

to 3.0 m. They are mainly formed by Quaternary

aeolian deposits (sands and loam) covering Eocene

clays with siliceous conglomerates (Alcaydé and

Rasplus 1971; Alcaydé 1975).

The state-owned part of the forest spreads over

5141 ha (Office national des forêts and Jammes 2003)

and is currently managed for forestry with stands

dominated by Quercus petraea Liebl. (1784), Pinus

sylvestris L. (1753) or Pinus pinaster Aiton (1789),

and mixed stands of these species. Vernal pools on the

study site were generally dry for 2–6 months in

summer/autumn. They are mainly filled by precipita-

tion during winter and spring and some are connected

to perched water tables. The water was nutrient-poor

(water conductivity ranged from 45 to 110 lS.cm-1 in

spring/summer 2016) and acidic, with pH ranging

from 4 to 5.5.
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Restoration of vernal pools in the Chinon forest

Pollen analyses suggest that the formation of the

Chinon depressions, which evolved into vernal pools,

date back to 26,000 BP; although their origin is still

uncertain, the hypothesis of a natural periglacial

formation prevails (Couderc 1980). Before the

1970s, many wetlands, including vernal pools, were

present in the forest of the study site but most of them

were severely degraded or destroyed by industrializa-

tion of forest plantations. The vernal pools that remain

are typically vegetated with different species of

Sphagnum (subgenus cuspidata, subgenus subse-

cunda, S. palustre) that form dense carpets and

hummocks. Typical vegetation of inundated olig-

otrophic pools can also be found.

We surveyed the study site in 2011 and 2012 and

identified degraded pools, mostly filled, drained and

planted, as well as undisturbed or lightly disturbed

pools, here called ‘‘natural vernal pools’’. In Septem-

ber 2012, a restoration project was initiated that had

the goal of restoring 32 pools. The restoration works

consisted of digging, cutting trees, scraping of purple-

moor grass [Molinia caerulea (L.) Moench] and

blocking drain ditches. Depending on the topography,

the size of the original pools and their riparian zones,

pools of different sizes and depths (on average 200 m2

to 1000 m2, and 80 cm to 2 m deep) were restored

(Online resource 2). Pool depth was also a function of

the depth of the impermeable clay layer underneath

the pools, which was not disturbed in order to better

restore nutrient-poor, acidic vernal-pool waters.

Experimental design

Since the objectives of this study were to measure OM

decomposition under inundated conditions and to

investigate the effects of restoration, we selected the

pools that we believe had similar hydroperiods and

morphology (mean max depth of 61 cm). Among these

pools, we choose pools with and without Sphagnum

spp., and under different forest stands (Pinus spp. and

Quercus spp.). As a result, 14 out of 50 pools present in

the forest met the conditions and were chosen for the

study: five natural and nine restored vernal pools.

Organic-matter decomposition rates

The experiment was carried out under in situ condi-

tions, in the Chinon forest. OM decomposition was

measured using a cotton strip (CS) assay and follow-

ing the protocols detailed in Tiegs et al. (2013, 2019).

Since an appropriate incubation time for CS had yet

been determined for vernal pools, we used three

exposure times to calibrate the measurements: at

Time1, CS were incubated between 22 and 24 days, at

Time2, they were incubated between 39 and 42 days,

and at Time3 they were incubated between 51 and

57 days. The longest period of incubation was deter-

mined by the level of the water table of the pool; when

the water depth was less than 5 cm, the CS were

removed. For each incubation time in each vernal

pool, four CS replicates were installed at a position a

few centimetres above the sediment surface, at the

deepest part of the pool near its geographic center. At

the end of each incubation time, the CS were removed,

immediately hand-washed with 70% ethanol to stop

microbial activity and placed in aluminium envelopes.

In the lab, they were dried at 40 �C for at least 30 h and

placed in a desiccator before measuring the tensile

strength remaining with a tensiometer (Mark-10

brand, Model #MG100, Copiague, NY, USA) at the

Oakland University Aquatic Ecology Lab (Tiegs et al.

2013). Reference strips, i.e. strips not incubated in the

field but washed with ethanol and dried, were used to

determine the initial tensile strength. Then, we calcu-

lated the percentage of tensile strength loss (%TSL,

Eq. 1) and the percentage of tensile strength loss per

day (%TSLd), dividing the %TSL by the incubation

time expressed in days. These coefficients represent

the decomposition rate of the cotton strips.

%TSL ¼
Tensile strengthreferencestrips � Tensile strengthtreatmentstrips

Tensile strengthreferencestrips

 !
� 100 ð1Þ
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Tensile Strength reference strips was the mean tensile

strength of twenty reference strips and Ten-

sile Strength treatment strips the remaining tensile

strength in CS after incubation.

Calibration procedure for CS decomposition

In some instances the CS strips that were incubated in

the ponds had slightly greater tensile-strength relative

to the reference strips, an outcome we addributed to

the strips being insufficiently decomposed, and to

slight variation among individual cotton strips. In

these instances, the value of the measured tensile-

strength was replaced by a ‘‘NA’’ (not available)

value. ‘‘NA’’ values were not used in statistical

analyses. All pools used in analyses had a minimum

of two TSL values for each sampling date.

Environmental variables

We assessed which environmental variables influence

decomposition rates by comparing natural and

restored pools. These variables related to vegetation,

water, and soil (Table 1). Water variables included

electrical conductivity, concentration of dissolved

organic carbon, pH and RedOx potential, water

temperature and water level. Vegetation variables

included tree canopy openness above the pool, the

species composition of the surrounding forest with the

cover ofQuercus spp., and the cover of vascular plants

and Sphagnum spp. in the pool. The tree canopy

openness was estimated by measuring the light

intensity (in lux) at the pool surface in comparison

with fully open area close to the forest, i.e. where the

light intensity received by a light sensor was not

intercepted by tree canopy (Eq. 2). High percentages

indicated low canopy cover above the considered

pools.

Canopy openness

¼ Light intensity at the pool surface

Light intensity in an open area

� �
� 100

ð2Þ

We estimated the tree canopy cover in a belt of

10 m around each pool, from the annual maximum

water level of the pool 0–10 m in the direction of the

surrounding forest. The percentages of relative cover

of Quercus spp., Pinus spp. and other species were

visually estimated in the belt. We retained only the

percentage of Quercus spp. cover for the analyses,

knowing that the percentage of other species was

between 0 and 23% (estimated in the field). The

percentage of tree cover was used because it reflects

the type and quality of the OM entering each pool,

light availability and consequently OM dynamics. Soil

variables included soil granulometric composition

(clay, silt, and sand), OM content, pH, total nitrogen

(TN), total organic carbon (TOC) and available

phophorus. The samples were taken on the upper

layers of the pool centre, at 0–5 cm and 5–10 cm

depth (Table 1, Online resource 3).

Statistical analyses

Calibration procedure for CS decomposition

Since no CS incubation time was defined for vernal

pools in the literature, we used three different incu-

bation times. The most reliable time was that with the

fewest NA values (see Calibration procedure for CS

decomposition). We first counted the number of NA

values found at each time and for each pool. Then, we

used a generalized linear model (Poisson family,

package stats version 3.3.1), followed by a multi-

comparison post-hoc test using a Tukey test (package

multcomp for R), to assess if the number of NA values

were different among incubation times. As the number

of NA values differ among times, the incubation time

with the fewest NA (all pools included) was chosen

(see the sections methods and results for the calibra-

tion procedure for more details).

OM decomposition rates, restoration status

and environmental variables

To assess the difference in term of %TSLd between

restored and natural pools, a mixed-effects model was

used with the pool identity treated as random effect

and CS replicates were nested within pools (lme4

package for R). Assumptions of normality were

confirmend by visually inspecting QQplots. Wilcoxon

rank sum tests were performed (package stats version

3.3.1) to compare environmental variables between

natural and restored pools (Table 1). To assess which

environmental variables best explain variability of

%TSLd, we first calculated Pearson’s r coefficients for

each of the environmental variables (Table 1, function
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Table 1 List of the environmental variables measured to characterise the vernal pools and explain the organic-matter decomposition

rates, with the variable abbreviations used in the figures, the units and the methods

Water variables Methods

Electrical conductivity, lS cm-1

(WATER_conductivity)
Field: measured three times during the experiment, in the water column, close to

the CS

Probes: HQ40d Portable Meters, IntellicalTM CDC40105 Field (Hach)

Calculation of the mean values throughout the experiment

Concentration of dissolved organic carbon, mg

L-1

(WATER_DOC)

Field: measured three times during the experiment, in the water column, close to

the CS

Lab: measured after filtration (0.45 lm) by oxidation of the organic carbon into

carbon dioxide

(NF EN 1484)1

Calculation of the mean values throughout the experiment

Water levels in the pool, cm (WATER_levels) Field: continuous measures at one hour-steps, probes close to the CS

Probes: Mini-Divers DI501, Baro-Diver DI500 (vanEssen Instruments)

Calculation of the mean values throughout the experiment

pH (WATER_pH) Field: measured three times during the experiment, in the water column, close to

the CS

Probes: HQ40d Portable Meters, IntellicalTM PHC10105 Field (Hach)

Calculation of the mean values throughout the experiment

RedOx potential, mV (WATER_ORP) Field: measured three times during the experiment, in the water column, close to

the CS

Probes: HQ40d Portable Meters, IntellicalTM MTC10105 Field (Hach)

Calculation of the mean values throughout the experiment

Sum of minimum daily temperatures, �C
(WATER_Tmin)

Field: continuous measures, 1hour-steps, probes close to the CS

Probes: Mini-Divers DI501, Baro-Diver DI500

(vanEssen Instruments)

Calculation of the sum of the daily minimum temperature throughout the

experiment

Sum of daily maximum temperatures, �C
(WATER_Tmax)

Sum of daily mean temperatures, �C
(WATER_Tmean)

Vegetation variables Methods

Tree canopy openness above the pools,

% (VEG_canopy)
Field: measured of the light intensity at the pool surface in comparison with fully open

area; two transect across the pools, one measure each 2 to 4 m, depending the pool size;

realised under homogenous cloud cover (21/07/2016)

Probe: HOBO Pendant� Temperature/Light 64 K Data Logger, Part # UA-002–64 (Onset)

Calculation of the percentage of light reaching the pool

Cover of Sphagnum mosses, %

(VEG_sph)
Field: visual estimation of the Sphagnum mosses cover in the pool centre and the ‘‘vernal

pool-forest’’ transition zone (18/08/2016)

Calculation: % Sphagnum sp. ? % free water = 100%

Cover of vascular plants, %

(VEG_vasc)
Field: Visual estimation of the vascular plant cover in the pool centre and transition zone

(18/07/2016)

Calculation: % plant cover ? % free water = 100%

Cover of Quercus sp., %
(VEG_Quercus.sp)

Field: visual estimation of the tree cover, per species and from the ground, in the pool

micro-watershed (0–10 m) (18/07/2016)

Calculation:

%Quercus sp. ? %Pinus sp. ? %other tree sp. = 100%

123

942 Wetlands Ecol Manage (2020) 28:937–952



‘‘rcorr’’ from Hmisc package on R software) after

these values were centred around the mean (i.e.

subtracting the variable means to each individual

value) and scaled to their standard deviation (i.e.

dividing each centred individual value by the mean

standard deviation), with the function ‘‘scale’’ on R.

Among the variables significantly correlated with each

other (a = 0.05), we considered those with a strong

correlation (|r|C 0.7) (Dormann et al. 2013); a correl-

ogram was built to visualize the correlation matrix

(functions ‘‘cor’’ and ‘‘corrplot’’ from corrplot pack-

age for R). From this list, ten variables were chosen

that were not correlated with each other. A global

mixed linear model was created on the basis of the

centred and scaled data, with the %TSLd as response

variable, all chosen variables as fixed factors and the

pool identity as random factor in a nested design. The

linear model assumptions were checked graphically

and with a Shapiro test for normal data distribution.

All of the model combinations were performed and the

best models were selected on the basis of the AIC

values using the function ‘‘dredge’’ from the R

package MuMIn. The selected models had a delta

AIC inferior to 2.

Statistical analyses were performed with R soft-

ware version 3.3.1 (Rstudio version 0.99.903), and the

figures with ggplot2 and corrplot packages for R,

Microsoft Office Excel 2013 and Inkscape version

0.92.

Results

Calibration procedure for CS decomposition

At Time1 (22–25 days of incubation) and Time2

(39–42 days), there were respectively 39% and 38%

of the NA values, and only 13% at Time3

(51–57 days). The generalized linear model analysis

confirmed that the percentage of NA values were

significantly lower at Time3 than at Time1 and Time2

(p-values\ 0.05, Fig. 1). For the analyses, we

selected the pools with two NA values at the most

(Fig. 2). Only one pool (VP31) never met this

condition and was excluded from the data set. To

have the most reliable results, the %TSL after

incubation should be close to 50% (Hill et al. 1988;

Slocum et al. 2009). The pools were closer to this

Table 1 continued

Soil variables Methods

Concentration in total organic carbon, % in the layers 0–5 cm

(SOIL_TOC1) and 5–10 cm (SOIL_TOC2)
Field: triplicate samples, in the deepest part of the pool, close to

the CS (23/11/2016)

Lab: acidification with phosphoric acid, combustion 900 �C,
elementary analyser, NF EN 13,137 (X30-404)1

Concentration in total nitrogen, %, in the layers 0–5 cm

(SOIL_Ntot1) and 5–0 cm (SOIL_Ntot1)
Field: triplicate samples, in the deepest part of the pool, close to

the CS (23/11/2016)

Lab: combustion 900 �C, elementary analyser, NF ISO 13,878

(X31-418)1

pH in the layers 0–5 cm (SOIL_pH1) and 5–10 cm (SOIL_pH2) Field: triplicate samples, in the deepest part of the pool, close to

the CS (23/11/2016)

Lab: according to the standard NF U44-1721

Proportion of organic matter, %, in the layers 0–5 cm

(SOIL_OM1) and 5–10 cm (SOIL_OM2)
Field: triplicate samples, in the deepest part of the pool, close to

the CS (23/11/2016)

Lab: analyses on the overall cores (0–5 cm)

Calculation in percentage:

100-% of mineral matter dried at 450 �C (NF EN ISO 13,039

(U44-304)) 1

Methods include field (Fld) or laboratory (Lab) technics and measure frequency, probes and data computation
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value at Time3 (Fig. 2, the dotted line shows the 50%

TSL), therefore, we decided to analyse only the %

TSLd measured at Time3.

Organic-matter decomposition rates and influence

of environmental variables

Differences between natural and restored vernal pools

After 51 to 57 days of incubation (Time3), the rate of

OM decomposition (%TSLd) was not significantly

different between natural and restored pools (F-

value: 0.128, p-value: 0.72). The median value was

0.57% TSLd and the mean value was 0.72% TSLd,

with a maximum value of 1.43% (%TSLd) and a

minimum value of 0.19%.

Several environmental variables differed between

natural and restored pools (Table 2, Online

Resource 3). For the water variables, only electrical

conductivity was diffent between pool types and it was

greater in natural pools (76 ± 12 lS.cm-1 versus

62 ± 4 lS.cm-1). Tree species composition of the

forest, measured as the cover of Quercus spp., and

tree-canopy openness, did not differ between natural

and restored pools. The cover of Sphagnum spp. and

vascular plants in the pools were greater in the natural

pools (respectively 53% ± 34% and 50% ± 34%

versus 4.8% ± 6% and 28% ± 19% in the restored

pools). For the soil variables, TOC (0–5 cm and

5–10 cm), TN (0–5 cm) and OM content (5–10 cm)

were greater in the natural pools. Furthermore, in both

natural and restored pools, granulometric analyses

showed that mean clay contents were 37% (some

pools achieved 70%), mean sand contents were 30 to

45% and mean silt contents were 17 to 35%. Both pool

types showed low pH values (Online Resource 3).

Correlations between environmental variables

Before assessing the variables that explained the

variability of the %TSLd and which differenciated

natural from restored vernal pools, we evaluated

correlation between them. Several variables were

strongly correlated, with |r coefficient|C 0.7 such as

water temperatures and water levels, soil TOC from

0-5 cm and soil TOC from 5–10 cm, and cover of

vascular plants and tree canopy openness (Fig. 3,

Table 3). Variables that were either uncorrelated or

weakly correlated (i.e. significant correlation with a

p-value\ 0.05 and Pearson’s r coefficient\|0.70|)

were selected to be used in the Wilcoxon rank sum

tests and the global mixed linear model. Among all

variables, only one variable by correlated variable

group was chosen to be use in the models. Among the

water variables, water levels, pH, redox potential and

dissolved organic carbon were selected; among the

vegetation variables, the tree canopy openness and the

cover of Quercus spp. were selected; and among the

soil variables, the TOC of the layer 0–5 cm, the pH of

the layers 0–5 cm and 5–10 cm, and the TN of the

layer 5–10 cm were selected.

Environmental variables influencing CS

decomposition rates

To create the linear models explaining the %TSLd, the

ten variables presented in the result section ‘‘Corre-

lation between environmental variables’’ were used.

The model selection procedures identified six models

Fig. 1 Boxplot of NA values in the tensile strength loss of the

cotton strips over time, all hydrological and vegetation

treatments included: Time1 was between 22 and 24 days of

incubation, Time2 between 39 and 42 days, and Time3 between

51 and 57 days. Diamonds indicate mean values, bold

horizontal lines indicate median values, whiskers extend from

the 1st or 3rd quartile to upper or lower extreme data, and circles

show outlying points. Capital letters indicate significant

differences between the incubation times
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which best explained the variability of %TSLd

(Table 4) among all of the model combinations

performed. The tree canopy openness (VEG_canopy)

and the content of soil total organic carbon in the layer

0–5 cm (SOIL_TOC) had a significant influence on

%TSLd (a = 0.05) in all the six models. Water levels

(WATER_levels) had also a significant effect on

%TSLd but it appeared only in one model (model 6).

The tree canopy openness and the water levels were

positively linked to the %TSLd with mean estimates

calculated from the six best models of ? 0.72 and ?

0.51, respectively. The soil TOC was negatively

linked to the %TSLd, with a mean estimate of - 0.62.

The other environmental variables that did not appear

as significant parameters in the six best models did not

significantly influence the %TSLd.

Discussion

OM decomposition rates: natural vs. restored

vernal pools

Cotton-strips were used in this study as a proxy for

natural OM. Whereas they do not possess the same

composition and the same characteristics than natural

litter, their decomposition follows the same patterns

(Tiegs et al. 2007). We found no significant difference

in OM decomposition rates between the natural and

restored vernal pools in our study sites. Such similar

values of % TSL between pool types means that the

cellulolytic activity that we measured was similar in

both pool types, but not necessarily that the global

Fig. 2 Percentage of Tensile Strength Loss (%TSL) of the

cotton strips incubated in natural (NAT) and restored (REST)

vernal pools over time. Only the vernal pools with at the most

two NA values (not available values) for the %TSL were

included. Incubation times: Time1 (22–24 days), Time2

(39–42 days), and Time3 (51–57 days). The dotted line

represents 50% TSL. Diamonds indicate mean values, bold

horizontal lines indicate median values, whiskers extend from

the 1st or 3rd quartile to upper or lower extreme data, and circles

show outlying points. Box are arranged in the same order as the

labelling below the plot and each colour correspond to a vernal

pool
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microbial activities involved in the decomposition

processes were similar (Tiegs et al. 2007).

To our knowledge, our study is the first that used CS

assay to measure OM decomposition rates in vernal

pools. For this reason, we could not compare our

results to similar studies. However, in a study using

leaf litter Gingerich and Anderson (2011), studied

seasonal and permanently flooded wetlands in West

Virginia (floodplain, headwater and impoundment

wetlands) but did not find differences in term of OM

decomposition rates between natural and created

wetlands. They used a standard litter (Typha latifolia

L.), with the litter bag method during the experiment,

instead of the in-situ litter, and they explained that it

could be part of the reason why they did not observe

differences. They measured a decomposition potential

which reflected all the factors involved in this process

but without considering the importance of litter

quality. Like Gingerich and Anderson (2011), the

decomposition rates of cotton-strips, which are not in-

situ litter and not as complex as natural litter in term of

composition, gave the decomposition potential in our

studied vernal pools.

Which environmental variables differed

between natural and restored vernal pools?

In the Chinon forest, most of the restored vernal pools

were dug four years before this study, modifying the

soil structure. Vegetation and tree clear-cutting were

also performed. Natural pools were formed about

26,000 BP (Couderc 1980), leading to developed soils

with OM and carbon accumulation. Considering that

the upper soil strata of restored pools were formed for

only four years, it is not surprising that soil parameters,

especially the TOC, differed between natural and

Table 2 Results from Wilcoxon rank sum tests between natural and restored vernal pools on environmental variables

Water variables P-value Restored vernal pools (n = 8) Natural vernal pools (n = 5)

Water levels 0.7242 54 ± 17 cm 54 ± 6 cm

Sum of minimum daily temperatures 0.7897 802 ± 67 �C 814 ± 34 �C
Sum of daily maximum temperatures 0.6993 848 ± 82 �C 828 ± 34 �C
Sum of daily mean temperatures 0.8981 825 ± 72 �C 833 ± 44 �C
pH 0.8255 4.7 ± 0.2 4.7 ± 0.2

RedOx potential 0.1709 278 ± 29 mV 257 ± 22 mV

Dissolved organic carbon 0.6216 55 ± 14 mg.L-1 53 ± 9 mg.L-1

Electrical conductivity 0.0062 62 – 4 lS cm21 76 – 12 lS cm21

Vegetation variables P-value Restored vernal pools (n = 8) Natural vernal pools (n = 5)

Tree canopy openness 0.1865 34 ± 7% 46 ± 15%

Cover of Quercus spp. 0.7691 84 ± 18% 66 ± 34%

Cover of Sphagnum mosses 0.0040 4.8 – 6% 53 – 34%

Cover of vascular plants 0.0080 28 – 19% 50 – 29%

Soil variables P-value Restored vernal pools (n = 8) Natural vernal pools (n = 5)

pH, layer 0–5 cm 0.4599 5.0 ± 0.2 4.9 ± 0.3

pH, layer 5–10 cm 0.4599 5.0 ± 0.2 4.9 ± 0.3

TOC concentration, layer 0–5 cm 0.0016 8 – 6% 25 – 10%

TOC concentration, layer 5–10 cm 0.0109 4 – 2% 18 – 14%

TN concentration, 0–5 cm 0.0031 0.4 – 0.3% 1.4 – 0.4%

TN concentration, layer 5–10 cm 0.0918 0.2 ± 0.1% 0.4 ± 0.2%

% OM, layer 0–5 cm 0.0918 15 ± 12% 48 ± 25%

% OM, layer 5–10 cm 0.0109 6 – 3% 30 – 28%

In bold, the variables for which the mean values were significantly different between natural and restored pools (P-value\ 0.05)
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restored vernal pools. This result is consistent with

previous studies such as Ballantine & Schneider

(2009) and Marton et al. (2014).

Vegetation cover (i.e. vascular plants and Sphag-

num spp.) was greater in natural than restored pools.

The presence of Sphagnum spp. in the aquatic-

terrestrial transition zone and within the pool is

characteristic of the natural pools, which show more

advanced evolution stage than the restored ones.

However, in some of the restored pools, these

bryophytes have begun to colonise the banks and the

centre of very shallow pools. Regarding canopy

openness and Quercus spp. cover, we observed slight

differences on the field, but they were not significantly

different.

Vernal pools studied were selected based on similar

hydroperiod and morphology and no differences in

water levels and temperatures were observed. Other

water parameters were similar, except water electrical

conductivity which is linked to soil composition,

reflecting the similar water source (precipitation and

surface runoffs).

Environmental variables influencing organic-

matter decomposition rates

Hydrology and temperature have often been shown to

be important drivers for OM decomposition, notably

in temporary wetlands where flooding increases the

decomposition rates compared to unflooded areas

(Kelley and Jack 2002; Battle and Golladay 2007;

Inkley et al. 2008; Capps et al. 2014). In our study, the

chosen vernal pools had similar hydroperiods and our

analyses revealed that the tree canopy openness and

the soil TOC were the strongest drivers of the CS

decomposition.

The amount of light reaching the water surface

could be crucial for OM dynamics, whether it be

Fig. 3 Correlogram of the environmental variables. Significant

correlations are shown with a filled circle (a = 0.05). The size of

the circles and the colour intensity are proportional to the r

coefficients: high coefficient are bigger than the low coefficients

(absolute values); positive correlations are drawn in black

whereas the negative correlations are in grey
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growth of algae which stimulate fungal growth or

production of fungal spores which is enhanced by light

(Rier et al. 2007; Lagrue et al. 2011). In the vernal

pools of our study site, there was a significant and

positive correlation between tree canopy openness and

CS decomposition. Moreover, tree canopy openness

was positively correlated with the cover of vascular

plants in the pool, which can grow better. These results

could lead to several hypothesis which would need

extra-measurements in future studies. First, CS

decomposition could be enhanced by an increase of

microorganism growth due to the light. An estimation

of microorganism population should be estimated to

strengthen this hypothesis. Moreover, plant roots

exudates could enhance microbial activity through a

priming effect (Guenet et al. 2014) therefore a high

cover of vascular plants in the pool could increase

microbial activity and thus, CS decomposition. This

hypothesis would need the measurements of labile

organic-matter content and microorganism

populations.

Decomposition rates were also negatively influ-

enced by soil TOC, which was in turn correlated with

Sphagnum moss cover. Sphagnum spp. are known to

influence their environment, especially by producing

phenolic compounds which could lead to decrease OM

decomposition rates (Freeman et al. 2004; Rydin et al.

2006; Chiapusio et al. 2013). High contents of TOC

and OM in soils could be the consequence of low

Table 3 Significantly correlated environmental variables, with their abbreviations, according to Pearson’s r coefficients (a = 0.05),

calculated on centred (around the mean) and scaled (to the standard deviation) values of the variables

Correlated variables

(abbreviations)

Pearson’s r

coefficient

Chosen variables

(abbreviations)

Water temperatures

(WATER_Tmin, WATER_Tmax, WATER_Tmean)

? 0.83 to ? 0.97 None

Water temperatures

Water levels

(WATER_Tmin, WATER_Tmax, WATER_Tmean, Water_levels)

- 0.7 to - 0.8 Water levels

(Water_levels)

Soil organic matter

(both layers)

(SOIL_OM1, SOIL_OM2)

? 0.87 Soil organic matter

Layer 0–5 cm

(SOIL_OM1)

Soil total organic carbon

(both layers)

(SOIL_TOC1, SOIL_TOC2)

? 0.89 Soil total organic carbon

Layer 0–5 cm

(SOIL_TOC1)

Total nitrogen (0-5 cm)

Water electrical conductivity

Cover of Sphagnum mosses

Soil total organic carbon (both layers)

Soil organic matter (both layers)

(SOIL_TN1, WATER_conductivity, VEG_sph, SOIL_TOC1,
SOIL_TOC2, SOIL_OM1, SOIL_OM2)

? 0.72 to ? 0.94 Soil total organic carbon

Layer 0–5 cm

(SOIL_TOC1)

Tree canopy openness

Soil total organic carbon (5–10 cm)

(VEG_canopy, SOIL_TOC2)

? 0.71 Tree canopy openness

(VEG_canopy)

Cover of vascular plants

Tree canopy openness

(VEG_vasc, VEG_canopy)

? 0.89 Tree canopy openness

(VEG_canopy)

Variable were randomly selected among the correlated variables for future analysis
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decomposition rates induced by the presence of

Sphagnum spp.

The use of cotton strips as indicators of OM

decomposition rates in vernal pools

Cotton strips were used in this study because they are

standard materials with a high repeatability, which

allow site comparisons, within a relatively short time

of incubation (Tiegs et al. 2007). Moreover, it had

been shown in an Italian floodplain—which included

river, pond and terrestrial habitats—that the decom-

position rates of CS followed the same patterns as

natural litter mass loss (Tiegs et al. 2007). Even though

CS have been regularly used as a proxy for OM in

decomposition experiments, this method does not

measured the same process as litter decomposition; the

decomposition of plant litter is made by a large range

of decomposers, such as invertebrates, whereas the

decomposition of CS expresses the potential cellu-

lolytic activity in the ecosystems (Tiegs et al. 2007).

We designed this experiment to calibrate the

incubation time in vernal pools under a temperate

climate and we found that CS needed at least

51–57 days of incubation to get close to 50% TSL

(Fig. 3, Time3), the amount of decay that is believed

to maximize the sensitivity of the assay. Comparing

our values with the river ecosystems studied in Tiegs

et al. (2013), we observed relatively slow decompo-

sition rates. Indeed, Tiegs et al. (2013) incubated

cotton strips in streams in the U.S.A. (Midwestern

rivers with little riparian vegetation and receiving

water drainage from row-crop agricultural field, and

Michigan rivers with low human impacts) and in New

Zealand (several soil uses in the river watersheds) for

respectively 27 and 14 days. They found on average

2.3% TSLd for Midwestern streams, 1.8% for Michi-

gan streams and 1.5% for New Zealand streams. In the

Table 4 Selection of the

best linear models by AIC

(Akaike information

criterion) procedure

explaining the variability of

the percentage of tensile

strength loss per day of the

incubated cotton strips

In bold, the variables with a

significant effect (a = 0.05)

on the percentage of tensile

strength loss per day

(%TSLd)

AIC Variables Estimates T value P-value

Model 1 105.8 Intercept - 0.03 - 0.166 0.871

VEG_canopy ? 0.74 ? 3.357 0.008

SOIL_TOC1 - 0.68 - 3.195 0.01

Model 2 106.8 Intercept - 0.03 - 0.154 0.880

VEG_canopy ? 0.65 ? 3.051 0.014

SOIL_TOC1 - 0.53 - 2.398 0.039

SOIL_pH2 ? 0.29 ? 1.617 0.138

Model 3 107.0 Intercept - 0.02 - 0.134 0.896

WATER_levels ? 0.29 ? 1.504 0.166

VEG_canopy ? 0.78 ? 3.698 0.005

SOIL_TOC1 - 0.59 - 2.783 0.021

Model 4 107.4 Intercept - 0.01 - 0.085 0.934

VEG_canopy ? 0.85 ? 3.772 0.005

SOIL_TOC1 - 0.73 - 3.528 0.006

SOIL_pH1 - 0.25 - 1.405 0.193

Model 5 107.6 Intercept - 0.01 - 0.059 0.954

VEG_canopy ? 0.76 ? 3.816 0.005

SOIL_TOC1 - 0.57 - 3.816 0.005

SOIL_pH1 - 0.29 - 1.817 0.105

SOIL_pH2 - 0.33 ? 1.993 0.078

Model 6 107.6 Intercept - 0.02 - 0.106 0.918

WATER_levels ? 0.51 ? 2.338 0.048

WATER_DOC ? 0.36 ? 1.689 0.131

VEG_canopy ? 0.86 ? 4.360 0.003

SOIL_TOC1 - 0.62 - 3.218 0.012
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vernal pools, after 51 to 57 days of incubation, we

found 40.7% TSL on average for natural and restored

pools, i.e. 0.7% TSLd.

In each pool, the cotton strips were placed close to

each other, at a distance of about 10 cm. However, the

data range was high (Fig. 3), suggesting that the cotton

strips were sensitive to the micro-environmental

conditions within the pools. This was also observed

by Vysna et al. (2014) in their study of CS decompo-

sition in Australian rivers. Future monitorings should

use more within-pool replicates, and they should be

dispersed randomly around the pool.

Conclusion

Like other small wetlands, vernal pools are strongly

affected by human activities, especially because of

their small size and their seasonality, making their

detection more difficult during the dry period (see

references in Holgerson and Raymond (2016)). This

study was designed to assess the functioning of natural

and restored vernal pools in the Chinon forest (France)

in terms of OM decomposition, and more specifically,

in terms of potential cellulolytic activity. After

51–57 days, no difference were found between OM

decomposition rates in natural and restored vernal

pools. Even though this result suggests that decom-

position was restored, cellulolytic decomposition is

only one dimension of the overall process of OM

decomposition. The main drivers of cellulolytic

activity measured with the CS assay was TOC and

tree-canopy openness. They were also part of the

environmental variables which differentiated natural

from restored pools, with OM content, vascular plants

and Sphagnum covers. These differences were mainly

linked to the impacts of restoration work.

Decomposition indices, which are rarely used for

ecological monitoring of wetlands, could be consid-

ered as a ‘‘global indicator’’ because they reflect

several aspects of the systems characteristics such as

biological activity, OM sources and foodwebs (Young

et al. 2008). Future studies should use more CS

replicates in order to better characterize the intra-pool

variability. Moreover, questions of the re-establish-

ment of biota were not addressed here. We therefore

suggest to integrate other biotic indices with indicator

species and biodiversity assessments, as well as

measurements of specific microbial activities to assess

the overall functioning of those systems. Lastly, the

data presented here are a useful baseline for tracking

the recovery of these restored vernal pools.
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Bärlocher F (2005) Leaf mass loss estimated by litter bag

technique. In: Graca MAS, Bärlocher F, Gessner MO (eds)
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groupements végétaux. In: Géhu JM (ed) La végétation des

sols tourbeux, Lille–1978. Colloques phytosociologiques,

VII, Strauß & Cramer GmbH, pp 35–60

Davidson NC (2014) How much wetland has the world lost?

long-term and recent trends in global wetland area. Mar

Freshw Res 65(10):934–941. https://doi.org/10.1071/

mf14173

Dormann CF, Elith J, Bacher S, Buchmann C, Carl G, Carré G,
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