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• PFT covers were more powerful
explanators of C gas fluxes than functional
traits.

• Impacts of traits and physicochemical
conditions were directed via PFT compo-
sition.

• Sedge cover, Shannon index and moss
functional diversity explained PG.

• Sedge, shrub and forb cover, peat depth
and moss functional diversity explained
RE.

• Forb and shrub cover, WT and SLA ex-
plained FCH4.
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 Peatlands constitute a significant soil carbon (C) store, yet the C gas flux components show distinct spatial variation
both between and within peatlands. Determining the controls on this variability could aid in our understanding of
the response of peatlands to global changes. In this study, we assess the usefulness of different vegetation related pa-
rameters to explain spatial variation in peatland C gas flux components. We hypothesise that spatial variation is best
explained by trait-based indices (similarly to other terrestrial ecosystems), and that the impact of soil physicochemical
properties, such as nitrogen (N) content or water level, can be manifested through the traits. Furthermore, we expect
that the spatial variability associated with each of the C gas flux components can be explained by a distinct set of traits.
To address our aim, we used a successional peatland chronosequence fromwet meadows to a bog, alongwhich all var-
iables were recorded with similar methods and under similar climatic conditions.
We observed spatial variability with all measured gas fluxes, with carbon dioxide (CO2) fluxes showing significant var-
iability between sites, while within site variability was more important for methane (CH4) fluxes. As expected, our re-
sults show that the impacts of physicochemical conditions were directed via vegetation. However, the cover of
functional plant types that capture multiple traits proved to be more powerful in explaining gas flux variability com-
pared to functional trait-based indices. Our findings imply that for future gas flux modelling purposes, rather than
attempting to use individual traits - as is the ongoing trend in ecology - it might be more useful to refine plant func-
tional groupings and ensure they are based on a set of plant traits relevant for the studied ecosystem process. This
could be facilitated by the collation of a large data set of traits measured from peatlands.
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1. Introduction
Over the Holocene, a small surplus annual net carbon (C) exchange be-
tween the atmosphere and northern peatlands (e.g. Roulet et al., 2007;
Dinsmore et al., 2010; Koehler et al., 2011; Olefeldt et al., 2012) has re-
sulted in the formation of a globally significant C store in these ecosystems,
estimated as ~500 Gt (Yu, 2012). The accumulation of organic matter is
caused by specific environmental conditions, namely a high water table
level (WT) that is often combined with low pH, and specific vegetation
composition that promotes methane (CH4) production and efflux but im-
pedes total decomposition (e.g. Laiho, 2006). The rate of peatland gas ex-
change is linked to temporal variation in temperature, irradiation, leaf
area, and WT (Long et al., 2010; Lai et al., 2014; McVeigh et al., 2014;
Järveoja et al., 2018; Koebsch et al., 2020), which are likely to be affected
by climate change (IPCC, 2013, Mäkiranta et al., 2018; Helbig et al., 2020).
Based on the current understanding, hydrological change, such asmore reg-
ular or longer periods of drought, is recognised as the most significant fac-
tor that affects C gas exchange in peatlands (Laine et al., 2019).

Peatlands do not form a homogeneous group, and the rates of photosyn-
thesis, ecosystem respiration (RE), and CH4 emissions show noticeable spa-
tial variation between peatland types, e.g., nutrient rich fens and nutrient
poor bogs (Bubier et al., 1998; Lund et al., 2010; Turetsky et al., 2014). In
addition, considerable spatial variation in gas flux rates has been observed
within a single peatland, between the different plant associations and mi-
croforms, such as hummocks, lawns and hollows (Waddington and
Roulet, 2000; Laine et al., 2007; Riutta et al., 2007; Maanavilja et al.,
2011; Korrensalo et al., 2019). This spatial variation in gas fluxes has
been connected to interrelated differences in water level, vegetation com-
position and nutrient status but the mechanisms are not clear. Based on
existing experimental studies that have investigated either warming or
water level drawdown impacts, the responses from the different peatland
types seem partly contradictory (Laine et al., 2019; Peltoniemi et al.,
2016; Kokkonen et al., 2019; Hopple et al., 2020). Thus, an understanding
of the underlying factors that control spatial variation in C gas fluxes could
help to elucidate the different responses of peatland types to climate
change.

Physicochemical properties, such as differences in nutrient status and
pH between sites, and differences in WT within a site, may regulate spatial
variation in peatland C gas exchange directly or indirectly through
differences in vegetation (e.g. Bubier et al., 1993; Lund et al., 2010;
Dorodnikov et al., 2013). In peatlands, the variation in physicochemical
properties and vegetation are typically tightly linked, as demonstrated by
plant species replacement along a microtopographic WT gradient
(Väliranta et al., 2007; Malhotra et al., 2016) or water and peat chemistry
gradients (Karlin and Bliss, 1984; Andersen et al., 2011). Vegetation com-
position impacts photosynthesis through the photosynthetic capacity that
differs between plant species (Korrensalo et al., 2016; Laine et al., 2016).
Likewise, the decomposability of litter is dependent on litter quality that
varies between plant species (Dorrepaal et al., 2005; Straková et al.,
2010, 2012), while CH4 emissions are affected by the presence of plants
that can produce fresh and easily decomposable substrate below the WT
for methanogens, and/or provide a pathway for CH4 transport to the atmo-
sphere through aerenchyma tissues (King and Reeburgh, 2002; Saarnio
et al., 2004; Koelbener et al., 2010; Ström et al., 2012; Riutta et al., 2020).

Metrics that are more robust than plant species level indices are needed
to link spatial variation in C gasflux components to vegetation composition.
In several peatland studies, vegetation composition has been condensed to
functional plant types (e.g. Leppälä et al., 2011a,b,c; Kuiper et al., 2014;
Ward et al., 2009, 2013; Strack et al., 2017). However, in some other eco-
systems plant functional traits i.e., different vegetation-related parameters,
have been found to provide a stronger and more mechanistic link between
species communities and ecosystem functions than plant groupings (Suding
and Goldstein, 2008; Klumpp and Soussana, 2009; Funk et al., 2017;
Finegan et al., 2015). This is because functional traits can be quantified as
numerical or categorical measures of the properties that determine how
plants respond to environmental change and on the contrary, how plants
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affect ecosystem functions. Therefore, functional plant traits related to pro-
ductivity, decomposability, and CH4 transport could offer a direct measure
to connect vegetation composition with ecosystem-level gas exchange
(Reich, 2014; Verheijen et al., 2015). So far, functional traits have shown
promise in explaining ecosystem biomass and C fluxes within individual
peatland ecosystem types (Carvalho et al., 2019; Goud et al., 2017) and
are good descriptors of the successional resource gradient from productive
young fens to bogs withmore stable functions (Laine et al., 2021). To estab-
lish more generalisable links between plant functional traits and C gas
fluxes, these connections need to be studied over a range of peatland sites
with varying nutrient and WT levels.

This study aims to assess the usefulness of different vegetation-related pa-
rameters to explain the spatial variation in peatland C gas flux components.
To maximally capture the variation in vegetation and C gas fluxes charac-
teristic of peatlands in the northern boreal region, while simultaneously
minimizing the variation in climate between the sites, we used a peatland
chronosequence that featured six peatlands ranging from young wet
meadows to an ombrotrophic bog. We use piecewise structural equation
modelling (SEM) to quantify the potential direct and indirect impacts of
vegetation properties (abundance of different functional plant types, vege-
tation diversity) and trait-based indices (functional diversity and commu-
nity weighted mean traits) on growing season C gas flux components
(photosynthesis, respiration and net CH4 flux), together with WT and soil
physicochemical properties. In addition, SEM was utilised to find the vari-
able group (vegetation properties, functional traits, or physicochemical
properties) that can best explain the spatial variability in C gas fluxes.

We hypothesise that the spatial variation in C gas flux components in
peatlands is best explained by the trait-based indices, similarly to other ter-
restrial ecosystems, and that the impact of soil physicochemical properties
can be manifested through the traits. Furthermore, we expect that each C
gas flux component will be explained by a distinct set of traits.

2. Materials and methods

2.1. Study sites

The study area is in Siikajoki, Finland (64°45′ N, 24°42′ E) (Fig. 1), on
the eastern coast of the Gulf of Bothnia, where postglacial isostatic rising
still occurs with a vertical uplift rate of c. 7 mm yr−1 (Ekman, 1996).
Mean annual (1981–2010) precipitation in the area is 541 mm and mean
annual temperature is 2.6 °C, while the warmest (15.9 °C) and coldest
(−5.8 °C) months are July and January, respectively (Pirinen et al., 2012).

The study includes six peatlands that are characteristic of different suc-
cessional stages, which are located along a 10 km long transect that has
been used in previous studies (e.g. Tuittila et al., 2013; Larmola et al.,
2014; Laine et al., 2015). The youngest sites (SJ 1 and SJ 2) are primary
mires (sensu Joosten et al., 2017) with a very shallow organic soil layer
andwetmeadow vegetation. Vegetation is composed of sedges and grasses,
such as Carex nigra and Agrostis canina, while forbs Comarum palustre and
Lysimachia thyrsiflora are also common. Both sites have a patchy moss
cover of mainly brown mosses, such as Warnstorfia spp., while at SJ 2
some patches of Sphagnummosses also occur. Site SJ 3 is characterised by
mesotrophic fen vegetation, which consists mainly of sedges (e.g. Carex
chordorrhiza, Carex rostrata and Carex canescens) and forbs such as
C. palustre. Hummock formation with dense Sphagnum carpets (mostly
S. fimbriatum) is ongoing at the edges of the fen, while the central parts
are strongly impacted by spring and autumn floods. Site SJ 4 is considered
as an oligotrophic fen and is characterised by a surface pattern of inundated
flarks featuring C. chordorrhiza, C. rostrata and Menyanthes trifoliata, and
Sphagnum papillosum covered lawns with sparse vascular plant cover. Site
SJ 5 is at the fen-bog transition stage with a mosaic of clearly ombrotrophic
hummock surfaces with Rubus chamaemorus, Empetrum nigrum, Vaccinium
oxycoccos and Sphagnum fuscum, and wetter surfaces dominated by
Scheuchzeria palustris, Carex livida, Carex limosa and C. chordorrhiza. Sphag-
num species, accustomed to different water table depths, form a continuous
moss layer. The oldest site SJ 6 is characterised by ombrotrophic bog



Fig. 1. Siikajoki study sites are located on the west coast of Finland.
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vegetation, namely S. fuscum, Sphagnum angustifolium and dwarf shrubs,
such as E. nigrum and Rhododendron tomentosum on the hummock surfaces,
and Sphagnum balticum and Eriophorum vaginatum in thewetter depressions.
Detailed study site environmental characteristics are shown in Fig. A1.1.

2.2. Gas flux measurements

Each site has a set of permanent sample plots (0.56 m × 0.56 m) that
cover the spatial variability in the vegetation that is characteristic of each
site (SJ 1 n = 6, SJ 2 n = 6, SJ 3 n = 10, SJ 4 n = 9, SJ 5 n = 8, SJ 6
n = 9). At each sample plot, a metal collar with a 30-cm-long sleeve was
inserted into the peat to support CO2 and CH4 gas flux measurements. In
this study, we use gas flux measurements that were carried out at weekly
to biweekly intervals from June to September 2007. Earlier work has
been published in Leppälä et al. (2008, 2011a,b,c). CO2 fluxes were mea-
suredwith a transparent plastic chamber (60× 60× 30 cm) that was con-
nected to a portable infrared gas analyser (EGM-4, PP Systems, UK). The
chamber was equipped with a fan and a cooling system that maintained
the air temperature to within 2 °C of ambient (Alm et al., 2007). At each
sample plot, our measurement routine included (a) measurement under
ambient stable light, (b) with the chamber shaded by a mesh fabric to de-
crease the photon flux density (PPFD) level, and (c) with the chamber cov-
ered by an opaque shroud. Each measurement lasted 90–180 s, and the
chamber was then lifted off the collar and ventilated between measure-
ments to restore the ambient CO2 concentration. During themeasurements,
headspace CO2 concentration, PPFD, and chamber temperature were re-
corded at 15 s intervals. Net CO2 exchange (NEE) was calculated from the
linear change in CO2 concentration in the chamber headspace as a function
of the chamber headspace volume and mean air temperature inside the
chamber during the measurement. The dark (opaque cover) measurement
was used as an estimate of instantaneousRE. An estimate of gross photosyn-
thesis (PG) was calculated by subtracting the NEE ratemeasured in full light
or shaded conditions from the subsequent dark measurement. Net CH4 flux
(FCH4) was measured with a closed opaque chamber (60 × 60 × 30 cm)
equipped with a fan to ensure circulation of air inside the chamber. Four
60 ml air samples were taken from the chamber into plastic syringes at
5min intervals, and transferred into glass vials (Labco Exetainer, UK) via in-
jection with over-pressure. The vials were stored at 4 °C until chromato-
graphic analyses (HP-5890A) was carried out at the Hyytiälä Forestry
Field Station (Finland). FCH4 rates were calculated as the linear rate of
change in gas concentration over time (mg CH4 m−2 h−1).
3

During the gas flux (CO2 and CH4) measurement campaigns, the peat
temperature profile (5, 10, and 20 cm depths) was measured near to each
plot and WT was measured from perforated plastic tubes that had been
inserted next to each plot. Leaf area index (LAI) was measured from the
plots at biweekly intervals and seasonal LAI development was modelled
byfitting species-specific Gaussian or log-normal curves to the LAI observa-
tions (Wilson et al., 2007). LAI values from the different species were
summed to provide an estimate of total LAI in each sample plot.

2.3.Measurements of vegetation composition and soil physicochemical properties

At the end of July 2007, plant species composition was estimated from
each sample plot as projection cover (%) of each vascular plant and moss
species using the scale 0.25%, 0.5%, 1%, 2%, 3%, etc. In August 2007,
physicochemical parameters (peat depth, peat pH, total C and N content,
C:N) were measured adjacent to each plot (see methods in Zhang et al.,
2018). Average WT was calculated for each plot from the weekly measure-
ments taken during the growing season (mid-May to end of September).

2.4. Functional plant trait measurements

We collected plant trait data from the most common vascular and moss
species from each successional stage. In addition to the six study sites, trait
data were collected from two additional peatlands with similar vegetation
composition located near to each study site (except for SJ 6 which was
not replicated). On average, five replicates per vascular species per site
were sampled, while three replicates were used for mosses (Tables S1.1
and S1.2).

For vascular plants we selected traits that have been previously found to
reflect ecosystem functioning either in other ecosystems or in peatlands
(e.g. Finegan et al., 2015; Goud et al., 2017). Vascular plant traits were
measured during August 2016, mostly according to Perez-Harguindeguy
et al. (2016). Only fully grown plants and fresh/undamaged leaves were
sampled. Plant height was measured as the shortest distance between the
upper boundary of the main photosynthetic tissues (excluding inflores-
cences) and the ground level. To measure a specific leaf area (SLA: the
one-sided area of a fresh leaf divided by its oven-dry mass), the freshly
picked leafwas pressedflat between a board and a glass, and a standard dig-
ital photo was taken. The leaf area was analysed from the photo with ImageJ
software (Schneider et al., 2012; Schindelin et al., 2015). The leaf samples
were dried on paper bags at 60 °C for a minimum of 48 h and were then
stored. The dried samples were weighed and SLA was calculated. Aeren-
chyma tissue was defined categorically as present (1) or not present (0).

In contrast to vascular plants, there is no standard for trait measure-
ments of Sphagnummosses.We selected traits that impact on the productiv-
ity of mosses and on the structure of the accumulating organic soil and,
consequently, its gas diffusion and water holding capacity, i.e., capitulum
and fascicle density, capitulum and stem dry weight and water content,
CO2 exchange, and C and N contents. The moss samples were collected at
the end of August 2016 with a corer (diameter 7 cm, area 38 cm2, height
> 8 cm) to maintain the natural density of the stand. Samples were stored
in plastic bags in a cool room until measurements were carried out, usually
within threeweeks from the time of collection. Capitulumdensity wasmea-
sured as the number ofmosses in the sample. To identify the structure of the
moss, we counted the number of fascicles from a 5 cm segment below the
capitulum in 10 moss individuals. For fresh weight, we separated the 10
moss individuals into capitulum and stem (5 cm below the capitula), moist-
ened them, and allowed them to dry on top of tissue paper for 2 min to re-
move excess water, before they were weighed. For capitula and stem dry
mass, samples were placed on paper bags and dried at 60 °C for at least
48 h before they were weighed. Carbon and N contents were measured
from vascular plant SLA samples and from Sphagnum capitula samples.
The replicates from each species from each site were pooled into one sam-
ple that was milled (25 rates/s for 20 s, with a Retsch MM301 mill) and
analysed with a CHNS–O Elemental analyser (EA1110) (University of
Oulu).
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From the most common vascular plants, we measured photosynthetic
capacity with a portable open, fully controlled, flow-through gas exchange
fluorescence measurement system (GFS-3000, Walz, Germany) under a
range of light levels. Each morning, samples were collected from the sites
in round cores (diameter ~ 30 cm and depth of 20–30 cm) to ensure that
most of the rooting system was not harmed during the process. These
mesocosms were transported to the field station where the measurement
system was set up. They were kept moist and in shaded conditions. During
measurements, we noted that the CO2 exchange of each species was at a
similar level throughout the whole day, which indicated that the plants
were not under increased stress during the day. Depending on the species,
we enclosed one or several leaves within the cuvette. A standard leaf cu-
vette was used for all species. CO2 assimilation was measured at 1500,
250, 35, and 0 μmol m−2 s−1 PPFD. The sample was allowed to adjust to
cuvette conditions before the first measurement and after each change in
PPFD level until the CO2 rate had reached a steady level, otherwise the cu-
vette conditions were kept constant (temperature 20 °C, CO2 concentration
380 ppm, relative humidity 60%, flow rate 500 lmol s−1 and impeller at
level 5). The time required for a full measurement cycle varied between
20 and 90 min. To calculate the CO2 assimilation per dry mass (μmol g
DM−1 h−1), the part of the leaf or leaves enclosed within the cuvette
was/were stored in a paper bag and dried at 60 °C for at least 48 h, after
which the dry mass was measured.

The Sphagnum moss CO2 assimilation rates reported here were mea-
sured during August 2008 and are published in Laine et al. (2011). In
short, 6–14 samples of each of the Sphagnum species (see species list in
Table A.2) were measured on the day of sample collection with a gas ex-
change fluorescence measurement system (GFS-3000, Walz, Germany).
CO2 assimilation (A) was measured at seven different PPFD levels: 0, 100,
300, 500, 750, 1500 and 2000 μmol m−2 s−1. The CO2 concentration of
the incoming air was 500 ppm and the flow rate was 600 lmol s−1. The rel-
ative humidity value (median 80%) inside the cuvette was controlled and
the temperature was set at 18 °C.

Decomposability of vascular plants and mosses (see species list and
number of replicates in Tables A.1 and A.2) was determinedwith a litterbag
method following Straková et al. (2012) as it is the most useful and widely
usedmethod for determiningmass loss rates of differentmaterials in situ. In
October 2016, we harvested leaf and Sphagnum litter from all sites during
the time of maximum natural litterfall. Senescent leaves were collected
from living vascular plants, and Sphagnum litter was collected by cutting
(with scissors) a 3–5 cm thick layer below the living (green or otherwise
typically coloured) moss that represents the recently dead stem parts. Litter
was air-dried at room temperature (20 °C) and four subsamples (per species
per site), weighing either 0.5 g (Sphagnum and dwarf shrubs) or 1 g (vascu-
lar plants) were prepared for the litterbags. Themesh size of the nylon bags
was 1 × 1 mm to prevent physical loss of the material, and to allow small
mesofauna typical of the sites (Silvan et al., 2000) to enter the bags. One of
the sub-samples was used to define the dry mass content (dried at 60 °C for
48 h). Litterbags were installed in the field sites at the end of October 2016
so that each specific litter type decomposed in the environment that it had
been produced and collected. We placed the Sphagnum litterbags under the
living parts of Sphagnum shoots of the same species, where fresh Sphagnum lit-
ter is naturally formed and begins to decompose. Other litterbagswere placed
horizontally on the litter layer surface where the litter naturally falls and was
always in touch with some fallen litter from the same species. The incubation
period was one year, after which the litterbags were brought to a laboratory,
where theywere kept frozen until the contentwas cleaned by removing all ex-
traneous materials. Samples were vacuum dried (Edwards, UK) and weighed
to determine the remaining dry mass. Decomposition rates are expressed as
dry mass loss after the incubation period.

2.5. Data analysis

2.5.1. Gas flux modelling
We used non-linear regression models to reconstruct the seasonal PG

and RE fluxes for each sample plot. Sample plots were allocated to 14
4

groups based on their vegetation composition and the models were
parameterised separately for each group. The basic format of the models
was:

PG ¼ Pmax
PPFD

k þ PPFD
� aþ LAIð Þ (1)

RE ¼ R10 exp E0
1

Tref−T0
−

1
T−T0

� �� �
þ c� LAIð Þ (2)

where PG is gross photosynthesis, RE is ecosystem respiration, PPFD is pho-
tosynthetic photon flux density (μmol m−2 s−1), LAI is leaf area index, and
T is soil temperature at 5 cm depth (K). Parameter k denotes the level of
PPFD atwhich PG reaches half of itsmaximum. Parameter a denotes the ini-
tial slope of the saturating LAI response function. Parameter E0 is the activa-
tion energy divided by the gas constant. Tref is the reference temperature,
set at 218.15 K, and T0 is the temperature at which the respiration rate
reaches zero, set at 227.13 K (Lloyd and Taylor, 1994). In a few sample
plot groups the LAI response could not be defined, and in these cases, the
models were parameterized without parameters a and c for PG and RE, re-
spectively. The parameter values for each sample plot group as well as
the R2 and RMSE values of the models are reported in Supplementary
Tables A1.3 and A1.4. SPSS 12.0.1 for Windows statistical package (SPSS
Inc.) was used in flux modelling.

To reconstruct the seasonal (1st May 2007–30th September 2007,
i.e., over 152 days) PG and RE for each sample plot, an hourly time series
of PPFD was obtained from an adjacent weather station (Siikajoki,
Revonlahti, Finnish Meteorological Institute), while soil temperature at
5 cm depth was continuously monitored at each site (iButton, Maxim Inte-
grated, U.S.). Sample plot-specific hourly LAIwas obtained from themodels
described above. We used linear interpolation between measured flux
values to reconstruct the seasonal FCH4 for each sample plot.

2.5.2. Quantitative measures for vegetation properties and trait-based indices
We pooled the species in the plant composition data into plant func-

tional types (sedge, forb, shrub, Sphagnum) and calculated the cover for
each PFT. For a quantitative measure of species diversity, we calculated
the Shannon diversity index for each sample plot from the plant species
composition data, using the Vegan package (Oksanen et al., 2015) in R en-
vironment (RDevelopment Core Team, 2011). For quantitativemeasures of
trait-based indices, we calculated the community weighted mean (CWM)
trait values and functional diversity (FD), expressed as Rao's quadratic en-
tropy (Botta-Dukát, 2005), separately for vascular plants and Sphagnum
mosses for each sample plot. In the calculations, we used the percent
cover and the average of the measured trait values for each plant species
present at each plot applying the “FD” package (Laliberté et al., 2014) in
the R environment (R Development Core Team, 2011).

2.5.3. Differences between the sites
We used ANOVA and Tukey post hoc tests (R Development Core Team,

2011) to assess the between and within site variability in gas fluxes and the po-
tential controlling factors. Tests were carried out for PG,RE and FCH4flux rates,
physicochemical properties, Shannon diversity index, plant functional type
cover, FD of vascular plants and Sphagnum mosses, and individual CWM
trait values. The spatial variation was visualised with box plot diagrams.

2.5.4. Structural equation modelling (SEM)
We used piecewise SEM to determine the potential direct and indirect

controls on growing season C gas flux components (PG, RE and FCH4). The
explanatory variables used in the models were grouped into (1) physico-
chemical variables (peat depth, peat pH, soil C and N content, soil C:N,
and WT), (2) vegetation community properties (Shannon diversity index
and PFT cover), and (3) functional trait-based indices (FD of vascular
plant and Sphagnum communities, and selected CWM traits).

To select themost useful CWM traits to be used in SEMmodelling, we car-
ried out principal component analysis (PCA) separately for vascular plant and
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SphagnumCWMtraits using Cflux components as external variables. For each
flux component, we selected a vascular and a Sphagnum trait that correlated
strongly with the flux and another trait that did not correlate strongly with
the first selected trait. For PG models, we selected vascular plant SLA and C
content, Sphagnum capitulum water content, and C content. For RE models,
we selected vascular plant respiration rate and N content, and Sphagnum res-
piration rate and C content. For FCH4 models, we selected vascular plant SLA
and the presence of aerenchyma, and Sphagnum capitulum density.

We conceptualised a full model for each gasflux component (Fig. 2) and
then created a series of models for each flux to assess the usefulness of each
of the three variable groups to explain the spatial variation in gas fluxes.We
started by creating a full model that included all variable groups, and then
constructed three furthermodels by excluding one variable group at a time.
The first of these models included variable groups (1) and (2): physico-
chemical variables and vegetation properties. The second model included
groups (1) and (3): physicochemical variables and functional trait-based in-
dices. The third model included groups (2) and (3): vegetation properties
Fig. 2. Conceptual figure of potential direct and indirect controls on growing season car
(RE), and c) methane (CH4). The explanatory variables used in the models were grouped
and nitrogen (N) content, soil C:N, and water table (WT)), 2) vegetation community prop
for Sedge, Forb, Shrub and Sphganum), and 3) functional trait-based indices (blue boxes: f
and selected community weighted mean (CWM) traits). Green arrows indicate a positiv

5

and functional trait-based indices. We used piecewise SEM that joins multi-
ple linear mixed-effects models into a single SEM (Shipley, 2009). In our
models, study site was used as a random effect. Analysis was carried out
with the R package piecewise SEM (Lefcheck, 2016). Shipley's test of d-
separation (Shipley, 2009) was used to assess the overall fit of the SEM
and to determine whether pathways were missing from the model. Follow-
ing recommendations from Grace et al. (2015), we added pathways sug-
gested by Shipley's test when they did not contradict our knowledge of
the system. We used AIC comparison to prune the SEM of non-significant
pathways to obtain a parsimonious model.

3. Results

3.1. Spatial variation in gas fluxes

Seasonal (from May to September, 152 days) cumulative PG values
ranged from 931 to 2052 g CO2 m−2 (Fig. 3a) and were greatest at the
bon (C) gas flux components, a) gross photosynthesis (PG), b) ecosystem respiration
into 1) physicochemical variables (orange boxes: peat depth (Peat), peat pH, soil C
erties (green boxes: Shannon diversity index and Plant Functional Type (PFT) cover
unctional diversity (FD) of vascular plants (vasc) and Sphagnum (moss) communities
e impact and red arrows indicate a negative impact.



ab     ab a      b     ab      b a     ab     ab ab b      b
a) b) c)

Fig. 3.Box plot showing the variation in seasonal (1st May to 30th September, 152 days, during 2007) cumulative a) gross photosynthesis (PG), b) ecosystem respiration (RE),
and c) methane flux (FCH4) along the successional transect. The letters indicate statistical differences between the study sites based on Tukey HSD test.

A.M. Laine et al. Science of the Total Environment 834 (2022) 155352
mesotrophic fen (SJ3), which also showed the greatest within site variation.
Lowest PG values were measured from the oligotrophic fen and from the
bog, which both exhibited low within site variability. Seasonal cumulative
Fig. 4. Box plot showing the variation in a) sedge, b) forb, c) shrub, and d) Sphagnum cov
the study sites based on Tukey HSD test.
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RE values ranged from 531 to 1715 g CO2 m−2 (Fig. 3b). RE values were
greatest at the young wet meadow (SJ1) and lowest at the fen-bog transi-
tion (SJ5) and at the bog (SJ6). Within site variation were greatest at the
er along the successional transect. The letters indicate statistical differences between
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mesotrophic fen (SJ3) and fen-bog transition (SJ5). Seasonal cumulative
FCH4 values ranged from 0.8 to 16.9 g CH4m−2 (Fig. 3c). The difference be-
tween sites in FCH4 was not significant but within site variation increased
with the successional age of the site.

3.2. Spatial variation in vegetation community properties and functional
trait-based variables

Plant species composition varied between the sites. Sedge cover was
greatest in the fens and least in the bog (Fig. 4a). Forb cover was rather con-
stant but showed considerable internal variation in the bog where Rubus
chamaemorus (a half-shrub) was the only forb species present (Fig. 4b).
Shrub and Sphagnum cover were greatest at the bog, and Sphagnummosses
were a significant component of the vegetation cover at the mesotrophic
fen, although the internal variation in SJ3 and SJ4 was considerable
(Fig. 4c and d). Species diversity, as described by the Shannon diversity
index, decreased from the youngest to the oldest study sites, andwas signif-
icantly greater in the two wet meadows than in the remainder of the sites
(Fig. 5a). Functional diversity (FD), as described by Rao's quadratic en-
tropy, behaved quite differently; it was greatest in the fen sites (SJ3 and
SJ4) (Fig. 5b), while FD of mosses was greatest in the fen-bog transition
site (SJ5), which exhibited the greatest within site variation (Fig. 5c).

Of the vascular plant community weighted mean traits, leaf C content,
respiration rate, and the existence of aerenchyma aligned the sites along
the successional gradient from young fens to bog (PC 1 in Figs. 6a, A.2),
while SLA and N content were more related to the within site variability
(PC 2 in Fig. 6a). Sphagnum moss traits were equally related to both PC
axes (1 and 2) and formed a gradient in which Pmax increased towards
one end (young fen), and capitulum and fascicle density towards the oppo-
site end (bog) (Figs. 6b, A3). Within site variability followed axis 1 and
wt_dif (difference between sample plot WT and site average WT) and was
strongly related to moss size (cap_dw) and moisture content (cap_wc).

3.3. Best explanatory variables for C gas flux components

PG was best explained by SEM that included plant community proper-
ties and functional trait-based variables, but not by physicochemical vari-
ables (Fig. 7). In this model, sedge cover, Shannon diversity index and
FD_moss directly and significantly increased PG. The most effective vari-
able, sedge cover, decreased as Sphagnum and forb cover increased, while
the Shannon diversity index increased in tandem with shrub cover. Of the
CWM traits, Sphagnum capitulum water content and C content were in-
cluded in this model, but their impacts were insignificant (Table B2.4).
This model explained 51% of the spatial variability in PG.
a) b)a       a b      b b b a     a ab   

Fig. 5. Box plot showing the variation in a) Shannon index, b) functional diversity (FD
successional transect. The letters indicate statistical differences between the study sites
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Two of the alternative models, i.e., the full model that included all three
variable groups, and the model with functional trait-based variables ex-
cluded, explained 44% of the PG variability (Tables B2.1 and B2.2). The
basic structure of these two models was similar to the best model, with
the difference that physicochemical properties, peat depth and pH con-
trolled PG via sedge cover and the Shannon diversity index. The third
model where plant community properties were excluded had the lowest
(22%) explanatory power for PG (Table B2.3).

REwas best explained by the full model including vegetation properties,
physicochemical variables and functional trait-based indices (Fig. 8). In this
model, sedge shrub and forb cover, and FD_moss directly and significantly
increased, while peat depth, decreased RE. Peat depthWT, and Shannon di-
versity index had indirect impacts via FD_moss, and forb cover, while soil C
content, FD_vasc, and vascular leaf N content mainly affected by increasing
forb cover. Sphagnum cover decreased sedge cover. This model explained
60% of the RE variability (Table B2.5).

The model excluding functional trait-based indices explained 53% of
the RE variability and had sedge and forb cover, Shannon index, and soil
C content as direct controls (Table B2.6). The alternative model that ex-
cluded physicochemical properties decreased the explanatory power less,
to 56%. Of the CWM traits only the Sphagnum respiration rate (S_R) directly
increased RE, while other traits had indirect, and often insignificant (p >
0.05), impact on RE. (Table B2.8). The poorest alternative model was the
model that excluded plant community properties (explained 35%) and
was largely driven by soil C content and FD_moss (Table B2.7).

Spatial variation in FCH4 was best explained by the full model with all
three variable groups (explained 51%) (Table B.8). In this model, forb
cover and increasing WT (wetter conditions) directly increased FCH4,
while shrub cover and SLA directly decreased FCH4 (Fig. 9). Peat depth
had an indirect impact by increasing forb cover (including the half-shrub
R. chamaemorus) and decreasing SLA. Existence of aerenchyma indicated
lower SLA and shrub cover and higherWT, while Sphagnum capitulum den-
sity increased the shrub cover.

Exclusion of any of the three variable groups: functional trait-based in-
dices, physicochemical properties or plant community properties, from
the full model decreased the explanatory power of the alternative FCH4
models from 51% to 40%, 36%, and 35%, respectively (Tables B.10, B.11
and B.12).

4. Discussion

This study is the first to link the spatial variation of peatland CO2 and
CH4 fluxes with a wide selection of functional traits measured in tandem
with the fluxes at the same sites. While functional traits have previously
a     a ab     ab b      abc)b      a       a

) of vascular plant community, and c) FD of Sphagnum moss community along the
based on Tukey HSD test.



Fig. 6. Principal component analysis (PCA) ordination of community weighted mean trait values of a) vascular plants, and b) Sphagnummosses. Sample plots from different
study sites are shownwith different colours. wt_dif denotes the difference between the sample plot water level and the site average water level, and is used as supplementary
variable. Vascular plant traits area: plant height, specific leaf area (SLA), leaf carbon (C) and nitrogen (N) content and leaf C:N ratio, photosynthesis at full light (Pmax),
respiration rate (R), decomposition rates as dry mass loss % (Decomp%), existense of aerenchyma. Sphagnum traits are capitulum and fascicle density (cap_dens,
fasc_dens), capitulum dry weight (cap_dw), capitulum water content (cap_wc), capitulum C and N content, and C:N ratio, photosynthesis at full light (Pmax), respiration
rate (R), decomposition rates as dry mass loss % (Decomp%).
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been found to explain the properties of a specific peatland ecosystem type
(Carvalho et al., 2019), the Siikajoki peatland chronosequence enabled us
to generalise over a range of peatland site types (from wet meadows to
late successional ombrotrophic bogs) within the same climatic conditions,
measurement years and using the same methods. Our sampling captured
the spatial variability both within and between peatland sites. As expected
from earlier studies from the chronosequence (Leppälä et al., 2008,
2011a,b,c), spatial variability was evident in all measured peatland C gas
flux components. For the CO2 fluxes (PG and RE), the variability between
sites was significant, while for FCH4, within site variability was more
important.

4.1. The dominant factors controlling the spatial variation in gas fluxes

Unlike expected, the plant community properties (i.e., Shannon diver-
sity index and PFT cover) proved to be the most relevant direct factors con-
trolling gas fluxes, although we used a rather coarse PFT grouping (sedges,
forbs, shrubs, and Sphagnum). When supplemented by the Shannon
Fig. 7. Structural equation modelling (SEM) diagram of the direct and indirect controls
and functional trait-based variables. Of the community weightedmean (CWM) traits, Sph
but their impacts were insignificant, and they were omitted from the diagram. The othe
are shown in green boxes and functional trait-based indices are shown in blue boxes. G
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diversity index, PFT composition appeared to be the most powerful of the
studied variable groups in capturing the mechanism behind the spatial var-
iation of gas fluxes, as the exclusion of these plant community properties
decreased the explanatory power of the SEMs the most. Sedge cover was
the most important direct control for PG, while forb and shrub cover were
significant explanatory variables for RE and FCH4. The tight connection be-
tween gas exchange and PFTs has been recognised in previous studies;
Leppälä et al. (2011a,b,c) found forbs and sedges to have high impact on
CH4 emissions, while Ward et al. (2013) and Kuiper et al. (2014) high-
lighted the importance of PFT composition in governing the drought and
disturbance response of peatland gas exchange, respectively. Shannon
index increased PG directly and RE indirectly through other variables,
which is in line with studies denoting plant community diversity relating
to greater productivity in many ecosystem types (Lehman and Tilman,
2000; Smith et al., 2008; Cardinale et al., 2007).

Many studies rely on plant removal experiments when investigating
PFT impacts on gas fluxes (e.g. Ward et al., 2013; Kuiper et al., 2014;
Riutta et al., 2020), but with our modelling approach we were able to
on gross photosynthesis (PG). The best model included plant community properties
agnum capitulumwater content and carbon (C) content were included in this model,
r model diagrams are shown in Supplementary 2. Vegetation community properties
reen arrows indicate positive impacts and red arrows negative impacts.



Fig. 8. Structural equation modelling (SEM) diagram of the direct and indirect controls on ecosystem respiration (RE). The best model included plant community properties,
functional trait-based variables, and physicochemical variables. The other model diagrams are shown in Supplementary 2. Physicochemical variables are shown in orange
boxes, vegetation community properties are shown in green boxes, and functional trait-based indices are shown in blue boxes. Green arrows indicate positive impacts and
red arrows negative impacts.
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evaluate also the codependencies among different PFT's as well as between
PFT's and their physicochemical environment. Sphagnum mosses demon-
strated one such codependency as their cover did not directly affect any
of the gas flux components, but influenced instead the cover of other
PFT's, particularly decreasing the cover of sedges and forbs. In general,
the successional changes in the cover of PFTs agreed with the general un-
derstanding of peatland succession; PFTs were present in most of the
sites, yet their relative importance varied following the environmental gra-
dients associatedwith increasing peat layer thickness (Frolking et al., 2010,
Laine et al., 2021). In addition, while the functional trait-based indices and
the physicochemical variables varied significantly between the sites and
followed the traditional view of peatland development from young, wet,
and nutrient rich meadows and fens towards nutrient poor and drier acidic
bogs (Hughes and Barber, 2003; Bauer et al., 2003; Kuhry and Turunen,
2006), their impacts on gas exchange were directed via the vegetation
Fig. 9. Structural equation modelling (SEM) diagram of the direct and indirect contro
functional trait-based variables, and physicochemical variables. The other model diagra
boxes, vegetation community properties are shown in green boxes and functional trait-
red arrows negative impacts.
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composition. Such a tight link between vegetation and environment is a
characteristic of peatlands,whereWTand nutrient gradients are recognised
as the most influential environmental factors (Glaser et al., 1990; Malhotra
et al., 2016). The only direct physicochemical impacts observed in the SEM
models were decreased RE valueswith increasing peat depth, and increased
FCH4 values with higher WT.While the former is less obvious, the impact of
moisture conditions on CH4 emissions has been widely reported (e.g.
Moore and Dalva, 1993; Turetsky et al., 2014).

4.2. The role of plant functional traits in explaining peatland CO2 and CH4 gas
exchange

We expected functional plant traits to be more direct predictors of gas
exchange than the cover of plant functional types as they are measurable
and numerical variables with an established connection to ecosystem
ls on methane (CH4) fluxes. The best model included plant community properties,
ms are shown in Supplementary 2. Physicochemical variables are shown in orange
based indices are shown in blue boxes. Green arrows indicate positive impacts and
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functions (Madani et al., 2018). Traits that are indirectly related to produc-
tivity and typically easy to measure, such as plant vegetative height, SLA
and N content measured in this study, have been named as ‘soft traits’
(e.g. Funk et al., 2017). In addition to these, we also measured so-called
‘hard traits’, such as photosynthesis and respiration rate as well as decom-
posability that are more directly related to the gas flux components. Yet,
these traits were not able to replace plant functional types in the SEM
models, and the inclusion of traits only marginally improved model perfor-
mance. In grasslands or forests the plant traits show shifts from productive
to stress tolerant species along the resource gradients following the plant
economic spectrum predictions. In peatlands indications of such resource
gradients have been found (e.g. Laine et al., 2021), but they may not be
equally powerful as in other ecosystems, as in addition to nutrient status,
the variation in moisture conditions selects for suitable species (Moor
et al., 2017). In this multidirectional resource gradient of peatlands, PFT's
may be more powerful in explaining ecosystem functioning than in other
ecosystem types, as these groups gather plant species with common struc-
tural and functional traits (Gitay andNoble, 1997). Thus, PFTs may capture
and combine information from several traits (Fig. A.4.), also those traits
that were not measured, making them a proxy for multiple traits.

4.3. Implications of the study

Our results imply that for future gas flux modelling purposes, instead of
attempting to use individual traits, as is the ongoing trend in ecology
(e.g., De Long et al., 2019), it might be more effective to use PFTs that are
tailored to best predict the ecosystem process of interest. Here, we found
that the three studied ecosystem processes, PG, RE and FCH4, had different
sets of explanatory variables and the importance of PFTs as explanatory var-
iables varied between gas flux species. Previously, peatland ecosystem
models have used different scales of PFT classification in explaining C dy-
namics and the number of PFTs in the models has varied between 2 and
12 (Wania et al., 2009; Frolking et al., 2010; Chaudhary et al., 2017).
Based on our results, it could be expected that there is no universal opti-
mum number of PFTs but instead, modelling of some ecosystem processes
requires afiner PFT classification than others. Although the plant functional
traits measured here were less powerful predictors for ecosystem processes
than PFTs as such, plant traits may be used in establishing plant functional
groupings that are the most relevant for the different gas flux species or
other ecosystem processes in peatlands. This could be facilitated by gather-
ing a large data set of plant traits measured from peatlands, including intra-
specific variability, and to form plant functional types based on this data
set. Until recently, plant trait measurements from peatlands have been un-
derrepresented and information on moss traits especially has beenmissing.
Ongoing research will allow such a plant type grouping through
meta-analysis.
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