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Abstract. High-latitude peatlands contain about one third 1 Introduction

of the world’s soil organic carbon, most of which is de-

rived from partly decompose8phagnunfpeat moss) plants. o )
We conducted a meta-analysis based on a global data set fatlands are wetland ecosystems that are primarily dis-
Sphagnungrowth measurements collected from pub”shedtributed across the boreal and subarctic regions of the world.
literature to investigate the effects of bioclimatic variables They cover about 3% of the global land area, and represent
on Sphagnungrowth. Analysis of variance and general lin- at_least half of the world’s wetlands. In these egqsystems,_net
ear models were used to rel@phagnum magellanicuand ~ Primary prodL_Jct|on (NPP) excegds decomposmpn, resulting
S. fuscungrowth rates to photosynthetically active radiation in the formation and accumulation of carbon-rich peat de-
integrated over the growing season (PARO) and a moisturd@0sits that can be up to tens of meters thick (Rydin and
index. We found that PARO was the main predictoBphag- Jeglum, 2006). Since the last deglaciation, peatlands have ac-
num growth for the global data set, and effective moisture cumulated over 600 gigatons of organic carbon (GtC) glob-
was only correlated with moss growth at continental sites.ally (Yu etal., 2010), which constitutes up to about a third of
The strong correlation betwe&phagnungrowth and PARO _the gIong soil organic C. Mgny paleoecological a_nd model_—
suggests the existence of a global pattern of growth, within9 studies have shown that inter-annual, centennial, and mil-
slow rates under cool climate and short growing seasonsl€nnial changes in_ peat-C accumulation rates are mainly con-
highlighting the important role of growing season length trolled by the regional climate (e.g., Mauquoy et al., 2002;
in explaining peatland biomass production. Large-scale patMalmer and Wakn, 2004; Frolking et al., 2010), and that
terns of cloudiness during the growing season might alsgv&rming might promote peat-C sequestration in temperature-
limit moss growth. Although considerable uncertainty re- Sensitive regions by increasing NPP more than decomposi-
mains over the carbon balance of peatlands underachangir%’n (Frolking et al., 2003; Beilman et al., 2009; Jones and
climate, our results suggest that increasing PARO as a resulfU; 2010; Charman et al., 2012; Loisel and Yu, 2012). These
of global warming and lengthening growing seasons, with-_feSU“S point to a p_otentlal increase in .the peat-C §|nk capac-
out major change in cloudiness, could prom&ghagnum 1ty under the.ongomg gnd projected cI|m.ate warming, which
growth. Assuming that production and decomposition havewould result in a negative feedback to climate change. How-
the same sensitivity to temperature, this enhanced growt/§Ver. this finding remains a matter of considerable debate,

could lead to greater peat-carbon sequestration, inducing eécause warming is also expected to promote peat decompo-
negative feedback to climate change. sition via direct enhanced microbial decomposition or indi-

rect drying of the peatland surface (Ise et al., 2008; Dorrepaal
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et al., 2009) Sphagnunf{peat moss) forms vast, nearly con- Jeglum, 2006). This growth form is a consequence of the
tinuous carpets that dominate the groundcover of most highpreferential resource allocation to structural carbohydrates
latitude peatlands. Although these bryophytes usually do nof{Turetsky et al., 2008), and results in a strongly vertical
contribute the largest proportion of peatland NPP (Blodau,growth component.
2002), they possess recalcitrant tissues that resist microbial Sphagnunproductivity has been the object of a series of
breakdown (van Breemen, 1995) and release phenolic comsbservational and modeling studies over the past 30yr (see
pounds that inhibit microbial decomposition (Freeman et al.,Wieder, 2006, for a review). Many studies have found a
2001), making them more decay-resistant than most othepositive relationship betweeBphagnunmNPP and annual or
peatland plants. As a result, partly decompoSpthagnum  summer temperature (Moore, 1989; Dorrepaal et al., 2003;
remnants account for about 50 % of the peatland organic matGunnarsson, 2005; Breeuwer et al., 2008), or hig@@rag-
ter (Rydin and Jeglum, 2006). Over time, the imbalance be-numproductivity at lower latitudes (Wieder and Lang, 1983).
tween production and decomposition leads to the formatiorHowever, several studies have found no temperature effect or
of Sphagnunrich peat deposits. For this reas@phagnum  even a reduction in NPP with increasing temperature, possi-
is often referred to as the main “peat builder”, @8phag- bly because of moisture stress and dehydration (Weltzin et
nummight store more organic C than any other plant genusal., 2001; Gerdol et al., 2007). It was also suggested that
worldwide (Clymo and Hayward, 1982; Wieder, 2006). higher evapotranspiration as a result of higher temperature
EachSphagnunspecies possesses a well-defined ecologi-might lead to reduce@&phagnumNPP (Skre and Oechel,
cal niche that is primarily based on peatland surface-moistured981).
conditions, with dry-adapted species forming hummocks, In his review on Sphagnumproductivity, Gunnarsson
wet-adapted species growing in hollows, and intermediatg2005) found that moss growth was strongly correlated to
species colonizing lawns. In gener@phagnumNPP in-  taxonomic sectionsAcutifolia vs. Cuspidatd, site-specific
creases along this dry-to-wet moisture gradient, with high-microhabitat characteristics (hummocks vs. hollows), and
est productivity under wet conditions (van Breemen, 1995).broad climatic gradients. He shows that mean annual tem-
However, the rate of decomposition is also highest in wetperature and precipitation together explained about 40 % of
microhabitats, as wet-adapted species preferentially allocatthe variance in moss growth, with temperature having the
their resources into labile metabolic carbohydrates rathemostimportant effect. The study by Gunnarsson (2005) con-
than in recalcitrant structural carbohydrates (Turetsky et al.stituted the first and only compilation effort that aimed at
2008). Mineral nutrient richness and abundance also influunderstanding both local- and large-scale controls on peat
enceSphagnundistribution in peatlands with, in general, a moss growth. In terms of identifying the effects of climate on
higher diversity in groundwater-fed systems (fens) and lessSphagnungrowth, however, the work by Gunnarsson (2005)
variety in acidic, precipitation-fed peatlands (bogs). Over-has one major drawback: The database include&@iag-
all, species that inhabit wet fens (e.§phagnum cuspida- numspecies, from which many were (i) very poorly repre-
tum) are generally characterized by the highest growth val-sented (22 out of the 31 species have less than 10 growth
ues, whereas dry bog hummocks (e$phagnum fuscuym measurements), (ii) limited in their geographic range (some
have the lowest productivity (Gunnarsson, 2005). species are solely found in maritime, subarctic, or nutrient-
Sphagnungrowth form is sensitive to local environmen- rich peatlands), and (iii) characterized by very different pro-
tal conditions, as mosses are unable to actively regulate caductivity values due to phylogeny and microhabitat prefer-
bon uptake and water loss because they lack stomata. F@ances (e.g., oligotrophic hummock species vs. eutrophic hol-
example, mosses growing in wet hollows reside in a lesdow species). This collection of a large number of species
dense carpet than mosses growing on drier hummaocks (Titumight have hindered the detection of fundamental effects of
and Wagner, 1984). These wet-adapted species also possedsnatic gradients osphagnunproductivity. In contrast, the
less-developed capillary water transport systems and havpresent study focuses on a synthesis of the climatic factors
a smaller water-holding capacity than dry-adapted specieghat influence peatlan8phagnungrowth using the two most
As a result, mosses growing in wet hollows are typically re- well-studied and abundant speci&s:fuscunandS. magel-
sponsible for the largest variability in growth rate at the local lanicum This approach should improve our ability to estab-
scale: As soon as the water table gets closer to the peatlarigsh large-scale geographic and bioclimatic effects on moss
surface, they grow quickly because of efficient resource al-growth by reducing the amount of noise induced by species-
location strategies, but they also desiccate quickly follow-specific features.
ing water table drawdown (Titus and Wagner, 1984). Dry-
adapted species are more resilient to local moisture changes,
mostly because of their ability to retain moisture (Luken, Research question and rationale
1985). For exampleSphagnum fuscurand S. magellan-
icum are generally considered dry-adapted species, as theyn general, warming is expected to increase plant pro-
typically grow on hummocks and lawns, where they form ductivity in cold regions (Nemani et al., 2003; Hudson
densely packed communities to avoid desiccation (Rydin ancind Henry, 2009). In the boreal and subarctic ecoregions,
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northern peatlands
® continental sites

maritime sites

Fig. 1. Global distribution of study sites:(= 52) with Sphagnungrowth measurementsa & 142). Black circles indicate continental sites
and open circles show maritime sites. The dark shaded area represents the northern peatland extent from Yu et al. (2010).

warming-induced increases in the growing season lengtiable 1. Distribution of Sphagnungrowth measurements in terms
(early spring warming) and earlier snowmelt (water availabil- of species, peatland type, microform, and continentality.
ity) are also believed to change the phenology of plants and

promote C sequestration in many ecosystems (e.g., Aurela et Subset of data Number of
al., 2004; Menzel et al., 2006; Schwartz et al., 2006; Stelzer measurements
and Post, 2009). These effects should be especially beneficial _ Sphagnum fuscum 100
for Sphagnunspecies, because spring photosynthesis starts SPecies Sphagnum magellanicum 42
as soon as (i) the snow cover disappears (or even before com-

plete disappearance), and (ii) daily temperatures red€h 0 Bog 111
since these non-vascular plants do not root into the colder Peatland type Poor fen 20
soil (Moore et al., 2006). Rich fen 11

The objective of the present study is to investigate whether

the estimated annual growth of twSphagnumspecies _ Hummock 114
(S. magellanicurandS. fuscurican be related to broad envi- ~ Microform II:E)\Il\lI(r)]W 226

ronmental controls, namely light, temperature, growing sea-
son length, and available moisture. Here we examine large- Continental %6
scale patterns oSphagnunmgrowth using published moss ~ Continentality - .. 26
growth values as well as new thermal and moisture indexes.
Given that a large amount of peatlands are characterized by
extendedSphagnuntarpets, this study intends to assess the

impacts of past, present, and future change in growing seaso%
I_ength, PAR, and avallablg moisture on peat biomass producél1 Sphagnumgrowth
tion, one of the two most important C flux terms of peatland

ecosystems (the other one being peat decomposition).

Methods

We compiled a data set of 142 measurementSgiiagnum
growth at 52 sites located in North America, Europe, and
southern South America. Site latitudes range from &9

68 (Fig. 1 and Table 1). A detailed description of study
sites and references can be found in Supplement S1. We ex-
amined each publication and only recorded data from stud-
ies that reported in situ, species-specific valueSgiiagnum
stem height growth (HG; cmy#). All these measurements
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were performed following the cranked wire method (Clymo, erwise, they were classified as maritime (46 sites). Only one
1970), a simple but consistent approach that is widely used igrowth measurement per site, peatland type, microhabitat,
peatland ecology. The accuracy of the cranked wire methogear and species was used. If there were many measurements
is mostly limited by the starting and ending dates of the meafor one of these categories, the mean productivity value was
surements: If the investigator misses out a portion of the earlycompiled. Species were well distributed among the continen-
spring and/or late summer growth, the recorded growth incretality classes, with each group composed of 68phagnum
ment will not be representative of the entire growing seasorfuscumand 40 %S. magellanicumPeatland types were also
and will result in an underestimation of length growth. We as-relatively well distributed among the continentality classes
sume that all moss growth values used in this study represemith, for example, 8.3 % of continental peatlands being rich
all or most of the growing season growth, but we acknowl- fens vs. 6.5 % in the maritime group.

edge that these values most likely represent minimum growth

estimates. 2.2 Bioclimatic variables

Although these HG terms do not take growth form into ) ]
account, they were preferred over published datsmtiag- ~ Effects of climate orSphagnunheight growth were exam-
numbiomass and density, because the latter two types of datif'€d Using two compound bioclimatic variables. First, a mea-
were derived using a wide array of techniques that could nofuré of photosynthetically active radiation integrated over
be directly compared. For example, Bauer et al. (2007) used!€ growing season, i.e. over days wn;zmean d"’:‘L'Iy temper-
shoot density and shoot mass to determine moss bulk derturé above C (PARO, in mol photons mr season~), was
sity, Berendse et al. (2001) used the dry weight of the uppef°MpPuted for each site based on a gridded long-term mean
3cm (including the capitula) of samples that were 7cm orcl!matology.(temperat.ure, precipitation, aqd sunshine hours)
8 cm in diameter, and Gerdol (1995) averaged the dry weightVith & spatial .resolut|0n_of 0°5for the period 19311960
of 10 capitula. As directly comparing these biomass Va|ueS(CLIMATE 2.2; data available dhttp.//www.brldge.brls.ac.
would have introduced unquantifiable unknowns in our dataUk/Projects/PAIN. PARO was calculated from latitude, mod-
set (Clymo, 1970), all the measurements were presented &3 orbital parameters and sunshme_ hours for days with mean
HG values. This approach is justified sirfgghagnungrowth ~ daily temperature above°C (Prentice et al., 1993). The
is predominantly apical, meaning that moss shoots ebnga@stanyaneous PAR flux _dgnsny is _f|rst caI_cuIated from the
upwards from their apical meristem (Clymo, 1970). From a'Ncoming shortwave radiation. An integration of this value
morphological standpoint, vertical shoot growth is inversely 2€tween sunrise and sunset yields the average daily PAR.
related to branch density so that slower stem growth typi-Th'S is averaged over the season taking into account latitude
cally leads to greater branch density. For exam®jhagnum and cloudiness. As PARO controls plant £aptake and ex-

height growth will be reduced under dry conditions, but the &S @ direct control on NPP (Chapin et al., 2002), we ar-
stem volumetric density will increase, allowing the moss to 9u€ that this variable can be used as a measu@pbg-
acquire and retain more moisture (Luken, 1985). This accli-numcarbon fixation potential. Second, the ratio between an-
mation is partly attributable to the production and “delivery” Nual precipitation £) and the annually integrated equilib-
mechanisms of branches, which are formed in the capitulun{'um evapotranspiration(;) was used as an index of mois-
(plant apex) and transferred to the apical meristem as th&lré balancek/£,). Both P and £, were derived from the
stem elongates (Rydin and Jeglum, 2006). For these reasong,LlMATE 2.2 dgta'setEq IS a measure of annugl poten-
we assumed that environmental conditions exert a primanfid! €vapotranspiration, which is a function of daily net ra-
control on stem height growth, which then influences branchdiation and temperature (Prentice et al., 1993; Harrison et
density. al., 2010). This moisture index provides a measure of an-

To minimize species-specific differences in height growth, U@l plant water availability, and it was preferred to other
only growth data forSphagnum fuscunfs = 100) and ~ Moisture indexes based on empirical evidence thak, is

S. magellanicuntn = 42) were compiled. These dry-adapted & superior predictor of the occurrence of peatlgnd; and pegt-
species were selected due to their ubiquity (Gunnarssorl@nd types (Gallego-Sala etal., 2010). These bioclimatic vari-
2005). We did not use data from fertilized and other exper-2Ples were analyzed to avoid the multicollinearity that often
imental treatments, buphagnummeasurements from con- emerges from studies in which predictor vanabl_e; are closely
trol plots in experimental manipulation studies were included'€!atéd to one another (Zar, 2010). Indeed, preliminary analy-
in the database. For each observation, the peatland type (bog'S Showed strong correlations (multicollinearit0 %) be-
poor fen, or rich fen), the microform on which teghagnum ~ Ween latitude, growing season temperature (GS‘_I’) and grow-
was growing (hummock, lawn, or hollow), and site conti- INd degree days above’@ (GDDO) for our study sites (data
nentality (maritime or continental) were compiled (Table 1). not shqwn). We avoided such strong intercorrelations in our
Continental and maritime sites were classified using the tem@nalysis.

perature difference between June and January mean monthly

temperatures. If this temperature difference was greater than

25°C, they were classified as continental sites (96 sites); oth-
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Table 2. Results of one-way analysis of variance (ANOVA) models

25

= of Sphagnungrowth predicted by species, peatland type, micro-
(a)

5 201 form, and continentality. df: degree of freedom (the comma sepa-
3 nj42 rates the number of df for the numerator and denominagoirob-
g 1° ability.
5 10 n=100
S df F p
2 05 -
S Species 1,140 59 0.016

0.0 : : Peatland type 2,139 3.8 0.025

S. fuscum S. magellanicum Microform 2,139 1.8 0.181

2.0 Continentality 1,140 13.7 < 0.0001
o
£ 15 T
o n=96
8 o T growth. These results were then used to build a multiple re-
£ o gression model where the variable with the highest coeffi-
g 05 cient of correlation was incorporated first, followed by the
g second variable as well as by their combined effect. Values
= 0.0 were centered prior to the multiple regression analyses. Sim-

continental  maritime ple and multiple regression analyses fhagnurrgrowth

25 © values were performed on (i) all data altogether, and (ii) each
S Lo continentality class separately. All analyses were performed
E n=T11 using PASW Statistics version 18.0 (SPSS Inc., Chicago, IL,
2 15 . T USA).
< ettt |20
s 10
5
2 05 3 Results
g o
=

0.0 3.1 Effect of species, peatland type, microform, and

2o bogs  poorfens rich fens continentality on Sphagnumproductivity
EN () .
s T Sphagnungrowth rates ranged from 0.1 to 6.0 cnTyr with
5 15 T n=28 a mean value of 1.40.8 (1 SD) cmyrl. The ANOVA
2 n=114 revealed a significant effect of species on productivity
- 0 (F(1140)=5.931p =0.016, Table 2), wittBphagnum mag-
2 05 ellanicum growing significantly more rapidly thas. fus-
g cum (Fig. 2). Similarly, continentality had a strong effect
= 0.0 on moss growth £(1140)=13.704,p < 0.0001, Table 2),

hummocks lawns & hollows

Fig. 2. Sphagnumgrowth values (mean and standard error) for
(a) each specieg)b) continentality class(c) peatland type, and

(d) microform.

2.3 Statistical analysis

with continental sites characterized by faster growing sam-
ples than maritime sites (Fig. 2). Peatland type also had
a significant effect orSphagnungrowth (F(2139)=3.798,

p = 0.025, Table 2), with rich fens being significantly more
productive than bogs (Tukey’'s LSO = 0.01, Fig. 2). Fi-
nally, the ANOVA performed on microform did not reveal
significant moss growth differences between hummocks and
lawns—hollows combinedp(= 0.181, Table 2; Fig. 2). For

all four ANOVASs, the assumption of equality of variance was

Sphagnum height growth values (cmyt) were log- met (Levene’s testp > 0.05).
transformed to meet the assumption of homoscedasticity be-

fore statistical analysis. Growth differences betw&pmag- 3.2 Relationships betweerSphagnumproductivity and

num species, peatland types, microforms and continental- bioclimatic parameters

ity classes were tested using one-way analysis of variance

(ANOVA). To examine the effect of PARO an@t/E, on The Pearson correlation coefficient between PARO and
Sphagnungrowth, we first determined their respective corre- Sphagnumgrowth revealed a positive correlation between
lation coefficient (Pearson correlation). Simple linear regres-these variables-(= 0.48, p < 0.0001). Howeverp /E, and
sions were also performed to obtain the coefficient of deter-Sphagnungrowth were not correlated & 0.01, p = 0.456).
mination between each independent variable &pldagnum  Similarly, simple linear regressions using all data indicated
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Table 3.Results of univariate and multivariate regression models of 7
Sphagnungrowth using all values, continental sites, and maritime
sites. df: degree of freedom (the comma separates the number ¢
df for the numerator and denominatop); probability; PARO and O +++= maritime sites
P/E, are defined in the text. |

6 4 ® —— continental sites PY

—allsites

data sets predictor df adjust&f P

Univariate regression analyses

Moss growth rate (cm yr'w)
w

Il sit PARO 1,140 0.23 < 0.0001
alstes  p/g, 1,140 0.00 0.912 14
tinental PARO 1,94 0.31 <0.0001 01
contnental p g, 1,94 0.06  0.009 e
2000 3000 4000 5000 6000 7000 8000 9000 10000
;. PARO 1,44 0.02 0.172 2 "
maritime P/E 1 44 0.00 0.690 PARO (mol photons m™ season™')
q ' : :
Multivariate regression analysis Fig. 3. Photosynthetically active radiation integrated over the grow-
PARO > 93 031 < 0.0001 ing season (PARO) in relation ®phagnungrowth. R? values are
continental  P/E 2 93 0.01 '0.832 presented next to the regression lines.
q ' : :
PAROx P/Eq 3,92 0.04 0.444

species $. fuscunvs. S. magellanicuinand peatland types
) i (bogs vs. poor fens vs. rich fens). However, growth was not
that PAR% explained most of the variance phagnum . rejated to microform (hummock vs. lawn—hollow), con-
growth (R=0.23, p <0.0001, Table 3, Fig. 3), but that {5y {g the idea that wetter microhabitats such as lawns and
P/E, did not have a significant effectkf = 0.00, p = hollows favorSphagnungrowth. Since microform classifi-
0.912, Table 3). These patterns were somewhat differentiion is arbitrary, it is possible that microforms with sim-
when continental and maritime sites were examined sepajar hydrological and nutrient conditions were classified as
rately. Wh|Ie' PARO egplamed more of the.growth variance |, hummocks at a study site but as lawns in another peat-
among zcontlnental sites than when all sites were considiang; |imiting our ability to distinguish a microform effect
ered R°= 031, p <0.0001, Table 3, Fig. 3), it was not 5 gphagnumgrowth. Direct measurements of water table
significant among maritime sitegf = 0.02, p = 0.172,Ta-  gepths would be more useful in analyzing microform influ-
ble 3, Fig. 3). InterestinglyP/E, came out as a significant gnce on moss productivity. A smaller size sample for the
('though poor) predictor of moss growth in continent.al ;et— lawn—hollow group £ = 28) than for the hummock group
tings (R*=0.06, p = 0.009, Table 3), but was not signif- ,, _ 174) might also have limited the potential for a micro-
icant across the maritime site®{= 0.00, p =0.690, Ta- 4 effect to be detected (statistical Type Il error). Alterna-
ble 3). A multiple regression analysis performed on PAROe|y it is possible that a microform effect on growth can
and P/ E, for continental sites indicated that the interaction only be apparent at the peatland scale (i.e., relative differ-

effect was not significany(= 0.444, Table 3), and that these  o\ces within a single ecosystem), but cannot be detected at
two variables did not explain significantly more variability o global scale.

in Sphagnungrowth (R? = 0.31, Table 3) than PARO alone

(R?=0.31). 4.2 Climatic controls
Photosynthetically active radiation integrated over the grow-
4 Discussion ing season (PARO) should exert a positive control on peat
moss growth in high-latitude regions, because plant growth
4.1 Species, peatland type, and microform effects increases with the amount of radiation received over the
growing season. Supporting this hypothesis, PARO was the
Atthe peatland scale, a large rangesphagnungrowth val- st important variable explainirgphagnungrowth in our

ues is generally found (e.g., Moore, 1989; Campbell et al..qnajysis, with higher PARO values associated with greater
2000_): Th|_s var|at_>|l|ty has ofte_n been attributed to SPecies-growth rates. These results suggest that peat moss growth is
specific biochemical mechanisms (Turetsky et al., 2008)yimarily driven by PAR and the growing season length, and
and to microhabitat characteristics such as depth to Wateirmp|y that broad-scale controls @phagnungrowth are sig-

table (Rydin and Jeglum, 2006) or nutrient input (Bubier pjficant despite the effect of local o site-specific factors such
et al.,, 2007). In line with these previous studies, our re- 5 nutrient influx or depth to water table.

sults indicate thaSphagnungrowth was different among

Biogeosciences, 9, 2732746 2012 www.biogeosciences.net/9/2737/2012/



J. Loisel et al.: Bioclimatic controls of peatlandSphagnumgrowth 2743

Adequate effective moisture is necessary for peatland de 8
velopment and peat moss growth. In our data synthesis, how northern peatland domain
ever, no relationship between moss growth and the moistur: et sies
index (P/E,) was found when all sites were considered. 6 Fluxtower sites
These results suggest that, over broad spatial scales, moi
ture availability does not play a significant role &phag- .
numgrowth. An adequate moisture supply at the local scale & *1

(@)

>oe

is necessary for peat moss growth, but our results suggest n Glencar

might only play a secondary role when compared to growing ¥ "y Vo Blote

season length, temperature, and PAR. 21 R, >
Sphagnungrowth from continental sites was mostly sensi- ol Oﬁﬁg. ¢

tive to PARO (» < 0.0001) and showed an influence®f E, | = fﬁo\wm wet

(p = 0.009). These results suggest that peat moss growth be 0 2000 4000 6000 8000 10000

comes limited with decreasing PARO and decreasing mois: PARO (mol photons m? season™)

ture availability. In contrast, growth values from maritime
sites were neither associated with PARO RfE,. These
differences between the continentality classes were not du
to a species effect, since each group was composed of 60¢

8000

)

PARO (mol photons m™ season’™")

o W
Sphagnum fuscurand 40%S. magellanicum Similarly, i %;.
peatland types were also relatively well distributed among £ 4000 !
the continentality classes with, for example, 8.3 % of con- : = : - 0
tinental peatlands being rich fens vs. 6.5% in the maritime continental - mariime contnental - mariime
group. Fig. 4. Sphagnungrowth sites in climate spacg@) Climate space of

The climate space of PARO anBl/E, for the northern  photosynthetically active radiation integrated over the growing sea-
peatland domain (Yu et al., 2010) is presented to provide conson (PARO) and the ratio between annual precipitation and the annu-
text for our results and future work on peatland—climate rela-ally integrated equilibrium evapotranspiratia®/(£,) of the north-
tionships (Fig. 4). Northern peatlands typically occur whereern peatland domain (grey dots) based on0®%5° gridded instru-
PARDO is between 2000 and 7000 mol photon‘s?-[seasonl mental climate data (CLIMATE 2.2 data set) for the period 1960—
(mean =4205), an@/E, is between 0.3 and 3 (mean=1.3). 1990. The northern peatlanq ex.tent.is from Yu et al. (2010). Opgn
Maritime sites from our study were characterized by sig—t”sng'eff rei’rese“t the location t('” Cllmate_]spballce()l_of %petat'?“g 05'1t83

o ; ..~ where flux tower measurements are available (Lund et al., ;
nlflcgntly lower PARO and hlgheP/Eq values .than their Koehler et al., 2011): WP1: western peatland 1 (Canada); WP2:
continental counterparts (Fig. 4). The study sites cover the , i : i ,
PARO andP/E, climate space relatively well, except for a western peatllanc_ilz (;:anada), Kaa: Kaamanen (Finland); \.Ne-t-'. PQI_

4 ) wet (Poland); Faj: Fajemyr (Sweden); Mer Bleue (Canada); Sii: Si-
near-complete absence of data points at PARO values l0Ww€[aneva (Finland); and Glencar (Irelan@) Box plot of PAR and
than 4000 mol photonsnf season’. Peatland sites where P/E, values ofSphagnumgrowth sites for continental and mar-
flux tower measurements provide contemporary net ecosystime sites. The boxes indicate the 25th and 75th percentiles, the
tem carbon balance budgets are similarly found in the highesivhiskers above and below the boxes represent the 10th and 90th
PARO and lowesP/ E, portion of the climate space (Fig. 4). percentiles, and the circles represent the 5th and 95th percentiles.
These results imply that much research is needed in colder,
higher-latitude regions (with low PAROQ), as well as in areas
with higher effective moisture (higk/E,,). continental regions might create a “warm” thermal envi-

Bioclimatic differences between continental and mar-ronment that would allow rapid moss growth during early
itime sites could explain the patterns iBphagnum spring (T. Moore, personal communication, 2011). Finally,
growth. For example, continental sites were characterthe effect of diurnal temperature on moisture availability
ized by significantly higher PARO values than the mar- could partly explain why continental sites exhibit signifi-
itime sites, with mean and standard error values ofcantly higher moss growth than their maritime counterparts,
6181+ 83 and 5959 134 mol photons m? season?, re- as a greater diurnal temperature difference in continental set-
spectively p < 0.0001, Fig. 4b). In addition, growing sea- tings more likely leads to dew formation that provides addi-
son temperature (GST) and July temperature were signifitional moisture to mosses.
cantly different between maritime and continental sites (data A sampling bias among the maritime sites could also ex-
not shown), with maritime regions characterized by coolerplain the weak correlation between PARR/E, and moss
GST and Julyr' than their continental counterparts. Cloudi- growth, as well as the overall lower moss growth rates under
ness may be an important limiting factor for moss growth maritime conditions. As growing season length is relatively
in maritime settings (Blodau, 2002; Mauquoy et al., 2002).long under maritime settings due to mild spring, autumn and
In addition, an extended snow cover during spring time inwinter conditions, it is possible that part of the early spring or
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late autumn growth were not measured in the field, resultingg Conclusions and future research

in “minimal” Sphagnungrowth estimates that are not repre-

sentative of the entire growing season length. In a study orWe showed thaSphagnumgrowth is most strongly con-
oxygen isotope analysi$f0) of modernSphagnuntellu- trolled by photosynthetically active radiation integrated over
lose in northern England, Daley et al. (2010) showed signif-the growing season (PARO), which reflects latitudinal and
icant differences between the oxygen isotopic signature otloudiness gradients. These results indicate the existence of
Sphagnuntellulose during “winter” (February, March, and a global pattern irsphagnungrowth in relation with broad-
November) and “summer” (May to August), which they at- scale bioclimatic and geographic gradients. Si@phagnum
tributed to direct water uptake from precipitation year-round. is the main peat builder in most high-latitude peatlands, these
In their study,Sphagnuntissues were collected every month patterns have important implications for our understanding of
of the year, and thé'®0 value of alpha-cellulose was mea- the biogeographic scaling &phagnum’sarbon sink func-
sured for each of these monthly samples, as well as in cortion. Our results suggest higher peat production under warm-
responding rain-water samples. The isotopic signature ofng climates if there is no moisture stress, in agreement with
moss samples tracked values obtained from the rain santhe idea that warming could lead to a negative feedback
ples, suggesting that water uptake is occurring during “win-from terrestrial ecosystems as a result of increased net pri-
ter” months in some maritime regions and thatQ@ptake = mary production and subsequent increased carbon storage
and associated plant growth could also be taking place ovefsee Field et al., 2007 for a review). This also supports the

winter time. recent findings in paleoecological studies by Yu et al. (2009),
Beilman et al. (2009), Charman et al. (2012), and Loisel and

4.3 Role ofSphagnumgrowth in regulating peat-C Yu (2012), which suggest that increasing net primary pro-
accumulation in northern peatlands duction under warmer conditions during the Holocene may

) i o enhance long-term peat-carbon sequestration, contrary to a
The response of peatlands to warming conditions is tightlyn nothesized overriding effect of increased peat decomposi-
coupled to plant growth and peat decomposition. A recentjon ynder warming conditions (Ise et al., 2008; Dorrepaal
synthesis of 33 northern peatland sites found highly vari-; al., 2009). Specifically, increasifgphagnungrowth un-
able peat-carbon accumulation rates over the past 12000 Yger 4 warming climate may shift the balance of productiv-
with warming periods coinciding with increases in C accu- jv, and decomposition, favoring peat-carbon sequestration.
mulation rates (Yu et al., 2009). Similarly, using 77 sites poyever, the relative importance of change in production
along a north—south transect across the West Siberian Lows 4 decomposition under warm climates in the future will

lands, Beilman et al. .(20.09) found a significant correlation depend on the direction and magnitude of moisture changes,
between C accumulation in the last 2000 yr and modern meayhich can best be evaluated with peatland models that incor-
annual temperature, with warmer sites accumulating morg,,rate photh temperature and moisture functions of produc-
C than colder sites over the past 2000yr. A clear relation-j, and decomposition processes. To this effect, the present
ship between degree-days and mean annual temperature Wagsi»_analysis is particularly useful for testing and validating

also found for long-term peat-C accumulation in Finland and,e peatland ecosystem models that are used for future pro-
Canada (Clymo etal., 1998), similar to a positive relation be-jections, as it clearly shows the important role of PARO on
tween photosynthetically active radiation and growing se@-peatiand biomass production, a component that is neglected
son length for peat-C accumulation rates over the last mil, peatland ecosystem models (e.g., Frolking et al., 2010).
lennium throughout the Northern Hemisphere (Charman et Furthermore, important data gaps have been identified
al., 2012). Peatland models have also reported an overajf,m, the climate space of PARO and available moisture
positive effect of warmer temperatures on peat-C sequesp g ) of the northern peatland domain. Future studies on

tration: Under a scenario where production and decompo'modernSphagnurrgrowth and contemporary peatland flux

sition had the same sensitivity to temperature, productivitymeasyrements should focus on site in these regions to gener-
effects dominated and enhanced peat accumulation (Frolkste maximum knowledge in climate controls over plant pro-
ing et al., 2003). To reverse this trend,(ao value of 3y ction and carbon sequestration in peatlands.
for decomposition rate and @1¢ value of 2 for productiv- Finally, it would be interesting to compute PARO val-
ity were needed. These results clearly show the important, oo separately for the spring, summer, and autumn to eval-
role of NPP in controlling peat-C sequestration, and resultsate how theSphagnuntarbon fixation potential changes
from our meta-analysis lend support to these paleoecologg,rqyghout the growing season and to determine when the
ical evidences and modeling results by showing that MOS$ystential for Sphagnungrowth is greatest. In addition, as
grpvvth primarily responds to photosynthetically active radi- studies have indicated th&phagnun€O;, exchange reaches
ation above OC over large spatial scales. a maximum between 500 and 900 pmaihs~ (Moore et

al., 2002; McNeil and Waddington, 2003), it would be rel-

evant to define a “useful PARO fd8phagnurh (PAROsp)

for each site and see how these optimum values compare to
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the PARO values presented in this study. In regions where standing biomass in northern continental wetlands, Natural Re-
PARO exceeds PARQ), some light is “lost”, as it is not used sources Canada, Report NOR-X-369, Canadian Forest Service,
by SphagnumConversely, in regions where PARO is lower  Edmonton, 2000. o
lengthening of the growing season could pronpéagnum Chterrestnalljec%sylstem eg"'ogl)" Sprln&er, éOO?_h. R K. B
growth further. Ultimately, the ratio of PARO to PAB®, arman, D., Beilman, D., Blaauw, M., Booth, R. K., Brewer,

. S., Chambers, F., Christen, J. A., Gallego-Sala, A. V., Har-
could be computed for each season to provide a better under-

di Sph h ial. Th lation b rison, S. P.,, Hughes, P. D. M., Jackson, S., Korhola, A.,
standing ofSphagnungrowth potential. The correlation be- Mauquoy, D., Mitchell, F., Prentice, I. C., van der Linden, M.,

tween PAR@pn and Sphagnuniength growth could also be De Vleeschouwer, F., Yu, Z., Alm, J., Bauer, |. E., McCorish,

even stronger than the significant correlation between PARO v, Garneau, M., Hohl, V., Huang, Y., Karofeld, E., Le Roux, G.,

andSphagnungrowth presented in this paper. Loisel, J., Moschen, R., Nichols, J. E., Nieminen, T. M., Mac-
Donald, G. M., Phadtare, N. R., Rausch, N., Silladdg,Swin-
dles, G. T., Tuittila, E.-S., Ukonmaanaho, L.aNfanta, M., van

Supplementary material related to this article is Bellen, S., van Geel, B., Vitt, D., and Zhao, Y.: Climate-driven
available online at: http://www.biogeosciences.net/9/ changes in peatland carbon accumulation during the last millen-
2737/2012/bg-9-2737-2012-supplement.pdf nium, P. Natl. Acad. Sci. USA, in review, 2012.
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