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Abstract

Mosses of the genus Sphagnum are the dominant vegetation in most pristine peatlands
in temperate and high-latitude regions. They play a crucial role in carbon sequestra-
tion, being responsible for ca. 50% of carbon accumulation through their active par-
ticipation in peat formation. They have a significant influence on the dynamics of CO,
emissions due to an efficient maximum potential photosynthetic rate, lower respira-
tion rates, and the production of a recalcitrant litter whose decomposition is gradual.
However, various anthropogenic disturbances and land use management actions that
favor its reestablishment have the potential to modify the dynamics of these CO,
emissions. Therefore, the objective of this review is to discuss the role of Sphagnum
in CO, emissions generated in peatland ecosystems, and to understand the impacts
of anthropogenic practices favorable and detrimental to Sphagnum on these emis-
sions. Based on our review, increased Sphagnum cover reduces CO, emissions and
fosters C sequestration, but drainage transforms peatlands dominated by Sphagnum
into a persistent source of CO, due to lower gross primary productivity of the moss
and increased respiration rates. Sites with moss removal used as donor material for
peatland restoration emit twice as much CO, as adjacent undisturbed natural sites,
and those with commercial Sphagnum extraction generate almost neutral CO, emis-
sions, yet both can recover their sink status in the short term. The reintroduction
of fragments and natural recolonization of Sphagnum in transitional peatlands, can
reduce emissions, recover, or increase the CO, sink function in the short and medium
term. Furthermore, Sphagnum paludiculture is seen as a sustainable alternative for the
use of transitional peatlands, allowing moss production strips to become CO, sink,
however, it is necessary to quantify the emissions of all the components of the field of
production (ditches, causeway), and the biomass harvested from the moss to establish

a final closing balance of C.
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1 | INTRODUCTION

Peatland ecosystems store 30% of the organic carbon (C) accumu-
lated in the planet's soils (500-700 Gt C) (Leifeld & Menichetti, 2018;
Turetsky et al., 2015; Yu et al., 2011), and during the Holocene, they
have contributed to net climate cooling because peat accumulation
has provided a global and persistent sink for carbon dioxide (CO,)
(Frolking & Roulet, 2007; Turetsky et al., 2015; Yu, 2011). They cur-
rently correspond to the terrestrial ecosystem that performs the
largest sequestration of atmospheric C in the long term, storing a
substantially greater amount of C than that captured in global for-
est biomass (Beaulne et al., 2021; Dunn & Freeman, 2011; Hugelius
et al., 2020; Parish et al., 2008).

The C exchange between a peatland and the atmosphere (net
ecosystem exchange, NEE), is the result of the net balance between
CO, inputs from photosynthetic uptake (gross primary productivity,
GPP), and its release driven by the decomposition of organic matter
(OM) through plant respiration (autotrophic respiration) and soil bi-
ological community (heterotrophic respiration), which together rep-
resent the ecosystem respiration (R, ) (Jarveoja et al., 2018; Laine
etal., 2012; Lunt et al., 2019; Rankin et al., 2022).

When considering plant composition in a peatland, the cover of
mosses of the genus Sphagnum is considered relevant for C seques-
tration (Jassey & Signarbieux, 2019; Kasimir et al., 2021; Piatkowski
et al.,, 2021; Thompson & Waddington, 2008), due to an efficient
maximum potential photosynthetic rate, lower rates of respiration
(Riutta et al., 2007), and continuous litter inputs whose degradation
is slower than those produced by vascular plants (Glenn et al., 2006;
Holl et al., 2019; Kuiper et al., 2014; Laine et al., 2012; Mazziotta
et al,, 2018; Purre et al., 2019), due to the presence of polyphenols,
and different polysaccharides in their cell walls (Hajek et al., 2011;
Norby et al., 2019; Taskila et al., 2016; Turetsky et al., 2008). In ad-
dition, they exhibit a high cation exchange capacity and a proven
efficiency in water retention, generating an acidic, humid, and an-
aerobic environment (Clymo, 1963; Clymo & Hayward, 1982; Kotska
etal, 2016; Leroy etal., 2019; Li et al., 2021). These conditions inhibit
the action of decomposer extracellular enzymes (Hajek et al., 2011,
Kim et al., 2021; Li et al., 2021; Nordstrém et al., 2022), slowing the
degradation of OM and favoring C sequestration in the long term,
estimated to be responsible for ca. 50% of C accumulation in peat-
lands (Piatkowski et al., 2021; Rydin & Jeglum, 2006).

Considering that Sphagnum is one of the dominant vegetation
constituents in peatlands (ca. 50-90% of peat; Lunt et al., 2019;
Newman et al., 2018; Turetsky, 2003), it is estimated that they can
contribute to storing ca. 10% of the planet's soil organic C in the
form of semi-decomposed litter (Clymo, 1987; Laing et al., 2014,
Robroek et al., 2009; Turetsky, 2003), therefore, the responses
of peatlands to future environmental changes and anthropogenic

disturbances may be dictated by their functionalities and character-
istics (Mazziotta et al., 2018; Turetsky et al., 2015).

Despite the significant ecosystem services provided by peat-
lands, it is estimated that 15-20% of their global extent has expe-
rienced degradation processes due to anthropogenic disturbances
(Joosten, 2009; Joosten & Clarke, 2002; Ma et al., 2022; Parish
et al., 2008; Urak et al., 2017; Waddington et al., 2015), generating
5-10% of annual global anthropogenic CO, emissions (Friedlingstein
etal.,2014; Loisel & Gallego-Sala, 2022). Human pressures have trans-
formed the biogeochemical functionality of peatlands from a C sink
in the long term to CO, emitters in the short term (Evrendilek, 2014;
Munir et al., 2015; Page et al., 2022). Anthropogenic disturbances
that directly affect Sphagnum mosses are related to drainage, com-
mercial extraction, or removal of the moss as donor plant material for
restoration of degraded peatlands, which have the potential to af-
fect their ecological functionality and modify C dynamics. However,
land use management actions favorable for their restoration, such as
assisted reintroduction, recovery of appropriate conditions for their
natural recolonization, or Sphagnum paludiculture could counteract
the negative impacts of degradation.

Based on what was previously mentioned, we have considered
it relevant to address, through this review, how Sphagnum mosses
influence and play a role in CO, emissions generated in peatlands
affected by anthropogenic disturbances and by management ac-
tions that foster their restoration. Therefore, the objectives of this
review are (i) to systematize and summarize the existing knowl-
edge about the role and influence of Sphagnum mosses on CO,
fluxes in peatland ecosystems, (ii) to enrich the understanding of
the impacts of different disturbances and favorable land use man-
agement practices on Sphagnum mosses, and their effects on CO,
fluxes in peatland environments, and (iii) to provide guidance for
the development of future research based on the identified knowl-

edge gaps.

2 | DIRECT ANTHROPOGENIC
DISTURBANCES EXERTED ON SPHAGNUM
MOSSES AND THEIR IMPACTS ON CO,
FLUXES IN PEATLAND ECOSYSTEMS

Disturbances in peatland ecosystems are defined by Connolly and
Holden (2011) as “any natural or anthropogenic process that inter-
rupts the natural growth trajectory of these environments”, affect-
ing their hydrology, vegetation, and C stocks. In this context, the
main anthropogenic disturbances on peatland ecosystems are pre-
sented in Figure 1.

In turn, anthropogenic disturbances that directly influence the
ecological functionality of Sphagnum are mainly linked to drainage,
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FIGURE 1 Mostrelevant
anthropogenic disturbances affecting
the conservation and maintenance of
ecosystem services provided by peatland
ecosystems.
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FIGURE 2 Morphology and basic anatomy of Sphagnum (S.
magellanicum) considering the whole plant, the phyllids and
component cells of a phyllid. Photosynthetic cells (chlorocysts) and
hyaline cells that contribute to maintaining the water status of the
moss are differentiated. Modified from Weston et al. (2015).

due to the fact that the moss requires a high and stable water
table (WT) to maintain moisture in the apical zone of the caulid-
ium (called capitulum; Figure 2), and to be able to activate photo-
synthesis (Ketcheson & Price, 2014; McNeil & Waddington, 2003;
Robroek et al., 2009; Strack & Price, 2009; Tuittila et al., 2004). In
addition, the total or partial extraction of the moss stratum can be
used as donor plant material in the restoration of degraded peat-
lands (Murray et al., 2017), or for commercialization and export (Diaz
& Silva, 2018; Silvan et al., 2017; Valdés-Barrera et al., 2019), con-
sidering different uses and applications where the biomass and the
functional properties of moss can be used, highlighting its use as a
substrate for plant production (horticulture and orchid production;
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Gaudig et al., 2013; Krebs et al., 2017; Oberpaur et al., 2010; Taskila
et al., 2016; Whinam et al., 2003; Zegers et al., 2006).

2.1 | Theimpact of drainage and its influence
on CO, emissions in peatlands dominated by
Sphagnum mosses

Hydrological alteration generated by drainage is one of the most
generalized anthropogenic disturbances and the one that produces
the greatest damage on a peatland because primary productiv-
ity and OM degradation are closely linked to WT position (Evans
et al,, 2021; Huang et al., 2021; Laiho, 2006; Loisel et al., 2021;
Strack & Price, 2009). The decline in WT generally alters the dynam-
ics and C balance of the ecosystem (Chimner et al., 2017; Goodrich
et al., 2015; Minkkinen et al., 1999; Strachan et al., 2016), because
increased oxygen availability in the unsaturated surface stratum
(acrotelm) favors respiration and oxidation of OM, increasing CO,
emissions (Figure 3) (Huang et al., 2021; Ma et al., 2022; Peichl
et al., 2014; Strack et al., 2014; Swails et al., 2022). On the other
hand, anaerobic conditions fostered by elevated WT favor the ac-
cumulation of recalcitrant compounds derived from Sphagnum by in-
hibiting OM degradation through a mechanism known as “enzymatic
latch” (Abbott et al., 2013; Freeman et al., 2001; Kim et al., 2021).
Several studies have suggested that C losses generated by WT re-
duction depend essentially on the quality of the substrate (Hogg
etal., 1992; Laiho, 2006; Limpens & Berendese, 2003), that is, on its
ease to being degraded, a condition limited for the substrate formed
by Sphagnum litter due to its higher resistance to decomposition. In
turn, it has been suggested that in temperate peatlands dominated
by Sphagnum, WT depth is the most important factor influencing lit-
ter decomposition (Gérecki et al., 2021).

According to Rankin et al. (2022), most of the variability in CO,
exchange in a peatland comes from changes in GPP and autotro-
phic respiration. Therefore, because CO, sequestration or emissions
are generated from the balance between GPP and R, , (Bragazza
et al., 2009; GazZovic et al., 2013; Huang et al., 2021), the impact of
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FIGURE 3 Conceptual model
illustrating and comparing pristine natural
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sites with sites subject to the effects

of drainage, abandonment (transitional
peatlands), and restoration on water table
behavior and net ecosystem exchange
(gCO,m2year ™). Modified from
Waddington & Price (2000).
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FIGURE 4 Net ecosystem exchange (gCO,m 2day ) versus
Sphagnum cover levels for natural, moss layer transfer restored
(MLTT) sites, and unrestored sites in peatlands located in eastern
(Quebec) and western (Alberta) Canada. Negative values indicate
CO, uptake by the ecosystem. Obtained from Strack et al. (2016).

drainage and the influence of Sphagnum mosses on CO, emissions
will be addressed by considering an approach on both components.

We follow the atmospheric sign convention to indicate the CO,
fluxes or NEE magnitudes reported in our paper, where negative val-
ues indicate CO, uptake by the ecosystem, while all fluxes from the
ecosystem to the atmosphere are defined as positive. In turn, WTs

are indicated by negative values when these are below the surface.

2.1.1 | Impact of drainage on gross primary
productivity (GPP) of Sphagnum mosses and its effects
on CO, emissions in peatland ecosystems

Sphagnum is a key vegetation component in many peatlands because
CO, uptake increases when a higher abundance of moss is present

(Brown et al., 2017; Jarveoja et al., 2016; Laine et al., 2016; Purre
et al., 2019), generating a net CO, sink condition with coverage of
ca. 75% to 80% (Figure 4) (Glenn et al., 2006; Strack et al., 2016;
Swenson et al., 2019), which decreases after persistent WT reduc-
tion, significantly affecting the C balance (Laiho, 2006).

The relationship of Sphaghum with WT is subject to its condi-
tion as a plant lacking conductive tissues, therefore, they depend
on water transport by capillarity from the WT to the capitulum for
CO, absorption, that is, they require a high and stable WT to reduce
capillary stresses, which is why they are highly sensitive to water
level reductions (Bengtsson et al., 2020; Price et al., 2003; Robroek
et al., 2009; Strack et al., 2009; Strack & Price, 2009; Thompson
& Waddington, 2008). In general, peat soils have a capillary fringe
that reaches the surface when the WT is located between -30
and -40cm (Laiho, 2006; Price & Whitehead, 2001), therefore, a
deeper WT will decrease the moisture content in the moss by re-
ducing the effectiveness of capillary transport to the surface (Price
& Whitehead, 2001; Strack et al., 2009; Waddington et al., 2015).
Despite this, Sphagnum tissues contain dead and empty cells when
they are functionally mature (hyaline cells) (Kremer et al., 2004), with
the capacity to store water within the phyllids, managing to main-
tain the hydration conditions required for photosynthesis (Weston
et al., 2015) (Figure 2). It has been indicated that the maximum pho-

tosynthetic rate (P in Sphagnum starts to decrease once the water

)
max
content in the capitulum reaches 85% (Jassey & Signarbieux, 2019;
Taylor et al., 2016), a condition that could be generated after ca.
30days of continuous drought (Lees et al., 2019). In turn, Robroek
et al. (2009) determined that Sphagnum samples assimilated C after
16 days with high WT after 23 days with drought treatment, but not
to the degree of assimilation prior to desiccation.

Sphagnum photosynthesis significantly influences C sequestra-
tion in a peatland, as ca. 16% of the annual net C fixed by this moss
genus remains stored in the peat (Jassey & Signarbieux, 2019). In
turn, it has been indicated for an oligotrophic and minerotrophic
peatland (poor fen) located in northern Sweden, that the moss
stratum can contribute ca. 70% of the GPP of the aerial por-
tion (Jarveoja et al., 2018), and ca. 30% of the average seasonal
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gross photosynthesis in a poor fen in southern Finland (Riutta
et al., 2007). However, water stress caused by drainage reduces
Sphagnum P__ due to decreased volumetric moisture content
of the moss, limiting net CO, uptake and GPP, which may con-
tract the CO, sink (Adkinson & Humphreys, 2011; Jassey &
Signarbieux, 2019; O'Neill et al., 2022; Robroek et al., 2009;
Sulman et al., 2010). In this regard, Riutta et al. (2007) report
that decreases in WT by -14 and -22cm caused decreases of
14% and 22%, respectively, in gross photosynthesis in an om-
brotrophic peatland (bog) in southern Finland, due to reductions
in Sphagnum photosynthesis over those exhibited in sedges and
shrubs. Experimental studies by McNeil and Waddington (2003)
with Sphagnum cores subjected to a 7-day drying period increased
moss GPP from 2.2gCO, m2day ! toapeakof 3.2g Co, m2day?
with a volumetric water content (VWC) of 28%, decreasing sharply
to 0.3g CO2m’2day’1 with a VWC of 6%, managing to recover
pre-drying GPP levels after 20 days of saturation (VWC=ca. 55%).

Several studies have indicated that bogs dominated by Sphagnum
can become a persistent source of CO, due to a reduction in moss
GPP driven by the decline in WT (Strachan et al., 2016; Strack
et al., 2009; Wu & Roulet, 2014; Zhao et al., 2016). In this regard,
McNeil and Waddington (2003) state that a bog drained in Quebec
(Canada), with a WT of -31.3cm, recorded decreases of 59% in GPP
(from 6.9 to 2.8g CO,m?day™") compared to surrounding sites with
a WT of -21cm, causing a sink condition only when WT remained
elevated. On the other hand, continuous 12-year records of NEE and
GPP measurements in a poor fen dominated by Sphagnum in Sweden
indicate that the second lowest annual GPP rate (283gCm™2) was
adjusted with the deepest average annual WT recorded over the
period (-20.8 cm), generating the lowest CO, sink over the 12years
(Peichl et al., 2014).

Opposite results are reported by Kokkonen et al. (2022) for a poor
fen, a mesotrophic fen, and a bog in Finland, where decreases in WT
between -15 and -20cm at all sites generated increases inmoss P~
in the fens ecosystems, especially in the mesotrophic fen. On the
other hand, experiments with Sphagnum mesocosms obtained from
different microtopographic positions of a bog located in Michigan
(USA) showed that, under drainage conditions (WT=-25cm), the
GPP of mosses established in hollows was more affected than
those forming hummocks, increasing CO, emissions in the former
(O'Neill et al., 2022). Hummock-forming mosses offer greater resis-
tance to maintain GPP under drainage conditions thanks to a high
capitulum density and increased capillary transport efficiency in
water retention, allowing them to respond favorably to water stress,
while retaining stability in C fluxes (Adkinson & Humphreys, 2011;
Bengtsson et al., 2016; O'Neill et al., 2022; Robroek et al., 2009).
However, O'Neill et al. (2022) demonstrated that they can become
sources of CO, when low WT is combined with an intense or repeti-
tive seasonal drought condition.

In general, Sphagnum gross photosynthesis exhibits a unimodal
response to WT variation (Tuittila et al., 2004), in which case differ-
ent studies indicate that its optimal position should be maintained
between -5 and -20cm to maximize moss GPP (Brown et al., 2017;
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Riutta et al., 2007; Strack et al., 2009; Tuittila et al., 2004) (Figure 5).
According to Tuittila et al. (2004), Sphagnum photosynthesis is re-
stricted above an optimum WT of -12cm due to the reduction of
water available for metabolic processes; however, a very high WT
can saturate the moss with water, reducing the rate of gas diffusion
toward the chlorocysts, limiting CO, fixation. In this regard, Brown
et al. (2017) state that there were no differences in moss GPP be-
tween sites with WT of -10cm and surrounding areas with WT of
-20cm in a bog recolonized by Sphagnum species in Canada. On the
other hand, sites with WT between -30 and -55cm reduce the cap-
illary force necessary for water transport, generating detrimental ef-
fects on Sphagnum GPP (McCarter & Price, 2015; Peichl et al., 2014;
Price & Whitehead, 2001; Strack et al., 2009; Strack & Price, 2009).
However, other research has indicated that Sphagnum does not limit
its productivity and CO, sequestration when WT is at a depth of less
than -40cm (Ketcheson & Price, 2011; Taylor et al., 2016).

2.1.2 | Impact of drainage on ecosystem respiration
(R,.,) in peatlands dominated by Sphagnum mosses and
its effect on CO, emissions

The moss stratum seems to play an important role in the R, of a
peatland, since according to Turetsky et al. (2008), it is the Sphagnum
species and not the environmental conditions that allow controlling
the early stages of peat decomposition, and the initial R, rates, a
situation associated with their recalcitrant litter inputs. Other stud-
ies indicate that in ombrotrophic peatlands, the moss layer can in-
hibit the respiration of microorganisms in the underlying peat by
reducing CO, fluxes (Rankin et al., 2022). Likewise, in bogs where
a community with diverse functional types of plants is established,
Sphagnum represents the lowest contribution to seasonal R, ,
(15%), compared to those recorded in sedges (40%) and shrubs
(45%) (Riutta et al., 2007).

Drainage of peatlands dominated by Sphagnum can generate in-
creases in R,
labile OM and some of the recalcitrant residual peat derived from
moss litter (Rankin et al., 2022; Valdés-Barrera et al., 2019; Wilson

etal., 2016), due to decreases in their phenolic concentrations, stim-

fluxes and increased CO, released by oxidation of

ulation of bacterial growth, and increases in phenoloxidase enzyme
activity (Abbott et al., 2013; Fenner & Freeman, 2011; Freeman
et al., 2001). Furthermore, Tuittila et al. (2004) report that the res-
piration rate of Sphagnum reaches its maximum with a WT located
at -12cm, decreasing and stabilizing with deeper WTs. Moreover,
Purre et al. (2019) indicate that bogs dominated by Sphaghum in
Estonia with a WT between -45 and -50cm explain a small part of
the variation in R, (<3%), which increases substantially (40%) with
a WT of -16cm. However, R, rates were higher at sites with deeper
WT (WT=-48; R, ,=128mgCO, m~2h7™Y), than in areas with higher
WT (WT=-16cm; R, =98 mgCOZm'2 h™%). According to Rankin
et al. (2022), the relations between R, , and WT increase when the
latter is above -35cm (less deep), while they break down below
this level. On the other hand, Riutta et al. (2007) indicate that WT

85U80 7 SUOWWIOD @A1Ie8.D 3(ed|(dde ayy Ag pausenob ke ssjoiie YO ‘8sn JO Sa|n. 1o A%eiq T 8ul|uO AB]1/M UO (SUORIPUOD-pUR-SLIBYWI0D" A3 1M ARe.q1BUI U/ SAHY) SUORIPUOD Pue SWie | 84} 83S *[£202/0T/92] Uo Areiqiaulluo AB|1M ‘]1uD aueiyo0D Aq z269T GOB/TTTT OT/I0p/w00 A3 1M Areiq i puljuo//:Sdny ol papeojumod ‘0 ‘98r2G9ET



Folio 1516
PACHECO-CANCINO ET AL.

6 of 22
—I—Wl [BA'G Global Change Biology

_ (a)

S 800

N -

)

€

o

O 600+

oo

E

(7]

Fi

2 4001

Ed

c

>

[}

]

=

B 200

K=

a

(7]

w

o

S

(G 01
T T | | T T
40 30 20 -10 0 10

Water Table (cm)

— 2400 (©

c

o

€ 20004

o

o)

(9}

o0 -

g 1600

o

@ 12004

-

=)

[

@

2 8004

=

=)

2

o 400

a

o

S

C] 0 -

Water Table (cm)

2500
(b) v Year
v 0 Summer
2000+ ; [ ] Winter

[y
(O]
o
o
n

()\

[y
o
o
o

500+

Gross Phothosynthesis (mg CO, m?2 h?)

-20 -15 -10 -5 0 5 10

5
(d) [ Xeo)
00 %
® Model :O& o o
41 O Control - 003:6.9 fo)
— LY O. ® o
] [ ]
= o0 WIS
£ 3 %& » o0
6 ° d)o © eoq%
O OF . oo‘:
o0 o Ogo %%
& i "2;.&..0 ’:0
G] 0 ¢ 0o e
. N o 2
Oo~ L4 e
1 o% S o ) % ‘:2 "
Lg% :
(]
0 T T T T

Water Table (cm)

FIGURE 5 Relationship between gross photosynthesis/GPP of Sphagnum mosses (mgCO, m2hor gCO2m’2day’1) and water
table depth taken from various studies. (a) Tuittila et al. (2004); (b) Laine et al. (2007); (c) Riutta et al. (2007); (d) Thompson and

Waddington (2008).

affects R, , only in very humid conditions, and the impact is reduced
when WT is below a threshold of -15cm. Despite this information,
maintaining a high and stable WT would allow less variability in R,
due to the suppression of OM decomposition (Lund et al., 2010). In
contrast, low and fluctuating WT can generate ca. 75% increases in
moss litter decomposition due to increased fungal populations that
are able to reduce their phenolic concentrations and activate hydro-
lase enzymes (Kim et al., 2021).

R.., dynamics with respect to WT appear to be similar in peat-
lands located in the southern hemisphere, since according to the re-
sults obtained by Holl et al. (2019) for a bog located in the Argentine
Patagonia dominated by Sphagnum magellanicum Brid., lower R,
rates (339+3gCO,-C m’zyear’l) were associated with periods with
higher WT, as opposed to deeper WT that drove increases in R,

(392+3gCO,-C m2 vy} and to a lesser extent in net photosynthetic
rates, generating a 72% decrease in CO, sequestration. A similar sit-
uation is described by Cai et al. (2010) for a fen with high Sphagnum
cover in Canada, where an increase of -20cm in WT depth increased
R.., by 52%, and photosynthesis only by 35%, raising CO, emissions
by 200%.

Opposite results are reported by McNeil and Waddington (2003)
for a bog subjected to hydrological restoration with a WT of -0.9cm
that presented a R,., 10 to 25% higher than that of a drained sur-
rounding area with a WT of -35.8.cm, a condition similar to that re-
ported by Brown et al. (2017) for a bog restored with Sphagnum,
where the mean R, was significantly higher in sites with WT of
-10cm than in those with WT of -20cm (t,,,=3.7, p=.003). In turn,
Kokkonen et al. (2022) indicate that a WT decrease of -10cm in
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three different peatland types in Finland did not affect Sphagnum
respiration, although this was higher in a poor fen site than in a rich
fen and a bog located in the same experimental area. Experimental
studies using peat cores obtained from a bog in Michigan (the United
States) have confirmed this dynamic, as WT decreases to -25cm
showed no effect on respiration of Sphagnum established in lawns
and hummocks. However, CO, emissions increased significantly with
lower WT in lawn mosses (ANOVA with a p-value=.0086) (O'Neill
et al.,, 2022), due probably to a faster decomposition rate com-
pared to mound mosses (Hajek, 2009; Taskila et al., 2016; Turetsky
et al., 2008), a difference associated with higher relative amounts of
metabolic carbohydrates in the former (lawns), and structural carbo-
hydrates in the latter (hummocks) (Turetsky et al., 2008).

Finally, experimental studies conducted by Lees et al. (2019) with
peat cores dominated by Sphagnum subjected to 80days of drought
that reduced WT, managed to decrease R, , by 45% with respect
to the initial record, however, after sudden rewetting R, . increased
by 340%, generating pulses of elevated CO, emissions; a situation

7 of 22
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also reported by McNeil and Waddington (2003) for Sphagnum
cores kept in complete drought for 7days, where subsequent re-
wetting increased peat and moss respiration from 472% to 1386%.
In this sense, it has been suggested that R, pulses after sudden
rewetting would be dominated by Sphagnum respiration (Strack
& Price, 2009). However, studies that have used peat cores cov-
ered only by Sphagnum record higher CO, release during drainage
(WT=-40cm) than during slow rewetting (WT=-25 and -20cm), due
to increased R, associated with higher microbial activity (Blodau &
Moore, 2003; Strack & Price, 2009).

2.1.3 | Final considerations associated with the
impact of drainage on CO, emissions in peatlands
dominated by Sphagnum mosses

Previous research results allow to establish a general preliminary
consensus that drainage of peatlands dominated by Sphagnum
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FIGURE 6 Annual mean values of NEE (gCO, m~2year™) obtained from various studies in relation to different direct anthropogenic
disturbances performed on Sphagnum (DRA, drainage; CES, commercial extraction of Sphagnum; EES, ecological extraction of Sphagnum),
and management actions that favor moss reestablishment (ARS, assisted recolonization of Sphagnum; NRS, natural recolonization of
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reduces moss productivity, increases their autotrophic respiration,
and increases R, rates, generating higher CO, emissions to the at-
mosphere (Figure 6; Table 1; Table S1) (Blodau et al., 2004; O'Neill
et al., 2022; Riutta et al., 2007; Tuittila et al., 2004). We generated
this consensus cautiously due to some contradictory results re-
ported in the literature, indicating increases, decreases, or low dif-
ferences in Sphagnum photosynthesis rates and R, associated with
drainage (Huang et al., 2021; Kokkonen et al., 2022; Ma et al., 2022),
a condition related to the complexity of the variables involved, and
to the difficulty of identifying a unifying mechanism for NEE re-
sponses considering the multiple interactions between biotic and
abiotic components in a peatland (Huang et al., 2021; Laiho, 2006;
Laiho et al., 2004). For example, NEE quantifications by Riutta
et al. (2007) in a poor fen with WT reductions of -14 and -22cm
under different vegetation covers, indicate that sites covered only
by peat and Sphagnum mosses were a source of CO, to the atmos-
phere (203mg CO, m2h™), while sites covered by Sphagnum and
sedges, and those where Sphagnum, sedges, and shrubs were estab-
lished were CO, sinks with NEE records of -114 and -130mg CO,
m2h™, respectively; results generated mainly from the decrease in
gross photosynthesis of Sphagnum since it was the plant component
most sensitive to WT reduction.

On the other hand, experimental studies have demonstrated that
in the range of environmental conditions determined for different
peatlands, CO, emissions in samples dominated by Sphagnum gener-
ally increase with greater depth of WT (Blodau et al., 2004; Blodau
& Moore, 2003; McNeil & Waddington, 2003) (Table 1; Table S1).
However, these types of studies account for short-term C dynamics,
which may differ widely from long-term conditions, since in general,
the disturbed system will always lose C after disturbance, but in the
long term, they inherently vary among climates and peatland types
(Laiho, 2006).

2.2 | Impacts of commercial
extraction of Sphagnum mosses on CO,, emissions in
peatland ecosystems

Sphagnum biomass is commercially harvested from natural and
seminatural peatlands in several countries around the world,
mainly in Australia, New Zealand, Chile, Finland, and Germany
(Diaz et al., 2008; Guéné-Nanchen et al., 2019; Silvan et al., 2017;
Whinam & Buxton, 1997; Wichmann et al., 2017), due to its high
economic value and global demand (Krebs et al., 2017; Whinam
et al., 2003; Zegers et al., 2006). Harvesting methods vary from
manual extraction and the use of forks to the use of tractors
or mechanical diggers (Krebs et al., 2017; Kumar, 2017; Silvan
et al., 2017), causing ecological disturbances and alterations in
CO, emissions, especially in sites where indiscriminate extrac-
tion has taken place, which remain waterlogged, without moss
regeneration, and in some cases without vegetation cover (Diaz
et al., 2008; Ledn et al., 2012). Several studies have reported
slow recolonization of Sphagnum in harvested peatlands due to

modifications of hydrological conditions, and reduced growth rate
(Diaz & Silva, 2018; Leén et al., 2012; Valdés-Barrera et al., 2019;
Whinam et al., 2003; Whinam & Buxton, 1997). However, accord-
ing to Silvan et al. (2017), Sphagnum cover in a Finnish peatland
redeveloped rapidly after harvest; a condition also affirmed by
Guéné-Nanchen et al. (2019) for the case of Sphagnum propagule
donor peatlands in Canada, where cover increased linearly from
the harvest, reaching 70% in ca. 11 years after the harvest. Other
studies have stated that 80% of the cover can be recovered after
1year by extracting the top 5-10cm in natural peatlands with high
productivity (Krebs et al., 2017).

Studies addressing the impacts of this anthropogenic distur-
bance on CO, fluxes are scarce, so the global background is quite
limited. Despite this, there is an initial consensus that removal of
the moss stratum allows C stored in the peatland to be released to
the atmosphere as CO,, through oxidation of the exposed peat, also
generating a reduction in the GPP of the site (Newman et al., 2018;
Valdés-Barrera et al., 2019). Nevertheless, it is possible to recover
significant portions of the sink function within a short period of time
(3-4years) after the harvest (Silvan et al., 2017; Figure 6; Table 1,
Table S2).

Data related to CO, emissions at sites with commercial Sphagnum
extraction have been obtained from anthropogenic peatlands in
southern Chile, an activity that has been conducted since the 1990s
(Diaz et al., 2008; Ledn et al., 2012), in which case the sites subjected
to harvesting show CO, emissions close to neutrality, that is, a small
Csink (-33+111 gCOZm'2 year’l). However, adjacent areas kept in-
tact (without moss removal) for about 40years have higher negative
NEE rates (-135+267gCO, m 2year "), that is, undisturbed areas are
on average a larger sink than areas with Sphagnum removal, due to
a higher site GPP and a slightly higher R, rate, which would be as-
sociated with a more abundant woody vascular plant cover (Valdés-
Barrera et al., 2019).

For the case of a peatland used as a demonstration area for
Sphagnum biomass harvesting during 2013 and 2014 in Finland, the
short-term effects for an undisturbed site evinced a net seasonal
CO, balance of -39.0 and -19.2g COZ—Cm'2 season™* in each year
evaluated, that is, a CO, sink. In turn, the harvested area showed a
small positive seasonal balance in 2013 of 1.7g CO,-C m™2 season™?,
and a negative balance in 2014 with -11.1gCO,-C m~2 season!
(Silvan et al., 2017).

2.3 | Theremoval of Sphagnum as a donor material
for use in ecological restoration of transitional
peatlands and its impacts on CO, emissions

One of the most widely used approaches for the restoration of
degraded and abandoned peatlands corresponds to the Canadian
moss layer transfer technique (MLTT), which considers the active
reintroduction of Sphagnum fragments, and the blocking of drain-
age ditches among other activities (Graf & Rochefort, 2010; Quinty
& Rochefort, 2003). For this purpose, Sphagnum fragments are
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TABLE 1 Effects of anthropogenic disturbances on the average CO, fluxes (gCO, m~2day™?) derived from Sphagnum mosses reported in the literature.

Country

Canada

France

Estonia

Canada

Canada

Canada

Canada

Finland

Chile

Type of peatland

Ombrotrophic

Transitional
mesotrophic
minerotrophic

Ombrotrophic

Ombrotrophic

Ombrotrophic

Ombrotrophic

Cores obtained from
an ombrotrophic
peatland

Minerotrophic

Transitional
mesotrophic
minerotrophic

Method used to obtain
CO, fluxes

Type and details of

anthropogenic disturbance Measurement period

Growing season (June-
August) 2013 and 2014

Peatland drainage. Closed dynamic chamber
Drainage for 7years prior to the

study

Peatland drainage Closed static chamber March 2013-February 2015
Drainage due to road

construction and drainage

ditch wear in 2009 increasing

water loss

Peatland drainage. Closed static chamber January to December 2009
Drainage for forestry 40years

prior to the study

Growing season (May-
August) 2005

Peatland drainage Closed static chamber

Closed dynamic chamber ~ Growing season period

1999-2002

Peatland drainage performed for
peat extraction

Peatland drainage performed for July 2013-November 2016

peat extraction

Eddy-covariance

Closed static chamber in
peat cores (mesocosm)

Initial WT from -2 to -6 cm. After
60days, WT was reduced to
-36cm. Between days 143
and 223, WT was between
0 and -2cm and -30 and
-33cm, respectively

Not specified

Growing season (May-
October) 2013 and
2014

Harvesting/Extraction of Closed dynamic chamber

Sphagnum biomass

Harvesting/commercial Eddy-covariance April 2015-October 2016
extraction of Sphagnum

biomass

Treatment/condition

Drained site dominated by
Sphagnum—Shrubs
WT 2013: -77.7cm
WT 2014: -62.9cm

Drained site dominated by
Sphagnum-Spruce

WT 2013: -114.7cm

WT 2014: -114.2cm

Drained site year 2013
WT: -18cm in summer

Drained site year 2014
WT: -10.5¢cm in summer

Drained sites

Site 1, WT: -13cm
Site 2, WT: -13cm
Site 3, WT: -15cm

Transect perpendicular to drainage
ditch. Measurements at 1.5m
from the ditch.

WT at 1.5m from the ditch:

-130cm

Average of 3years of evaluation.
Average WT: -66cm

Evaluations conducted 1year and
15years after the abandonment
of the peatland

Site 1: WT: -2 to -6 cm
Site 1: WT: -36cm
Site 2: WT: -2 to -6cm
Site 2: WT: -36cm

Sites with commercial Sphagnum
harvesting at a maximum depth
of 30cm.

Average value for 2years (2013 and
2014)

Site with commercial Sphagnum
extraction

CO, fluxes?

Year 1: -0.23
Year 2: 1.38

Year 1: -1.37
Year 2: 2.14

10.83+11.59

11.14+10.53

Site 1: 0.53
Site 2: 0.70
Site 3: 0.91

3.6

4.47

Year 1: 4.47
Year 15:2.17

2.07+0.35
3.39+0.66
3.74+0.66
4.18+0.45

-5.81

-0.09+0.3
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TABLE 1 (Continued)

Method used to obtain

CO, fluxes

Type and details of

References

CO, fluxes®

Treatment/condition

Measurement period

anthropogenic disturbance

Type of peatland

Country

Oestmann et al. (2021)

Year 1: -0.40+0.20
Year 2: 0.20+0.60

March 2017 to March 2018 Removal site of the top 5cm of

Closed static chamber

Extraction of Sphaghum as donor

Ombrotrophic

Germany

Sphagnum

(year 1)
March 2018 to March 2019

plant material for use in

peatland restoration

(year 2)

2Positive fluxes indicate CO, emissions to the atmosphere, and negative fluxes indicate CO, sequestration by the ecosystem.
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harvested from a donor peatland, which are then spread on the
site subject to restoration (Guéné-Nanchen et al., 2019; Murray
et al., 2017). However, harvesting generates alterations in the donor
peatland, either in site recovery orin CO, emissions due to decreased
GPP and increased exposure of the readily oxidizable OM (McNeil &
Waddington, 2003; Tuittila et al., 2004; Waddington et al., 2010).
Despite a little documented history of these impacts (Murray
et al., 2017; Oestmann et al., 2021), it has been suggested that dis-
turbed sites recover relatively quickly, with moss covering ca. 70%
after 11 and 30years for peatlands located in Canada and Finland,
respectively (Guéné-Nanchen et al., 2019; Silvan et al., 2017), re-
turning to its original C balance naturally.

Studies that have addressed the impacts of this disturbance on
CO, emissions at two donor sites, corresponding to a rich fen and
a bog in Canada, report that both areas released more CO, during
the growing season than adjacent undisturbed natural sites (Murray
etal., 2017) (Figure 6; Table S3). In the case of the bog, sites with moss
removal conducted 1year prior to the study were a source of CO,,
with low GPP rates during the 2years of records (2013 and 2014),
and low R, rates during the second year, due to incipient vegetation
recovery. Similar records showed sites with moss removal performed
6years earlier, evidencing higher GPP rates in both seasons and
higher R, records in 2014, due to higher moss recovery. Therefore,
CO, emissions were not affected by the time elapsed since moss har-
vesting. In turn, both sites exhibited NEE values 203% higher than an
adjacent undisturbed natural bog, a condition that could be related
to the time required for adequate Sphagnum recolonization and the
consequent increase in GPP. For its part, the donor fen was a 230%
higher emitter of CO, than the bog sites, and the undisturbed natural
fen was shown to be an important sink (Murray et al., 2017).

Higher or lower CO, release from Sphagnum donor sites will be
associated with post-intervention WTs, which generally increase
because moss removal causes a decrease in water-holding capac-
ity (Murray et al., 2017; Oestmann et al., 2021; Silvan et al., 2017).
Residual vascular plant cover and their productivity rates should also
be considered, as the establishment of sedges correlates with high
initial rates of C sequestration (Kuiper et al., 2014; Strack et al., 2014;
Tuittila et al., 1999), due to a higher biomass volume and wider leaf

area index in this plant type.

3 | THE IMPACT OF MANAGEMENT
ACTIONS FAVORING THE
REESTABLISHMENT OF SPHAGNUM
MOSSES ON CO, EMISSIONS IN PEATLAND
ECOSYSTEMS

In the previous section, the impact of Sphagnum extraction on CO,
emissions in moss-donor peatlands was discussed. However, it is im-
portant to determine whether the assisted reintroduction and natu-
ral recolonization of Sphagnum in degraded peatlands can restore
the carbon sink function to levels comparable with undisturbed
natural peatlands.
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Hydrological restoration of peatlands by blocking drainage
ditches, together with the reintroduction of Sphagnum mosses (Beyer
& Hoper, 2015; Lamers et al., 2015; Quinty & Rochefort, 2003;
Rochefort et al., 2003) have been promoted in Europe and North
America as a method of land use management, being considered
a climate mitigation tool and a means to decrease greenhouse gas
(GHG) emissions (Bonn et al., 2016; IPCC, 2014; Jarveoja et al., 2016;
Mahmood & Strack, 2011).

3.1 | Assisted reintroduction of Sphagnum mosses
in degraded peatlands and its impact on CO, fluxes

In general terms, the active reintroduction of Sphagnum, to-
gether with other rehabilitation activities, accelerates the rees-
tablishment of the typical vegetation and restores the peatland
to its CO, sequestration condition (Figure 6; Table 2; Table S4)
(Brown et al., 2017; Huth et al., 2021; Murray et al., 2017; Tuittila
et al., 2004). It has been shown that disturbed sites without a
vegetative cover of mosses (bare peat), show seasonal CO, emis-
sions 150% higher than sites restored with Sphagnum (McNeil
& Waddington, 2003). In turn, Purre et al. (2019) state that the
Sphagnum cover explained between 12% and 82% of CO, uptake
and sequestration in a peatland restored by MLTT in Estonia,
which has also been reported for peatlands restored with moss in
northern Europe and North America (Brown et al., 2017; Jarveoja
et al., 2016; Laine et al., 2016).

It has been shown that restoration approaches based on removal
of the residual peat surface layer at 30 and 60cm depth, rewetting,
and incorporation of Sphagnum fostered CO, sequestration in a
transitional peatland in northwestern Germany (Huth et al., 2021),
a condition that was also associated with the maintenance of a high
and stable WT between 0 and -10cm. Sites with peat removal at
30cm and reintroduction of Sphagnum sequestered three times
more C (-80.5+11.4gCO,-Cm2year ") than areas where only the
WT was rehabilitated (-26.9 +11.9gCO,-Cm2year™). In turn, sites
with peat removal at 60cm and moss introduction were the stron-
gest C sink (-123.6+10.2g COZ—Cm'zyear’l), in contrast to areas
with hydrological rehabilitation, which were a moderate source (3
0.6+8.2gCO,-C m’2year’1). Similar conditions were reported for an
abandoned poor fen in Canada, restored using MLTT, where sites
with restored hydrology and Sphagnum reintroduction went from
being a net emitter (132.9+17.8gCO,-C m~2 season™) the first year
of records (2010), to a net sink (—64.7133.2gC02—Cm'2 season Y
the third year (2012); unlike areas with WT rehabilitation, where
CO, emission decreased (from 184.6+9.9 to 78.1+8.0gCO,-Cm™
season™?), but a net source condition was maintained after 3years
(Lazcano et al., 2018).

Contrary to the aforementioned, the incorporation of Sphagnum
fragments in a transitional bog in Estonia maintained its CO, source
status, although 60% lower than that of a surrounding site with
bare peat (Jarveoja et al., 2016). Similarly, Purre et al. (2019) in-
dicate, for two bogs restored by MLTT in Estonia, that both sites
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were a source of CO, (site 1: 29+77g Cco, m2 season'l; site 2:
72+42gCO, m~2 season™) due to a WT that declined to -45cm in-
duced by the drought, however, one of them became a sink (site 1:
13+77g CO,m % season-'; site 2: ~48 +42gCO,m 2 season ™) in the
following season, product of a higher WT of -30cm. Despite these
results, it is possible to indicate that maintaining a near-surface WT
is not a sufficient condition to ensure an efficient Co, sink, since, in
general, the incorporation of moss brings fluxes closer to adjacent
undisturbed sites than to those where only the WT was rehabilitated
(Lazcano et al., 2018) within the first years after its reintroduction.

Several studies that have addressed the effects of restoration
on the dynamics of CO, fluxes over the medium term (15years) at
the same site have generated relevant insights into biogeochemical
functioning in these environments (Nugent et al., 2018, 2019; Strack
& Zuback, 2013; Waddington et al., 2010). An example of this is rep-
resented by the Bois-des-Bel peatland (Quebec, Canada), restored
by MLTT in 1999 (Strack & Zuback, 2013; Waddington et al., 2010),
with records of CO, emissions in years after the restoration that has
allowed to establish a chronology of its condition as a sink/emitter.
From this, Waddington et al. (2010) report that immediately after res-
toration, the NEE was similar between unrestored sites and those re-
stored with Sphagnum. Three years after restoration, the restored area
was a consistent sink for CO,, showing a 220% increase in seasonal
NEE (Waddington et al., 2010). However, after that, a CO, sequestra-
tion gradient differentiated by vegetation cover type is established,
where areas with herbaceous plants > Sphagnum>shrubs. For their
part, Strack and Zuback (2013) report that after 10years, three sites
studied, corresponding to the restored area, a degraded area without
restoration, and a natural area, were a net source of CO,, although CO,,
emissions from the restored site were 58% and 82% lower than in the
natural and non-restored site, respectively. Finally, Nugent et al. (2019)
indicate that the peatland returned to being a CO, sink 14years after
restoration, with a significantly higher NEE at the site with Sphagnum
reintroduction compared to the natural reference area (Table S4).

Favorable results are reported for a restored bog with diverse
Sphagnum species on the east coast of Canada, where mean CO, up-
take doubled from the first to the second year (2013: -2.85+0.26¢g
COZm'zday'l; 2014: -5.60+0.42g CO, m2 day’i), due to increased
moss cover, ranging from 12% to 65% during the first year to 12.4%-
82.5% during the second year (Brown et al., 2017). However, the
use of chronosequences of greenhouse gas emissions performed by
Nugent et al. (2019) in a peatland with MLTT restoration in Canada,
indicates that after 1 year the CO, emissions of the restored site were
similar to adjacent non-restored areas, due to the decomposition of
the straw mulch used in this technique to maintain moisture, a con-
dition that is also indicated by Brown et al. (2017) when stating that
mulch decomposition accounts for half of the seasonal respiration
in a peatland restored with MLTT in Canada. Considering this situ-
ation, it has been proposed that after 4 years following restoration,
reductions in annual CO, emissions associated with a decrease in
mulch decomposition (Brown et al., 2017; Nugent et al., 2018) and
increased moss GPP could be observed, obtaining a net CO, sink
condition after 14 years (Nugent et al., 2019; Table S4).
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TABLE 2 Effects of favorable management actions for the reestablishment of Sphagnum mosses in peatlands on the average CO, fluxes (gCOZm'zday'l) reported in the literature.

Country Peatland type

Canada

Canada

Finland

Canada

Estonia

Canada

Canada

Canada

Ombrotrophic

Ombrotrophic

Minerotrophic

Ombrotrophic and
minerotrophic

Ombrotrophic

Ombrotrophic

Ombrotrophic

Ombrotrophic

Type and details of the favorable Method used to

anthropogenic action

Closed dynamic
chamber

Bog with peat extraction and
subsequent restoration by MLTT
technique

Closed dynamic
chamber

Bog with peat extraction and
subsequent restoration by MLTT
technique.

Closed static
chamber

Fen with peat extraction in blocks
with subsequent abandonment
(transition peatland). Restoration by
MLTT technique.

Three peatlands on the east coast and
three on the west coast disturbed
by peat extraction and mineral

Closed dynamic
chamber

soil removal. Restoration by MLTT
technique

Closed dynamic
chamber

Peat extraction for horticultural
purposes.

Restoration by modified MLTT
technique

Transition peatlands restored by MLTT
technique

Eddy-covariance

Closed dynamic
chamber

Transition peatlands restored by MLTT
technique

Transition peatlands restored by MLTT  Eddy-covariance

technique with long-term evaluation

obtain CO, fluxes

Measurement period

July to August 2014
May to August 2015

Growing season (May-
October 2010)

Non-growing season
(January, February,
March) 2010

June to November 1995
June to October 1996
June to September 1997
May to October 1998

Growing season period
1999-2002

May to December 2014

November 2013 to October

2016

Growing season (July-
September) 2011

Growing season (May to July)

2012

July 2013 to November 2016

Treatment/condition
Wet site, stable WT / WT < 15cm (average of two
periods)

Wet site, unstable WT / WT < 15cm (average of two
periods)

Dry site, stable WT / WT between 15 and -25cm
(average of two periods)

Dry site, unstable WT / WT between 15 and 25cm
(average of two periods)

Restored site with 88% Sphagnum cover, 20% vascular
plants
WT=-26.5cm

Site with WT>-12cm physiological optimum (dry site)
(average of measurement periods)

Site with WT =-12 physiological optimum (optimum
site) (average of measurement periods)

Site with WT < -12cm physiological optimum (wet site)
(average of measurement periods)

Peatlands restored by MLTT technique

Site with WT=-24cm (wet).
Sphagnum cover 31 to 91%
Vascular plant cover: 2 to 9%. Shrub cover: 0 to 7%

Site with WT=-31cm (dry)
Sphagnum cover: 12 to 70%
Vascular plant cover: 5-22%. Shrub cover: 5-22%

Disturbed site with MLTT restoration.
(90% cover of Sphagnum mosses and 33% cover of
vascular plants)

Restored site

Neighboring unrestored site

Site restored 1year after abandonment
Site restored 4 years after abandonment
Site restored 15years after abandonment

Site restored 30years after abandonment

CO, fluxes®
-0.58+0.43
1.78+0.23
-1.07+0.22
0.66+0.18
4.5+0.31
1.95

-0.80
-0.32

-2.9

1.11

1.03

Year 1: -0.95+0.1
Year 2: -1.06+0.07
Year 3: -0.70+0.07

-23.4t02.2
3.8t011.6

5.06
1.46
-0.90
-0.73

References

Brown et al. (2017)

Strack and Zuback (2013)

Tuittila et al. (2004)

Strack et al. (2016)

Jarveoja et al. (2016)

Nugent et al. (2018)

Strack et al. (2014)

Nugent et al. (2019)
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TABLE 2 (Continued)

Country Peatland type

Canada  Ombrotrophic

Ireland Ombrotrophic
Canada  Ombrotrophic
Ireland Ombrotrophic

Germany Ombrotrophic

Germany Ombrotrophic

Germany Ombrotrophic/
polder

Type and details of the favorable
anthropogenic action

Transition peatland with natural
recolonization of Sphagnum

Transition peatland with hydrological
restoration and natural
recolonization of peatland species

Transition peatland with hydrological
restoration and natural
recolonization of peatland species

Transition peatland with hydrological
restoration and natural
recolonization of peatland species

Sphagnum paludiculture

Sphagnum paludiculture

Sphagnum paludiculture

Method used to
obtain CO, fluxes

Closed dynamic
chamber

Closed static

chamber

Eddy-covariance

Closed dynamic

chamber

Closed dynamic
chamber

Closed static
chamber

Closed static
chamber

Measurement period

Growing season (May-
August) 2000

November 2008 to
December 2011

June 2015-June 2016

November 2008-December
2013

September 2011 to August
2013

March 2017-March 2018
(year 1)

March 2018-March 2019
(year 2)

March 2017 to March 2018
(year 1)

March 2018-March 2019
(year 2)

Treatment/condition

Dry site 1: WT=-31.5cm
Dry site 2: WT=-31.3cm
Wet site 1: WT=-17.7cm
Wet site 2: WT=-21cm

Site dominated by J. effusus - S. cuspidatum
WT=-5.6cm

Site dominated by S.
cuspidatum
WT=-12.5cm

Natural recolonization of Sphagnum and sedges
subsequent to rewetting

Site 1 dominated by J. effusus and S. cuspidatum.
Average WT=- 6.06cm.

(average annual value of CO, fluxes in 5years)

Site 2 dominated by S. cuspidatum and E. angustifolium
Average WT=-12.7cm.

(average annual value of CO, fluxes in 5years)

Sowing of fragments of S. palustre

Sowing of fragments of S. papillosum

Cultivation of S. papillosum and S. palustre by MLTT
technique, irrigation ditches

Cultivation of S. papillosum and S. palustre by MLTT
technique, drip irrigation
Cultivation of S. papillosum by MLTT technique and

irrigation ditches through surrounding polders

Cultivation of S. palustre by MLTT technique and
irrigation ditches through surrounding polders

Cultivation with a mixture of Sphagnum species of
hummocks using MLTT technique and irrigation
ditches through surrounding polders

®Positive fluxes indicate CO, emissions to the atmosphere, and negative fluxes indicate CO, sequestration by the ecosystem.

CO, fluxes?

3.1+1.6

20+1.4

-1.3+1.1

2.6+2.6

Year 1:
Year 2:
Year 3:

Year 1:
Year 2:
Year 3:

-1.43
-0.43
-2.12

1107
-0.14
-1.49

-1.79+0.26

-0.75

-0.84

Year 1:
Year 2:

Year 1:
Year 2:

Year 1:
Year 2:

Year 1:
Year 2:

Year 1:
Year 2:

Year 1:
Year 2:

Year 1:
Year 2:

-1.72+0.52
-1.50+0.25

-2.46+0.54
-2.40+0.27

1.71+0.13
2.21+0.11

0.91+0.10
0.70+0.10

-0.60+0.2
0.10+0.10

-0.00+0.10
0.91+0.20

0.10+0.2
2.21+0.2
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References

McNeil and
Waddington (2003)

Wilson et al. (2013)

Lee et al. (2017)

Wilson et al. (2016)

Glnther et al. (2017)

Oestmann et al. (2021)

Oestmann et al. (2021)
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Although there is a limited database that allows to consistently
compare the dynamics of CO, emissions in sites with moss removal
for restoration purposes with those where assisted reintroduction of
Sphagnum has been performed, it is possible to preliminarily indicate
that the incorporation of moss fragments together with an adequate
management of WT can recover the CO, sink function of disturbed
sites in the short and medium term (Figure 6). However, long-term
studies and others are required to increase the reliability of the basis
of comparison, for example, by contrasting peatlands of the same
type in similar geographic locations and with a history of equivalent
management or previous use.

3.2 | Natural recolonization of Sphagnum
mosses in transitional peatlands and its impact on
CO, emissions

Studies that have addressed the spontaneous reestablishment
of Sphagnum in natural (Campbell & Corson, 2014), drained (Price
etal., 2016), and rewetted (Tomassen et al., 2004) peatlands indicate
that the moss presents serious difficulties in generating successful
recolonization, taking even close to 30years to reach 10% cover in
a hydrologically restored bog in Canada (Price & Whitehead, 2001).
Despite this, natural reintroduction of Sphagnum generates a net CO,
sink condition (Lee et al., 2017; Renou-Wilson et al., 2019; Swenson
et al., 2019; Wilson et al., 2016) (Figure 6; Table 2; Table S5), with
possible modifications due to WT decline (Swenson et al., 2019;
Wilson et al., 2016). Sphagnum reestablishment, even subsequent to
that of vascular plants, maintains a high WT 90% of the time due to
its water-holding capacity, favoring CO, sequestration (Bengtsson
etal., 2020; Taylor & Price, 2015; Waddington & Price, 2000; Wilson
et al., 2016).

Hydrological restoration of a peatland can promote recoloni-
zation of both Sphagnum and vascular plants, in which case Wilson
et al. (2013) indicate that, although moss-dominated areas generate
a CO, sink (-5 to —14Ong'2year'1), sequestration rates are lower
than adjacent sites covered by a mixed Juncus effuses L./Sphagnum
community (=35 to -204gCm2year™), and than areas recolonized
by Eriophorum angustifolium Honck. (-146 to —583ng’2year_1)‘ A
similar condition is reported by Purre et al. (2019) for a bog with
hydrological rehabilitation in Estonia, where areas with a high
WT (-9cm) dominated by sedges were a larger sink for CO, than
sites recolonized by Sphagnum. Despite this, vascular plant cover
facilitates Sphagnum establishment (Kuiper et al., 2014; McNeil
& Waddington, 2003; Pouliot et al., 2011), due to a protective ef-
fect against elevated solar radiation and desiccation (Heijmans
et al., 2004, Kuiper et al., 2014; Pouliot et al., 2011).

Several studies have reported favorable results for CO, sequestra-
tion associated with natural Sphagnum reestablishment. For example,
Lee et al. (2017) indicate a CO, sink condition (-179+26.2gCO,-C m2
year‘i) for a bog located on the west coast of Canada with 25% of the
rewetted area recolonized by Sphagnum, with increases in NEE early in
the growing season due to increases in GPP of moss and the vascular

species Rhynchospora alba (L.) Vahl. Similar results are reported for abog
inlreland rewetted in 2012 and where the reestablishment of Sphagnum
and ericoid plants drove a moderate CO, sink during the 2years of
study (mean NEE: —49i68ng’2year’1), in contrast to a surrounding
site with the absence of Sphagnum that recorded significant CO, emis-
sions (mean NEE: 137+24gCm 2year™) (Renou-Wilson et al., 2019).
Meanwhile, Swenson et al. (2019) report that sites recolonized by
Sphagnum in a bog located in Finland were a CO, sink in both years
of study (2016: -47+43gCm2year’’; 2017: -53+42gCm2year ),
unlike areas with Calluna vulgaris (L.) Hull reestablishment, which were
a strong emitter in both years (2016: 219+50gCm year }; 2017:
156 +61gCm2year ), and another site dominated by Eriophorum an-
gustifolium which showed a neutral condition in the first year, and a sink
condition, although less than Sphagnum, during the second year (2016:
3+61gCm2year’; 2017: —22+76gCm 2year™?). Similarly, Kivimaki
et al. (2008) report for a recolonized transitional peatland in southern
Finland that sites covered by Eriophorum vaginatum L. and Carex ros-
trata Stokes created sinks of -23 to -114g CO,-C m™? season ", while
mixtures of sedges and Sphagnum mosses were larger sinks of -75 to
-186gCO,-C m~2 season”™.

A condition opposite to those already noted is reported by
Vanselow-Algan et al. (2015) for a bog located in northern Germany,
where three sites were differentiated based on the species that
dominated natural recolonization 30vyears after rewetting, in
which case all areas were CO, sources, however, the Sphagnum-
dominated site (99% cover) showed emissions four and five times
lower (59.5+ 142.5gC02m'2year’1) than areas dominated by Molinia
caerulea (L.) Moench (67% cover; 247.3+330.2gCO, m2year!) and
Erica tetralix L. (31% cover; 308 +386gCO, m ?year "), respectively,
due to a deeper WT in sites with vascular vegetation and differen-
tiated photosynthesis levels during the winter period between pe-
rennial (Sphagnum and Erica tetralix) and deciduous (Molinia caerulea)
plants. Similar results were obtained by Samaritani et al. (2010) for
a bog located in Switzerland, with NEE assessments 29, 42, and
51years after Sphagnum recolonization, where the youngest site was
a net source of CO, during the growing season (40gCO,-C m™2 sea-
son'l), while the remaining areas were a net CO, sink (site 42years:
—222gC02m'2 season™’; site 5lyears: -209gCO, m™2 season™), a
condition associated with higher R, __ rates at the younger site during
summer, indicating that the early stages of moss regeneration may
be more sensitive to warmer weather.

4 | SPHAGNUM PALUDICULTURE AND ITS
EFFECTS ON CO, EMISSIONS

Sphagnum cultivation corresponds to a land use strategy whose ob-
jective is to harvest live moss biomass in a renewable way (Gaudig
etal., 2017). It can be oriented toward commercial purposes, ecolog-
ical objectives, or a combination of both; and it has been proposed
as a sustainable use alternative for transitional peatlands (Brown
et al,, 2017; Brust et al., 2017; Munster et al., 2015; Oestmann
etal., 2019; Pouliot et al., 2014).
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Sphagnum cultivation has been associated with the concept
of peatland paludiculture (Gaudig et al., 2013, 2017; Oestmann
et al, 2021; Wichmann et al., 2017), where various species of
Sphagnum mosses are grown under controlled WT and harvested
in 5-yearcycles (Beyer & Hoper, 2015) to obtain a slightly humified
peat (“white” peat) (Gaudig et al., 2013). Cultivation experiences have
been generated mainly in Germany and Canada, with some small-
scale trials in Chile, Ireland, Finland, South Korea, New Zealand, and
Japan in recent years (Pouliot et al., 2014). Most moss cultivations
have been established following the MLTT technique, managing
to generate an average moss cover ca. 90% after 4years (Gaudig
et al., 2017) and greater than 90% after 7years (Daun et al., 2023;
Pouliot et al., 2014), however, this depends on key environmental
factors and the productivity of the moss species to be established.

Experiences with Sphagnum cultivation have allowed conducting
field studies aimed at quantifying the CO, emissions generated at
these sites, and, in some cases, it has been reported that the de-
velopment of this practice offers considerable mitigation of emis-
sions compared to the establishment of crops and grasslands on
transitional peatlands (Glnther et al., 2017; Oestmann et al., 2021;
Pouliot et al., 2014), because the moss production strips show a Co,
sink condition during the Sphagnum establishment phase, which can
be reduced by 20% when considering a productive cycle of 7years
(Daun et al., 2023) (Figure 6; Table 2; Table S6).

The literature reports contradictory results related to CO, emis-
sions, since, on the one hand, sites irrigated by ditches exhibit a CO,
sink condition with a 2-year (2010/2011) average record of -98.7g
CO,-C m’2year’1 (Beyer & Hoper, 2015), and, in other cases, a net
CO, source condition is indicated, with 2-year (2017/2018) average
records of 195gCO,m?year (Oestmann et al., 2021). It should
be noted that both studies were developed in the same geographic
region (northwestern Germany), and that the differences could be
related to the influence of the WT on Sphagnum productivity and
respiration rates (Brown et al., 2017; McNeil & Waddington, 2003;
Newman et al., 2018). For example, the second year of records,
during the Oestmann et al. (2021) study, was unusually dry and with
high temperatures, generating fluctuations in WT and increases
in R, rates. For their part, Glnther et al. (2017) indicate that the
production strips of two Sphagnum species (Sphagnum palustre L.
and Sphagnum papillosum Lindb.) in northwestern Germany were
small annual CO, sinks during the establishment phase with a NEE
of -0.64+0.04gCO,m 2h™ for both species during the growing
season (Table 2, Table Sé). Despite these favorable results, Glnther
et al. (2017) state that to assess whether crop fields are net sinks
or sources of CO, during a productive cycle, the harvested biomass
of moss should be included in the balances, a situation addressed
by Daun et al. (2023) in the same culture site 7years after its es-
tablishment, indicating a homogenization in the composition of the
cultivated Sphagnum species with a dominance of S. fallax, which is
why the results CO, emissions were addressed together. From this,
Daun et al. (2023), report that the production strips were a CO, sink
throughout the production cycle (6871405gC02m’2a’1), with a
lower sequestration rate in the seventh year of cultivation compared
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to years 1 and 2 (Table Sé), confirming that the NPP of the moss can
remain high for several years. Despite this, at the end of the 7-year
production cycle, and considering the partial harvest of Sphagnum,
the site was a source of CO, (954 +454gCO,m2a™), due to substan-
tial contributions of CO, emissions generated by ditches and cause-
way established in the production area (ditches: 904 +790g CO2
m-2 a-1; causeway: 2763+ 984 g CO,m-2 a-1) (Daun et al., 2023).
An important variable to consider in order to foster CO, seques-
tration in cultivate sites is the maintenance of a high and stable WT,
as fluctuations will affect NEE, especially when mosses are exposed
to periodic desiccation (Brown et al., 2017; Oestmann et al., 2021;
Price et al., 2003). However, Sphagnhum presents water level limits
due to the blockage of CO, diffusion in highly humid films surround-
ing the phyllids, potentially reducing gas exchange, photosynthetic
rates, and CO, capture (Newman et al., 2018; Weston et al., 2015;
Williams & Flanagan, 1998). The establishment and productivity of
vascular plants in cultivation sites is another relevant factor to con-
sider in CO, emissions, as they can alter GPP and autotrophic respi-
ration levels (Ward et al., 2009). In general, increased vascular plant
cover is accompanied by increases in GPP and R, rates at cultivate

sites (Oestmann et al., 2021), which, in the case of R could con-

eco’
tribute 40% to ecosystem CO, emissions (Peichl et al., 2018; Walker
et al., 2016). In turn, the presence of a certain vascular vegetation
cover, especially during the summer, can increase R, levels, and
sometimes these rates can be higher than those of GPP, generat-
ing increases in CO, emissions (Oestmann et al., 2021). However,
vascular vegetation can promote Sphagnum growth by providing
microhabitats with higher shade and moisture levels (McNeil &

Waddington, 2003; Oestmann et al., 2021; Pouliot et al., 2014).

5 | FINAL CONSIDERATIONS AND
FUTURE RESEARCH NEEDS

Peatlands are complex ecosystems where a series of biogeochemical,
ecophysiological, and hydrological processes interact under various
mechanisms to generate CO, sequestration or emissions (Belyea &
Baird, 2006; Blodau, 2002; Limpens et al., 2008; Vitt, 2006). When
considering vegetation composition, Sphagnum mosses are recog-
nized for their pivotal role in peat formation and, thus, in long-term
C sequestration (Jassey & Signarbieux, 2019; Kasimir et al., 2021,
Piatkowski et al., 2021), an essential process for nature-based climate
change mitigation (Humpendéder et al., 2020). However, the lack of
knowledge of their contributions to the ecosystem services provided
by peatlands threatens their permanence through continuous anthro-
pogenic disturbances, estimating that by 2050, 26% of these environ-
ments will show serious signs of degradation and will produce ca. 10%
of global anthropogenic CO, emissions (Loisel & Gallego-Sala, 2022;
Urak et al., 2017). The search for strategies and practical alternatives
that promote the restoration, sustainable use, or conservation of
these environments in the long term is urgent, as they are the most
cost-effective measures to achieve the ultimate objective of zero net
C emissions from the land use management sector (Ostle et al., 2009).
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Although there is currently an important scientific database that
addresses the influence of Sphagnum mosses on greenhouse gas
emissions in peatland ecosystems, there is an evident geographic bias
in the research developed, with records focused on boreal and sub-
arctic environments in Europe and North America. Temperate peat-
lands in the southern hemisphere, and especially those located in the
Patagonian region, are underrepresented in the scientific literature,
despite increasing threats associated with commercial extraction of
peat and Sphagnum moss (Holl et al., 2019; Ledn et al., 2021; Loisel
& Yu, 2013; Veber et al., 2018). On the other hand, field and exper-
imental studies have focused on the effects of drainage, peat re-
moval, and restoration of degraded peatlands. New practices related
to Sphagnum paludiculture are receiving increasing attention due to
their potential to use transitional peatlands sustainably, minimizing
impacts related to CO, emissions (Gaudig et al., 2017). Nevertheless,
we consider it relevant to increase experimental studies based on
the elimination of plants subjected to various environmental alter-
ations to determine specific mechanisms and the effects that each
functional type of plant, including Sphagnum, exerts on CO, emis-
sions. Finally, it is necessary to advance in the knowledge related to
the impacts caused by the extraction of Sphagnum, either for com-
mercial or ecological purposes, on CO, emissions, considering that
this type of anthropic disturbance is one of the most widespread in
peatlands distributed in the southern hemisphere.

6 | CONCLUSIONS

e Sphagnum mosses play a fundamental role in CO, uptake and se-
questration in peatland ecosystems by producing a litter rich in
recalcitrant compounds that favor peat formation. A continuous
and permanent vegetation cover of Sphagnum consolidates atmo-
spheric C storage and contributes to climate change mitigation.

e Anthropogenic disturbances that directly affect Sphagnum have
the potential to modify to varying degrees its ability to reduce
CO, emissions, with drainage being the disturbance that gener-
ates the most significant detrimental impacts.

e Anthropic actions that favor the recovery of Sphagnum cover, such
as its natural or assisted reintroduction in degraded peatlands, re-
turn these sites to their status as CO, sinks in the medium term.

e Sphagnum cultivation in transitional peatlands offers an attractive
possibility to mitigate CO, emissions, and to realize a sustainable
use in transitional peatlands.

e |tisnecessary to expand research on the specific role of Sphagnum
in CO, sequestration or emissions to less represented geographic
areas (Patagonian peatlands), and to consider the impact of new
anthropogenic pressures on its ecological role in CO, fluxes.

AUTHOR CONTRIBUTIONS

Patricio Andrés Pacheco-Cancino: Conceptualization; formal
analysis; investigation; writing - original draft; writing - review
and editing. Rubén Fernando Carrillo-Lépez: Writing - review and

editing. Armando Sepulveda-Jauregui: Writing - review and editing.

Marcelo Arturo Somos-Valenzuela: Writing - review and editing.

ACKNOWLEDGMENTS

The authors are grateful for the funding granted by the Research
Department of the Universidad de La Frontera, through the re-
search project DIUFRO DI21-0096, and to the Agencia Nacional de
Investigacién y Desarrollo de Chile (ANID) for the funding granted
through the National Doctoral Scholarship Folio No. 21191559.

FUNDING INFORMATION

DIUFRO Project DI21-0096, granted by the Research Department
of the Universidad de La Frontera, Temuco, Chile. National Doctoral
Scholarship No. 21191559, granted by Agencia Nacional de
Investigacion y Desarrollo de Chile (ANID).

CONFLICT OF INTEREST STATEMENT
The authors have no conflict of interest to disclose.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are openly available
in Zenodo at https://doi.org/10.5281/zenodo.8377704.

ORCID
Patricio A. Pacheco-Cancino "' https://orcid.org/0000-0001-5048-8508
https://orcid.org/0009-0008-2439-3191

https://orcid.

Rubén F. Carrillo-Lépez
Armando Sepulveda-Jauregui
org/0000-0001-7777-4520
Marcelo A. Somos-Valenzuela
org/0000-0001-7863-4407

https://orcid.

REFERENCES

Abbott, G. D., Swain, E. Y., Muhammad, A. B., Alton, K., Belyea, L. R.,
Laing, C. G., & Cowie, G. L. (2013). Effect of water-table fluctua-
tion on the degradation of Sphagnum phenols in surficial peats.
Geochimica et Cosmochimica Acta, 106, 177-191. https://doi.org/10.
1016/j.gca.2012.12.013

Adkinson, A. C., & Humphreys, E. R. (2011). The response of carbon di-
oxide exchange to manipulations of Sphagnum water content in an
ombrotrophic bog. Ecohydrology, 4, 733-743. https://doi.org/10.
1002/eco0.171

Beaulne, J., Garneau, M., Magnan, G., & Boucher, E. (2021). Peat deposits
store more carbon than trees in forested peatlands of the boreal
biome. Scientific Reports, 11, 2657. https://doi.org/10.1038/s4159
8-021-82004-x

Belyea, L. R., & Baird, A. J. (2006). Beyond the limits to peat bog
growth: Cross-scale feedback in peatland development. Ecological
Monographs, 76(3), 299-322. https://doi.org/10.1890/0012-
9615(2006)076[0299:BTLTPB]2.0.CO;2

Bengtsson, F., Granath, G., Cronberg, N., & Rydin, H. (2020). Mechanisms
behind species-specific water economy responses to water level
drawdown in peat mosses. Annals of Botany, 126(2), 219-230.
https://doi.org/10.1093/aob/mcaa033

Bengtsson, F., Granath, G., & Rydin, H. (2016). Photosynthesis, growth,
and decay traits in Sphagnum—A multispecies comparison. Ecology
and Evolution, 6(10), 3325-3341. https://doi.org/10.1002/ece3.2119

85U80 7 SUOWWIOD @A1Ie8.D 3(ed|(dde ayy Ag pausenob ke ssjoiie YO ‘8sn JO Sa|n. 1o A%eiq T 8ul|uO AB]1/M UO (SUORIPUOD-pUR-SLIBYWI0D" A3 1M ARe.q1BUI U/ SAHY) SUORIPUOD Pue SWie | 84} 83S *[£202/0T/92] Uo Areiqiaulluo AB|1M ‘]1uD aueiyo0D Aq z269T GOB/TTTT OT/I0p/w00 A3 1M Areiq i puljuo//:Sdny ol papeojumod ‘0 ‘98r2G9ET


https://doi.org/10.5281/zenodo.8377704
https://orcid.org/0000-0001-5048-8508
https://orcid.org/0000-0001-5048-8508
https://orcid.org/0009-0008-2439-3191
https://orcid.org/0009-0008-2439-3191
https://orcid.org/0000-0001-7777-4520
https://orcid.org/0000-0001-7777-4520
https://orcid.org/0000-0001-7777-4520
https://orcid.org/0000-0001-7863-4407
https://orcid.org/0000-0001-7863-4407
https://orcid.org/0000-0001-7863-4407
https://doi.org/10.1016/j.gca.2012.12.013
https://doi.org/10.1016/j.gca.2012.12.013
https://doi.org/10.1002/eco.171
https://doi.org/10.1002/eco.171
https://doi.org/10.1038/s41598-021-82004-x
https://doi.org/10.1038/s41598-021-82004-x
https://doi.org/10.1890/0012-9615(2006)076%5B0299:BTLTPB%5D2.0.CO;2
https://doi.org/10.1890/0012-9615(2006)076%5B0299:BTLTPB%5D2.0.CO;2
https://doi.org/10.1093/aob/mcaa033
https://doi.org/10.1002/ece3.2119

PACHECO-CANCINO ET AL.

Beyer, C., & Hoper, H. (2015). Greenhouse gas exchange of rewetted
bog peat extraction and a Sphagnum cultivation site in Northwest
Germany. Biogeosciences, 12, 2101-2117. https://doi.org/10.5194/
bg-12-2101-2015

Blodau, C. (2002). Carbon cycling in peatlands—A review of processes
and control. Environmental Review, 10, 111-134. https://www.jstor.
org/stable/envirevi.10.2.111

Blodau, C., Basiliko, N., & Moore, T. R. (2004). Carbon turnover in
peatland mesocosms exposed to different water table levels.
Biogeochemistry, 67, 331-351. https://doi.org/10.1023/B:BIOG.
0000015788.30164.e2

Blodau, C., & Moore, T. R. (2003). Experimental response of peatland
carbon dynamics to a water table fluctuation. Aquatic Sciences, 65,
47-62. https://doi.org/10.1007/s000270300004

Bonn, A., Allot, T., Evans, M., Joosten, H., & Stoneman, R. (2016). Peatland
restoration and ecosystem services: An introduction. In A. Bonn, T.
Allott, M. Evans, H. Joosten, & R. Stoneman (Eds.), Peatland resto-
ration and ecosystem services: Science, policy and practice (Ecological
Reviews (pp. 1-16). Cambridge University Press. https://doi.org/10.
1017/CB0O9781139177788

Bragazza, L., Buttler, A., Robroek, B. J. M., Albrecht, R., Zaccone, C., Jassey,
V. E. J., & Signarbieux, C. (2009). Persistent high temperature and
low precipitation reduce peat carbon accumulation. Global Change
Biology, 22(12), 4114-4123. https://doi.org/10.1111/gcbh.13319

Brown, C., Strack, M., & Price, J. S. (2017). The effects of water manage-
ment on the CO, uptake of Sphagnum moss in a reclaimed peat-
land. Mires and Peat, 20(5), 1-15. http://mires-and-peat.net/media/
map20/map_20_05.pdf

Brust, K., Krebs, M., Wahren, A., Gaudig, G., & Joosten, H. (2017). The
water balance of a Sphagnum farming site in north-West Germany.
Mires and Peat, 20, 1-12. http://mires-and-peat.net/media/map20/
map_20_10.pdf

Cai, T., Flanagan, L. B., & Syed, K. H. (2010). Warmer and drier conditions
stimulate respiration more than photosynthesis in a boreal peatland
ecosystem: Analysis of automatic chambers and eddy covariance
measurements. Plant, Cell & Environment, 33, 394-407. https://doi.
org/10.1111/j.1365-3040.2009.02089.x

Campbell, D., & Corson, A.(2014). Can mulch and fertilizer alone rehabil-
itate surface-disturbed subarctic peatlands? Ecological Restoration,
32, 153-160. https://www.jstor.org/stable/43441640

Chimner, R. A., Pypker, T. G., Hribljan, J. A., Moore, P. A., & Waddington,
J. M. (2017). Multi-decadal changes water levels alter peatland
carbon cycling. Ecosystems, 20(5), 1042-1057. https://doi.org/10.
1007/s10021-016-0092-x

Clymo, R. S. (1963). lon exchange in Sphagnhum and its relation to bog
ecology. Annals of Botany, 8(27), 309-324. https://www.jstor.org/
stable/42907700

Clymo, R. S. (1987). The ecology of peatlands. Science Progress, 71, 593-
614. https://www.jstor.org/stable/43420701

Clymo, R.S., & Hayward, P. M. (1982). The ecology of Sphagnum.In A.I. E.
Smith (Ed.), Bryophyte ecology (pp. 229-289). Springer. https://doi.
org/10.1007/978-94-009-5891-3_8

Connolly, J., & Holden, N. M. (2011). Classification of peatland distur-
bance. Land Degradation & Development, 24(6), 548-555. https://
doi.org/10.1002/Idr.1149

D'Angelo, B., Leroy, F., Guimbaud, C., Jacotot, A., Zocatelli, R., Gogo, S.,
& Laggoun-Défarge, F. (2021). Carbon balance and spatial variabil-
ity of CO, and CH, fluxes in a Sphagnum-dominated peatland in a
temperate climate. Wetlands, 41, 5. https://doi.org/10.1007/s1315
7-021-01411-y

Daun, C., Huth, V., Gaudigc, G., Ginther, A., Krebs, M., & Jurasinski, G.
(2023). Full-cycle greenhouse gas balance of a Sphagnum paludicul-
ture site on former bog grassland in Germany. Science of the Total
Environment, 877, 162943. https://doi.org/10.1016/].scitotenv.
2023.162943

Folio 1527
17 of 22
% Global Change Biology S\\VA I B DA%

Diaz, M. F,, Larrain, J., Zegers, G. Y., & Tapia, C. (2008). Caracterizacion
floristica e hidroldgica de turberas de la Isla Grande de Chiloé,
Chile (floristic and hydrological characterization of Chiloé Island
peatlands, Chile). Revista Chilena de Historia Natural, 81, 544-568.
https://doi.org/10.4067/50716-078X2008000400002

Diaz, M. F., & Silva, W. (2018). Antecedentes generales sobre las turb-
eras en el sur de Chile. Cap 1: 15-32. En: Oberpaur, C., Diaz, M.F. y
Leon, C. Turberas de Sphagnum de Chiloé, ;Cémo hacer un uso sus-
tentable? 1™ edicion. Ediciones Universidad Santo Tomas. Santiago,
Chile. 120 pp.

Dunn, C., & Freeman, C. (2011). Peatlands: Our greatest source of car-
bon credits? Carbon Management, 2(3), 289-301. https://doi.org/
10.4155/cmt.11.23

Evans, C. D., Peacock, M., Baird, A. J., Artz, R.R. E., Burden, A., Callaghan,
N., Chapman, P. J., Cooper, H. M., Coyle, M., Craig, E., Cumming,
A., Dixon, S., Gauci, V., Grayson, R. P., Helfter, C., Heppell, C. M.,
Holden, J., Jones, D. L., Kaduk, J., ... Morrison, R. (2021). Overriding
water table control on managed peatland greenhouse gas emis-
sions. Nature, 593, 548-552. https://doi.org/10.1038/s41586-021-
03523-1

Evrendilek, F. (2014). Assessing CO, sink/source strength of a degraded
temperate peatland: Atmospheric and hydrological drivers and re-
sponses to extreme events. Ecohydrology, 8, 1429-1445. https://
doi.org/10.1002/ec0.1592

Fenner, N., & Freeman, C. (2011). Drought-induced carbon loss in peat-
lands. Nature Geoscience, 4, 895-900. https://doi.org/10.1038/
ngeol323

Freeman, C., Ostle, N., & Kang, H. (2001). An enzymic “latch” on a global
carbon store. Nature, 409, 149. https://doi.org/10.1038/35051650

Friedlingstein, P., Andrew, R. M., Rogelj, J., Peters, J. P., Canadell, J. G.,
Knutti, R., Luderer, G., Raupach, M. R., Schaeffer, M., van Buuren,
D. P, & Le Quéré, C. (2014). Persistent growth of CO, emissions
and implications for reaching climate targets. Nature Geoscience, 7,
709-715. https://doi.org/10.1038/nge02248

Frolking, S., & Roulet, N. T. (2007). Holocene radiative forcing impact
of northern peatland carbon accumulation and methane emissions.
Global Change Biology, 13, 1079-1088. https://doi.org/10.1111/j.
1365-2486.2007.01339.x

Gaudig, G., Fengler, F., Krebs, M., Prager, A., Schulz, J., Wichmann, S.,
& Joosten, H. (2013). Sphagnum farming in Germany—A review
of progress. Mires and Peat, 13, 1-11. http://mires-and-peat.net/
media/map13/map_13_08.pdf

Gaudig, G., Krebs, M., & Joosten, H. (2017). Sphaghum farming on cut-
over bog in NW Germany: Long-term studies on Sphagnum growth.
Mires and Peat, 2017, 1-19. http://mires-and-peat.net/media/
map20/map_20_04.pdf

Gazovi¢, M., Forbrich, 1., Jager, D. F., Kutzbach, L., Wille, C., & Wilmking,
M. (2013). Hydrology-driven ecosystem respiration determines
the carbon balance of a boreal peatland. Science of the Total
Environment, 463-464, 675-682. https://doi.org/10.1016/j.scito
tenv.2013.06.077

Glenn, A. J., Flanagan, L. B., Syed, K. H., & Carlson, P. J. (2006).
Comparison of net ecosystem CO, exchange in two peatlands in
western Canada with contrasting dominant vegetation, Sphagnum
and Carex. Agricultural and Forest Meteorology, 140, 115-135.
https://doi.org/10.1016/j.agrformet.2006.03.020

Goodrich, J. P, Campbell, D. I., Roulet, N. T., Clearwater, M. J., & Schipper,
L. A. (2015). Overriding control of methane flux temporal variabil-
ity by water table dynamics in a southern hemisphere, raised bog.
Journal of Geophysical Research—Biogeosciences, 120, 1-13. https://
doi.org/10.1002/2014)G002844

Gorecki, K., Rastogi, A., Strozecki, M., Gabka, M., Lamentowicz, M.,
tucéw, D., Kayzer, D., & Juszczak, R. (2021). Water table depth,
experimental warming, and reduced precipitation impact on litter
decomposition in a temperate Sphagnum-peatland. Science of the

85U80 7 SUOWWIOD @A1Ie8.D 3(ed|(dde ayy Ag pausenob ke ssjoiie YO ‘8sn JO Sa|n. 1o A%eiq T 8ul|uO AB]1/M UO (SUORIPUOD-pUR-SLIBYWI0D" A3 1M ARe.q1BUI U/ SAHY) SUORIPUOD Pue SWie | 84} 83S *[£202/0T/92] Uo Areiqiaulluo AB|1M ‘]1uD aueiyo0D Aq z269T GOB/TTTT OT/I0p/w00 A3 1M Areiq i puljuo//:Sdny ol papeojumod ‘0 ‘98r2G9ET


https://doi.org/10.5194/bg-12-2101-2015
https://doi.org/10.5194/bg-12-2101-2015
https://www.jstor.org/stable/envirevi.10.2.111
https://www.jstor.org/stable/envirevi.10.2.111
https://doi.org/10.1023/B:BIOG.0000015788.30164.e2
https://doi.org/10.1023/B:BIOG.0000015788.30164.e2
https://doi.org/10.1007/s000270300004
https://doi.org/10.1017/CBO9781139177788
https://doi.org/10.1017/CBO9781139177788
https://doi.org/10.1111/gcb.13319
http://mires-and-peat.net/media/map20/map_20_05.pdf
http://mires-and-peat.net/media/map20/map_20_05.pdf
http://mires-and-peat.net/media/map20/map_20_10.pdf
http://mires-and-peat.net/media/map20/map_20_10.pdf
https://doi.org/10.1111/j.1365-3040.2009.02089.x
https://doi.org/10.1111/j.1365-3040.2009.02089.x
https://www.jstor.org/stable/43441640
https://doi.org/10.1007/s10021-016-0092-x
https://doi.org/10.1007/s10021-016-0092-x
https://www.jstor.org/stable/42907700
https://www.jstor.org/stable/42907700
https://www.jstor.org/stable/43420701
https://doi.org/10.1007/978-94-009-5891-3_8
https://doi.org/10.1007/978-94-009-5891-3_8
https://doi.org/10.1002/ldr.1149
https://doi.org/10.1002/ldr.1149
https://doi.org/10.1007/s13157-021-01411-y
https://doi.org/10.1007/s13157-021-01411-y
https://doi.org/10.1016/j.scitotenv.2023.162943
https://doi.org/10.1016/j.scitotenv.2023.162943
https://doi.org/10.4067/S0716-078X2008000400002
https://doi.org/10.4155/cmt.11.23
https://doi.org/10.4155/cmt.11.23
https://doi.org/10.1038/s41586-021-03523-1
https://doi.org/10.1038/s41586-021-03523-1
https://doi.org/10.1002/eco.1592
https://doi.org/10.1002/eco.1592
https://doi.org/10.1038/ngeo1323
https://doi.org/10.1038/ngeo1323
https://doi.org/10.1038/35051650
https://doi.org/10.1038/ngeo2248
https://doi.org/10.1111/j.1365-2486.2007.01339.x
https://doi.org/10.1111/j.1365-2486.2007.01339.x
http://mires-and-peat.net/media/map13/map_13_08.pdf
http://mires-and-peat.net/media/map13/map_13_08.pdf
http://mires-and-peat.net/media/map20/map_20_04.pdf
http://mires-and-peat.net/media/map20/map_20_04.pdf
https://doi.org/10.1016/j.scitotenv.2013.06.077
https://doi.org/10.1016/j.scitotenv.2013.06.077
https://doi.org/10.1016/j.agrformet.2006.03.020
https://doi.org/10.1002/2014JG002844
https://doi.org/10.1002/2014JG002844

Folio 1528
PACHECO-CANCINO ET AL.

18 of 22
—I—Wl [B2A%  [Clobal Change Biology

Total Environment, 771, 145452. https://doi.org/10.1016/j.scito
tenv.2021.145452

Graf, M. D., & Rochefort, L. (2010). Moss regeneration for fen restoration:
Field and greenhouse experiments. Restoration Ecology, 18(1), 121-
130. https://doi.org/10.1111/j.1526-100X.2008.00437.x

Guéné-Nanchen, M., Hugron, S., & Rochefort, L. (2019). Harvesting sur-
face vegetation does not impede self-recovery of Sphagnum peat-
lands. Restoration Ecology, 27(1), 178-188. https://doi.org/10.1111/
rec.12834

Glnther, A., Jurasisnki, G., Albrecht, K., Gaudig, G., Krebs, M., & Glatzel,
S. (2017). Greenhouse gas balance of an establishing Sphagnum
culture on a former bog grassland in Germany. Mires and Peat, 20,
1-16. http://mires-and-peat.net/media/map20/map_20_02.pdf

Hajek, T. (2009). Habitat and species control son Sphagnum production
and decomposition in a mountain raised bog. Boreal Environmental
Research, 14, 947-958. https://www.borenv.net/BER/archive/
pdfs/berl4/ber14-947.pdf

Hajek, T., Ballance, S., Limpens, J., Zijlstra, M., & Verhoeven, J. T. A.
(2011). Cell-wall polysaccharides play an important role in decay
resistance of Sphagnum and actively depressed decomposition
in vitro. Biogeochemistry, 103, 45-57. https://doi.org/10.1007/
s10533-010-9444-3

Harris, L.1.,Roulet, N. T., & Moore, T. R.(2020). Drainage reduces the resil-
ience of a boreal peatland. Environmental Research Communications,
2,065001. https://doi.org/10.1088/2515-7620/ab9895

Heijmans, M.M.P.D., Arp, W. J., & Chapin, F.S., 111.(2004). Controls on moss
evaporation in a boreal black spruce forest. Global Biogeochemical
Cycles, 18, GB2004. https://doi.org/10.1029/2003GB002128

Hogg, E. H., Lieffers, V. J., & Wein, R. W. (1992). Potential carbon losses
from peat profiles: Effects of temperature, drought cycles, and fire.
Ecological Applications, 2, 298-306. https://doi.org/10.2307/1941863

Holl, D., Pancotto, V., Heger, A., Camargo, S. J., & Kutzbach, L. (2019).
Cushion bogs are stronger carbon dioxide net sink tan moss domi-
nated bogs as revelated by Eddy covariance measurement on Tierra
del Fuego, Argentina. Biogeosciences Discussions, 16, 3397-3423.
https://doi.org/10.5194/bg-16-3397-2019

Huang, Y., Ciais, P, Luo, Y., Zhu, D., Wang, Y., Qiu, C., Goll, D. S., Guenet,
B., Makowski, D., De Graaf, |., Leifeld, J., Kwon, M. J., Hu, J., & Qu,
L.(2021). Tradeoff of CO, and CH, emissions from global peatlands
under water table drawdown. Nature Climate Change, 11, 618-622.
https://doi.org/10.1038/s41558-021-0105%9-w

Hugelius, G., Loisel, J., Chadburn, S., Jackson,R. B., Jones, M., MacDonald,
G., Marushchak, M., Olefeldt, D., Packalen, M., Siewert, M. B.,
Treat, C., Turetsky, M., Voigt, C., & Yu, Z. (2020). Large stock of
peatlands carbon and nitrogen are vulnerable to permafrost thaw.
Proceedings of the National Academy of Sciences, 117, 20438-20446.
https://doi.org/10.1073/pnas.1916387117

Humpendder, F., Karstens, K., Lotze-Campen, H., Leifeld, J., Menichetti,
L., Barthelmes, A., & Popp, A. (2020). Peatland protection and
restoration are key for climate change mitigation. Environmental
Research Letter, 15, 10. https://doi.org/10.1088/1748-9326/abae2a

Huth, V., Ginther, A., Bartel, A., Gutekunst, C., Heinze, S., Hofer, B.,
Jacobs, O., Koebsch, F., Rosinski, E., Tonn, C., Ullrich, K., & Jurasinski,
G. (2021). The climate benefits of topsoil removal and Sphagnum
introduction in raised bog restoration. Restoration Ecology, 30(1),
€13490. https://doi.org/10.1111/rec.13490

IPCC. (2014). 2013 supplement to the 2006 IPCC guidelines for national
greenhouse gas inventories: Wetlands. In: Hiraishi, T., Krug, T,
Tanabe, K., Srivastava, N., Baasansuren, J., Fukuda, M., & Troxler,
T. G. (Eds.), Intergovernmental panel on climate change (IPCC),
Switzerland, 2014. IPCC. https://www.ipcc.ch/site/assets/uploads/
2018/03/Wetlands_Supplement_Entire_Report.pdf.

Jarveoja, J., Nilsson, M. B., Gazovi¢, M., Crill, P. M., & Peichl, M. (2018).
Partitioning of the net CO, exchange using an automated chamber
system reveals plant phenology as key control of production and

respiration fluxes in a boreal peatland. Global Change Biology, 24,
3436-3451. https://doi.org/10.1111/gch.14292

Jarveoja, J., Peichl, M., Maddison, M., Soosaar, K., Vellak, K., Karofeld,
E., Teemusk, A., & Mander, U. (2016). Impact of water table level
on annual carbon and greenhouse gas balances of a restored peat
extraction area. Biogeosciences, 13, 2637-2651. https://doi.org/10.
5194/bg-13-2637-2016

Jassey, V. E. J., & Signarbieux, C. (2019). Effects of climate warming
on Sphagnum photosynthesis in peatlands depend on peat mois-
ture and species-specific anatomical traits. Global Change Biology,
25(11), 3859-3870. https://doi.org/10.1111/gch.14788

Joosten, H. (2009). The global peatland CO, picture. Peatland status
and emissions in all countries of the world. Wetlands International
Bangkok, 33 https://unfccc.int/sites/default/files/draftpeatlandco
2report.pdf

Joosten, H., & Clarke, D. (2002). Wise use of mires and peatlands.
Background and principles including a framework for decision-mak-
ing. In International mires conservation group and international peat
society (p. 303). Saarijarven Offset Oy.

Kasimir, A., He, H., Jansson, P.-E., Lohila, A., & Minkkinen, K. (2021).
Mosses are important for soil carbon sequestration in forested
peatlands. Frontiers in Environmental Science, 9, 680430. https://doi.
org/10.3389/fenvs.2021.680430

Ketcheson, S., & Price, J. (2011). The impact of peatland restoration on
the site hydrology of an abandoned block-cut bog. Wetlands, 31,
1263-1274. https://doi.org/10.1007/s13157-011-0241-0

Ketcheson, S. J., & Price, J. S. (2014). Characterization of the fluxes and
stores of water within newly formed Sphagnum moss cushions and
their environment. Ecohydrology, 7, 771-782. https://doi.org/10.
1002/ec0.1399

Kim, J., Rochefort, L., Hogue-Hugron, S., Alqulaiti, Z., Dunn, C., Pouliot,
R.,Jones, T. G., Freeman, C., & Kang, H. (2021). Water table fluctua-
tion in peatlands facilitates fungal proliferation, impedes Sphagnum
growth and accelerates decomposition. Frontiers in Earth Science, 8,
579329. https://doi.org/10.3389/feart.2020.579329

Kivimaki, S. K., Yli-petdys, M., & Tuittila, E.-S. (2008). Carbon sink func-
tion of sedge and Sphagnum patches in a restores cut-away peat-
land: Increased functional diversity leads to higher production.
Journal of Applied Ecology, 45, 921-929. https://doi.org/10.1111/j.
1365-2664.2008.01458.x

Kokkonen, N., Laine, A. M., Mannisto, E., Mehtatalo, L., Korrensalo, A., &
Tuittila, E.-S. (2022). Two mechanisms drive changes in boreal peat-
land photosynthesis following long-term water level drawdown:
Species turnover and altered photosynthetic capacity. Ecosystems,
25, 1601-1618. https://doi.org/10.1007/s10021-021-00736-3

Kotska, J. E., Weston, D. J, Glass, J. B., Lilleskov, E. A., Shaw, A. J., &
Turetsky, M. R. (2016). The Sphagnum microbiome: New insights
from an ancient plant lineage. New Phytologist, 211, 57-64. https://
doi.org/10.1111/nph.13993

Krebs, M., Gaudig, G., Matchutadze, I., & Joosten, H. (2017). Sphagnum
regrowth after cutting. Mires and Peat, 20, 1-20. http://mires-and-
peat.net/media/map20/map_20_12.pdf

Kremer, C., Pettolino, F., Bacic, A., & Drinnan, A. (2004). Distribution of
cell wall components in Sphagnum hyaline cells and in liverwort and
hornwort elaters. Planta, 219, 1023-1035. https://doi.org/10.1007/
s00425-004-1308-4

Kuiper, J. J., Mooij, W. M., Bragazza, L., & Robroek, B. J. M. (2014). Plant
functional types define magnitude of drought response in peatland
CO, exchange. Ecology, 95(1), 123-131. https://doi.org/10.1890/
13-0270.1

Kumar, S. (2017). Sphagnum moss as a growing media constituent: Some
effects of harvesting, processing and storage. Mires and Peat, 20,
1-11. http://mires-and-peat.net/media/map20/map_20_07.pdf

Laiho, R. (2006). Decomposition in peatlands: Reconciling seemingly
contrasting results on the impacts of lowered water levels. Soil

85U80 7 SUOWWIOD @A1Ie8.D 3(ed|(dde ayy Ag pausenob ke ssjoiie YO ‘8sn JO Sa|n. 1o A%eiq T 8ul|uO AB]1/M UO (SUORIPUOD-pUR-SLIBYWI0D" A3 1M ARe.q1BUI U/ SAHY) SUORIPUOD Pue SWie | 84} 83S *[£202/0T/92] Uo Areiqiaulluo AB|1M ‘]1uD aueiyo0D Aq z269T GOB/TTTT OT/I0p/w00 A3 1M Areiq i puljuo//:Sdny ol papeojumod ‘0 ‘98r2G9ET


https://doi.org/10.1016/j.scitotenv.2021.145452
https://doi.org/10.1016/j.scitotenv.2021.145452
https://doi.org/10.1111/j.1526-100X.2008.00437.x
https://doi.org/10.1111/rec.12834
https://doi.org/10.1111/rec.12834
http://mires-and-peat.net/media/map20/map_20_02.pdf
https://www.borenv.net/BER/archive/pdfs/ber14/ber14-947.pdf
https://www.borenv.net/BER/archive/pdfs/ber14/ber14-947.pdf
https://doi.org/10.1007/s10533-010-9444-3
https://doi.org/10.1007/s10533-010-9444-3
https://doi.org/10.1088/2515-7620/ab9895
https://doi.org/10.1029/2003GB002128
https://doi.org/10.2307/1941863
https://doi.org/10.5194/bg-16-3397-2019
https://doi.org/10.1038/s41558-021-01059-w
https://doi.org/10.1073/pnas.1916387117
https://doi.org/10.1088/1748-9326/abae2a
https://doi.org/10.1111/rec.13490
https://www.ipcc.ch/site/assets/uploads/2018/03/Wetlands_Supplement_Entire_Report.pdf
https://www.ipcc.ch/site/assets/uploads/2018/03/Wetlands_Supplement_Entire_Report.pdf
https://doi.org/10.1111/gcb.14292
https://doi.org/10.5194/bg-13-2637-2016
https://doi.org/10.5194/bg-13-2637-2016
https://doi.org/10.1111/gcb.14788
https://unfccc.int/sites/default/files/draftpeatlandco2report.pdf
https://unfccc.int/sites/default/files/draftpeatlandco2report.pdf
https://doi.org/10.3389/fenvs.2021.680430
https://doi.org/10.3389/fenvs.2021.680430
https://doi.org/10.1007/s13157-011-0241-0
https://doi.org/10.1002/eco.1399
https://doi.org/10.1002/eco.1399
https://doi.org/10.3389/feart.2020.579329
https://doi.org/10.1111/j.1365-2664.2008.01458.x
https://doi.org/10.1111/j.1365-2664.2008.01458.x
https://doi.org/10.1007/s10021-021-00736-3
https://doi.org/10.1111/nph.13993
https://doi.org/10.1111/nph.13993
http://mires-and-peat.net/media/map20/map_20_12.pdf
http://mires-and-peat.net/media/map20/map_20_12.pdf
https://doi.org/10.1007/s00425-004-1308-4
https://doi.org/10.1007/s00425-004-1308-4
https://doi.org/10.1890/13-0270.1
https://doi.org/10.1890/13-0270.1
http://mires-and-peat.net/media/map20/map_20_07.pdf

PACHECO-CANCINO ET AL.

Biology and Biochemistry, 38, 2011-2024. https://doi.org/10.1016/j.
s0ilbio.2006.02.017

Laiho, R., Laine, J., Trettin, C. C., & Finér, L. (2004). Scots pine litter de-
composition along drainage succession and soil nutrient gradients
in peatland forest, and the effects of inter-annual weather varia-
tion. Soil Biology and Biochemistry, 39, 1095-1109. https://doi.org/
10.1016/j.50ilbio.2004.02.020

Laine, A., Byrne, K. A, Kiely, G., & Tuittila, E.-S. (2007). Patterns in vege-
tation and CO, dynamics along a water level gradient in a lowland
blanket bog. Ecosystems, 10, 890-905. https://doi.org/10.1007/
s10021-007-9067-2

Laine, A. M., Bubier, J., Riutta, T., Nilsson, M. B., Moore, T. R., Vasander,
H., & Tuittila, E. S. (2012). Abundance and composition of plant bio-
mass as potential controls for mire net ecosystem CO, exchange.
Botany, 90, 63-74. https://doi.org/10.1139/b11-068

Laine, A. M., Mehtétalo, L., Tolvanen, A., Frolking, S., & Tuittila, E.-S.
(2019). Impacts of drainage, restoration and warming on boreal
wetland greenhouse gas fluxes. Science of the Total Environment,
647, 169-181. https://doi.org/10.1016/j.scitotenv.2018.07.390

Laine, A. M., Wilson, D., Alm, J., Schneider, J., & Tuittila, E.-S. (2016).
Spatial variation in potential photosynthesis in Northern European
bogs. Journal of Vegetation Science, 27, 365-376. https://doi.org/10.
1111/jvs.12355

Laing, C. G., Granath, G., Belyea, L. R., Allton, K. E., & Rydin, H. (2014).
Tradeoffs and scaling of functional traits in Sphagnum as drivers of
carbon cycling in peatlands. Oikos, 123, 817-828. https://doi.org/
10.1111/0ik.01061

Lamers, L. P.M.,Vile,M. A, Grootjans, A. P., Acreman, M. C.,van Diggelen,
R., Evans, M. G,, Richardson, C. J., Rochefort, L., Kooijman, A. M.,
Roelofs, J. G. M., & Smolders, A. J. P. (2015). Ecological restoration
of rich fens in Europe and North America: From trial and error to an
evidence-based approach. Biological Reviews, 90, 182-203. https://
doi.org/10.1111/brv.12102

Lazcano, C.,Robinson, C., Hassanpour, G., & Strack, M. (2018). Short-term
effects of fen peatland restoration through the moss layer transfer
technique on the soil CO, and CH, efflux. Ecological Engineering,
125, 149-158. https://doi.org/10.1016/j.ecoleng.2018.10.018

Lee, S.-C., Christen, A., Black, A. T., Johnson, M. S., Jassal, R. S., Ketler, R.,
Nesic, Z., & Merkens, M. (2017). Annual greenhouse gas budget for a
bog ecosystem undergoing restoration by rewetting. Biogeosciences,
14, 2799-2814. https://doi.org/10.5194/bg-14-2799-2017

Lees, K. J., Clark, J. M., Quaife, T., Khomik, M., & Aertz, R. R. E. (2019).
Changes in carbon flux and spectral reflectance of Sphagnum
mosses as a result of simulated drought. Ecohydrology, 12(e2123),
1-16. https://doi.org/10.1002/eco.2123

Leifeld, J., & Menichetti, L. (2018). The underappreciated potential of
peatlands in global climate change mitigation strategies. Nature
Communications, 9, 1071. https://doi.org/10.1038/s41467-018-
03406-6

Ledn, C., Olivan, G., & Fuertes, E. (2012). Turberas esfagnosas de Chiloé
(Chile) y su problematica ambiental. Boletin de la Sociedad Espariola
de Briologia, 38-39, 29-40. https://biblioteca.cehum.org/handle/
CEHUM2018/1411

Leén, C. A, Gabriel, M., Rodriguez, C., Iturraspe, R., Savoretti, A.,
Pancotto, V., Benitez-Mora, A., Valdés, A., Diaz, M. F., Oberpaur,
C., Dominguez, E., Fernandez, L. D., Mackenzie, R., Roland, T,
Mauquoy, D., & Silva, C. (2021). Peatlands of Southern South
America: A review. Mires and Peat, 3, 1-29. http://mires-and-peat.
net/media/map27/map_27_03.pdf

Leroy, F., Gogo, S., Guimbaud, C., Bernard-Jannin, L., Yin, X., Belot, G.,
Shuguang, W., & Laggoun-Défarge, F. (2019). CO, and CH, budgets
and global warming potential modifications in Sphagnum-dominated
peat mesocosms invaded by Molinia caerulea. Biogeosciences, 16,
4085-4095. https://doi.org/10.5194/bg-16-4085-2019

Li, Q., Gogo, S., Leroy, F., Guimbaud, C., & Laggoun-Défarge, F. (2021).
Response of peatland CO, and CH,, fluxes to experimental warming

Folio 1529
19 of 22
% Global Change Biology S\\VA I B DA%

and the carbon balance. Frontiersin Earth Science, 9, 631368. https://
doi.org/10.5194/bg-16-4085-2019

Limpens, J., & Berendese, F. (2003). How litter quality affects mass loss
and N loss from decomposing Sphagnum. Oikos, 103, 537-547.
https://www.jstor.org/stable/3548142

Limpens, J., Berendse, F., Blodau, C., Canadell, J. G., Freeman, C., Holden,
J., Roulet, N., Rydin, H., & Schaepman-Strub, G. (2008). Peatlands
and the carbon cycle: From local processes to global implica-
tions—A synthesis. Biogeosciences, 5, 1475-1491. https://doi.org/
10.5194/bg-5-1475-2008

Loisel, J., & Gallego-Sala, A. (2022). Ecological resilience of restored
peatlands to climate change. Communications Earth & Environment,
3, 208. https://doi.org/10.1038/s43247-022-00547-x

Loisel, J., Gallego-Sala, A. V., Amesbury, M. J., Magnan, G., Anshari,
G., Beilman, D. W,, ... Wu, J. (2021). Expert assessment of future
vulnerability of the global peatland carbon sink. Nature Climate
Change, 11, 70-77. https://doi.org/10.1038/s41558-020-00944-0

Loisel, J., & Yu, Z. (2013). Holocene peatland carbon dynamic in Patagonia.
Quaternary Science Reviews, 69, 125-141. https://doi.org/10.1016/
j.quascirev.2013.02.023

Lund, M., Lafleur, P. M., Roulet, N. T., Lindroth, A., Christensen, T. R.,
Aurela, M., Chojnicki, B. H., Flanagan, L. B., Humphreys, E. R., Laurila,
T., Oechel, W. C., Olejnik, J., Rinne, J., Schubert, P., & Nilsson, M. B.
(2010). Variability in exchange of CO, across 12 northern peatlands
and tundra sites. Global Change Biology, 16, 2346-2448. https://doi.
org/10.1111/j.1365-2486.2009.02104.x

Lunt, P. H., Fyfe, R. M., & Tappin, A. D. (2019). Role of recent climate
change on carbon sequestration in peatland systems. Science of the
Total Environment, 667, 348-358. https://doi.org/10.1016/j.scito
tenv.2019.02.239

Ma, L., Zhu, G., Chen, B., Zhang, K., Niu, S., Wang, J., Ciais, P., & Zuo, H.
(2022). A globally robust relationship between water table decline,
subsidence rate, and carbon release from peatlands. Communication
Earth & Environment, 3, 254. https://doi.org/10.1038/s43247-022-
00590-8

Mahmood, M. S., & Strack, M. (2011). Methane dynamics of recolo-
nized cutover minerotrophic peatland: Implications for restoration.
Ecological Engineering, 37, 1859-1868. https://doi.org/10.1016/].
ecoleng.2011.06.007

Mazziotta, A., Granath, G., Rydin, H., Bengtsson, F., & Norberg, J. (2018).
Scaling functional traits to ecosystem processes: Towards a mech-
anistic understanding in peat mosses. Journal of Ecology, 107, 843~
859. https://doi.org/10.1111/1365-2745.13110

McCarter, C. P.R., & Price, J. S.(2015). The hydrology of the Bois-des-Bel
peatland restoration: Hydrophysical properties limiting connec-
tivity between regenerated Sphagnum and remnant vacuum har-
vested peat deposit. Ecohydrology, 8(2), 173-187. https://doi.org/
10.1002/ec0.1498

McNeil, P., & Waddington, J. M. (2003). Moisture controls on Sphagnum
growth and CO, exchange on a cutover bog. Journal of Applied
Ecology, 40, 354-367. https://www.jstor.org/stable/3506008

Minkkinen, K., Vasander, H., Jauhiainen, S., Karsisto, M., & Laine, J.
(1999). Post-drainage changes in vegetation composition and car-
bon balance in Lakkasuo mire, Central Finland. Plant and Soil, 207,
107-120. https://doi.org/10.1023/A:1004466330076

Munir, T. M., Xu, B., Perkins, M., & Strack, M. (2015). Response of car-
bon dioxide flux and plant biomass to water table drawdown
in a treed peatland in Northern Alberta: A climate change per-
spective. Biogeosciences, 11, 807-820. https://doi.org/10.5194/
bg-11-807-2014

Munster, C., Gaudig, G., Krebs, M., & Joosten, H. (2015). Sphagnum
farming: The promised land for peat bog species? Biodiversity and
Conservation, 24(8), 1989-2009. https://doi.org/10.1007/s1053
1-015-0922-8

Murray, K. R., Borkenhagen, A. K., Cooper, D. J., & Strack, M. (2017).
Growing season carbon gas exchange from peatlands used as a

85U80 7 SUOWWIOD @A1Ie8.D 3(ed|(dde ayy Ag pausenob ke ssjoiie YO ‘8sn JO Sa|n. 1o A%eiq T 8ul|uO AB]1/M UO (SUORIPUOD-pUR-SLIBYWI0D" A3 1M ARe.q1BUI U/ SAHY) SUORIPUOD Pue SWie | 84} 83S *[£202/0T/92] Uo Areiqiaulluo AB|1M ‘]1uD aueiyo0D Aq z269T GOB/TTTT OT/I0p/w00 A3 1M Areiq i puljuo//:Sdny ol papeojumod ‘0 ‘98r2G9ET


https://doi.org/10.1016/j.soilbio.2006.02.017
https://doi.org/10.1016/j.soilbio.2006.02.017
https://doi.org/10.1016/j.soilbio.2004.02.020
https://doi.org/10.1016/j.soilbio.2004.02.020
https://doi.org/10.1007/s10021-007-9067-2
https://doi.org/10.1007/s10021-007-9067-2
https://doi.org/10.1139/b11-068
https://doi.org/10.1016/j.scitotenv.2018.07.390
https://doi.org/10.1111/jvs.12355
https://doi.org/10.1111/jvs.12355
https://doi.org/10.1111/oik.01061
https://doi.org/10.1111/oik.01061
https://doi.org/10.1111/brv.12102
https://doi.org/10.1111/brv.12102
https://doi.org/10.1016/j.ecoleng.2018.10.018
https://doi.org/10.5194/bg-14-2799-2017
https://doi.org/10.1002/eco.2123
https://doi.org/10.1038/s41467-018-03406-6
https://doi.org/10.1038/s41467-018-03406-6
https://biblioteca.cehum.org/handle/CEHUM2018/1411
https://biblioteca.cehum.org/handle/CEHUM2018/1411
http://mires-and-peat.net/media/map27/map_27_03.pdf
http://mires-and-peat.net/media/map27/map_27_03.pdf
https://doi.org/10.5194/bg-16-4085-2019
https://doi.org/10.5194/bg-16-4085-2019
https://doi.org/10.5194/bg-16-4085-2019
https://www.jstor.org/stable/3548142
https://doi.org/10.5194/bg-5-1475-2008
https://doi.org/10.5194/bg-5-1475-2008
https://doi.org/10.1038/s43247-022-00547-x
https://doi.org/10.1038/s41558-020-00944-0
https://doi.org/10.1016/j.quascirev.2013.02.023
https://doi.org/10.1016/j.quascirev.2013.02.023
https://doi.org/10.1111/j.1365-2486.2009.02104.x
https://doi.org/10.1111/j.1365-2486.2009.02104.x
https://doi.org/10.1016/j.scitotenv.2019.02.239
https://doi.org/10.1016/j.scitotenv.2019.02.239
https://doi.org/10.1038/s43247-022-00590-8
https://doi.org/10.1038/s43247-022-00590-8
https://doi.org/10.1016/j.ecoleng.2011.06.007
https://doi.org/10.1016/j.ecoleng.2011.06.007
https://doi.org/10.1111/1365-2745.13110
https://doi.org/10.1002/eco.1498
https://doi.org/10.1002/eco.1498
https://www.jstor.org/stable/3506008
https://doi.org/10.1023/A:1004466330076
https://doi.org/10.5194/bg-11-807-2014
https://doi.org/10.5194/bg-11-807-2014
https://doi.org/10.1007/s10531-015-0922-8
https://doi.org/10.1007/s10531-015-0922-8

Folio 1530
PACHECO-CANCINO ET AL.

20 of 22
—I—Wl [B2A%  [Clobal Change Biology

source of vegetation donor material for restoration. Wetlands
Ecology and Management, 25, 501-515. https://doi.org/10.1007/
s11273-017-9531-5

Newman, T. R., Wright, N., Wright, B., & Sjérgersten, S. (2018).
Interacting effects of elevated atmospheric CO, and hydrology on
the growth and carbon sequestration of Sphagnum moss. Wetlands
Ecology and Management, 26, 763-774. https://doi.org/10.1007/
s11273-018-9607-x

Norby, R. J., Childs, J., Hanson, P. J., & Warren, J. M. (2019). Rapid loss
of an ecosystem engineer: Sphagnum decline in an experimentally
warmed bog. Ecology and Evolution, 9, 12571-12585. https://doi.
org/10.1002/ece3.5722

Nordstrom, E., Eckstein, R. L., & Lind, L. (2022). Adge effects on de-
composition in Sphagnum bogs: Implications for carbon storage.
Ecosphere, 13, e4234. https://doi.org/10.1002/ecs2.4234

Nugent, K. A, Strachan, I. B., Roulet, N. T., Strack, M., Frolking, S., &
Helbig, M. (2019). Prompt active restoration of peatlands substan-
tially reduces climate impact. Environmental Research Letters, 14,
124030. https://doi.org/10.1088/1748-9326/ab56e6

Nugent, K. A, Strachan, I. B., Strack, M., Roulet, N. T., & Rochefort, L.
(2018). Multi-year net ecosystem carbon balance of a restored
peatland reveals a return to carbon sink. Global Change Biology, 24,
5751-5768. https://doi.org/10.1111/gcb.14449

Nugent, K. A., Strachan, I. B., Strack, M., Roulet, N. T., Strom, L., &
Chanton, J. P. (2021). Cutover peat limits methane production
causing low emissions at a restored peatland. Journal of Geophysical
Research: Biogeosciences, 126, e2020JG005909. https://doi.org/10.
1029/2020JG005909

Oberpaur, C., Puebla, V., Vaccarezza, F., & Arévalo, M. E. (2010).
Preliminary substrate mixtures including peat moss (Sphagnum
magellanicum) for vegetable crop nurseries. Ciencia e Investigacion
Agraria, 37, 123-132. https://doi.org/10.4067/50718-1620201000
0100012

QOestmann, J., Divel, D., Dettmann, U., & Tiemeyer, B. (2019). Sphagnum
farming on former peat extraction sites—A climate-neutral produc-
tion system? Geophysical Research Abstracts, 21, EGU2019-9368-1
https://meetingorganizer.copernicus.org/EGU2019/EGU2019-
9368-1.pdf

Oestmann, J., Tiemeyer, B., Divel, D., Grobe, A., & Dettmann, U. (2021).
Greenhouse gas balance of Sphagnum farming on highly decom-
posed peat at former peat extraction sites. Ecosystems, 1-22, 350-
371. https://doi.org/10.1007/s10021-021-00659-z

O'Neill, A, Tucker, C., & Evan, S. K. (2022). Fresh air for the mire-breath-
ing hypothesis: Sphagnum Moss and Peat structure regulate the
response of CO, exchange to altered hydrology in a northern peat-
land ecosystem. Water, 14(3239), 1-12. https://doi.org/10.3390/
w14203239

Ostle, N. J,, Levy, P. E., Evans, C. D., & Smith, P. (2009). UK land, sea and
soil carbon sequestration. Land Use Policy, 265, 274-283. https://
doi.org/10.1016/j.landusepol.2009.08.006

Page, S., Mishra, S., Agus, F., Anshari, G., Dargie, G., Evers, S., Jauhiainen,
J.,Jaya, A, Jovani-Sancho, A. J., Laurén, A., Sjogersten, S., Suspense,
I, A., Wijedasa, L. S., & Evans, C. D. (2022). Anthropogenic impacts
on lowland tropical peatland biogeochemistry. Nature Reviews Earth
and Environment, 3, 426-443. https://doi.org/10.1038/s43017-
022-00289-6

Parish, F., Sirin, A., Charman, D., Joosten, H., Minayeva, T,, Silvius, M., &
Stringer, L. (Eds.). (2008). Assessment on peatlands, biodiversity and
climate change: Main report (p. 179). Global Environment Centre,
Kuala Lumpur and Wetlands International https://globalclimateac
tionpartnership.org/app/uploads/2015/12/Assessment-on-peatl
ands-biodiversity-and-climate-change-main-report.pdf

Peichl, M., GaZzovi¢, M., Vermeij, |., De Goede, E., Sonnentag, O., Limpens,
J., & Nilsson, M. B. (2018). Peatland vegetation composition and
phenology drive the seasonal trajectory of maximum gross primary

production. Scientific Reports, 8, 1-11. https://doi.org/10.1038/
s41598-018-26147-4

Peichl, M., Oquist, M., Ottosson Léfvenius, M., lIstedt, U., Sagerfors, J.,
Grelle, A., Lindroth, A., & Nilsson, M. B. (2014). A 12-year record
reveals pre-growing season temperature and water table level
threshold effects on the net carbon dioxide Exchange in a boreal
fen. Environmental Research Letter, 9(5), 55006. https://doi.org/10.
1088/1748-9326/9/5/055006/pdf

Piatkowski, B. T., Yavitt, J. B., Turetsky, M. R., & Shaw, A. J. (2021).
Natural selection on a carbon cycling trait drives ecosystem engi-
neering by Sphagnum (peat moss). Proceedings of the Royal Society B,
288, 202106089. https://doi.org/10.1098/rspb.2021.0609

Pouliot, R., Hugron, S., & Rochefort, L. (2014). Sphagnum farming: A long-
term study on producing peat moss biomass sustainably. Ecological
Engineering, 74, 135-147. https://doi.org/10.1016/j.ecoleng.2014.
10.007

Pouliot, R., Rochefort, L., Karofeld, E., & Mercier, C. (2011). Initiation of
Sphagnum moss hummocks in bogs and the presence of vascular
plants: Is there a link? Acta Oecologica, 37(4), 346-354. https://doi.
org/10.1016/j.actao.2011.04.001

Price, J., Evans, C., Evans, M., Allott, T., & Shuttleworth, E. (2016).
Peatland restoration and hydrology. In A. Bonn, T. Allott, M. Evans,
H. Joosten, & R. Stoneman (Eds.), Peatland restoration and ecosys-
tem services: Science, policy and practice (pp. 77-94). Cambridge
University Press/British Ecological Society.

Price, J. S., Heathwaite, A. L., & Baird, A. J. (2003). Hydrological processes
in abandoned and restored peatlands: An overview of management
approaches. Wetlands and Ecology Management, 11, 65-83. https://
doi.org/10.1023/A:1022046409485

Price, J. S., & Whitehead, G. S. (2001). Developing thresholds for
Sphagnum recolonization on an abandoned cutover bog. Wetlands,
21, 32-40. https://doi.org/10.1672/0277-5212(2001)021[0032:
DHTFSR]2.0.CO;2

Purre, A.-H., Pajula, R., & llomets, M. (2019). Carbon dioxide sink func-
tion in restored milled peatlands—The significance of weather
and vegetation. Geoderma, 346, 30-42. https://doi.org/10.1016/j.
geoderma.2019.03.032

Quinty, F., & Rochefort, L. (2003). Peatland restoration guide, second edi-
tion (p. 106). Canadian Sphagnum Peat Moss Association (St. Albert,
AB) & New Brunswick Department of Natural Resources and Energy
(Fredericton, NB) https://www.gret-perg.ulaval.ca/fileadmin/Fichi
ers/centre_recherche/Peatland_Restoration_guide_2ndEd.pdf

Rankin, T. E., Roulet, N. T., & Moore, T. R. (2022). Controls on au-
totrophic and heterotrophic respiration in an ombrotrophic
bog. Biogeosciences, 19, 3285-3303. https://doi.org/10.5194/
bg-19-3285-2022

Renou-Wilson, F., Moser, G., Fallon, D., Farrell, C. A., Mdller, C., &
Wilson, D. (2019). Rewetting degraded peatlands for climate and
biodiversity benefits: Results from two raised bogs. Ecological
Engineering, 127, 547-560. https://doi.org/10.1016/j.ecoleng.
2018.02.014

Riutta, T, Laine, J., & Tuittila, E.-S. (2007). Sensitivity of CO, exchange of
fen ecosystem components to water level variation. Ecosystems, 10,
718-733. https://doi.org/10.1007/s10021-007-9046-7

Robroek, B. J. M., Schouten, M. G. C., Limpens, J., Berendse, F., & Poorter,
H. (2009). Interactive effects of water table and precipitation on
net CO, assimilation of three co-occurring Sphagnum mosses dif-
fering in distribution above the water table. Global Change Biology,
15, 680-691. https://doi.org/10.1111/j.1365-2486.2008.01724.x

Rochefort, L., Quinty, F., Campeau, S., Johnson, K., & Malterer, T. (2003).
North American approach to the restoration of Sphagnum domi-
nated peatlands. Wetlands Ecology and Management, 11, 3-20.
https://doi.org/10.1023/A:1022011027946

Rydin, H., & Jeglum, J. (2006). Sphagnum—the builder of boreal peatlands.
The biology of peatlands (pp. 58-74). Oxford University Press.

85U80 7 SUOWWIOD @A1Ie8.D 3(ed|(dde ayy Ag pausenob ke ssjoiie YO ‘8sn JO Sa|n. 1o A%eiq T 8ul|uO AB]1/M UO (SUORIPUOD-pUR-SLIBYWI0D" A3 1M ARe.q1BUI U/ SAHY) SUORIPUOD Pue SWie | 84} 83S *[£202/0T/92] Uo Areiqiaulluo AB|1M ‘]1uD aueiyo0D Aq z269T GOB/TTTT OT/I0p/w00 A3 1M Areiq i puljuo//:Sdny ol papeojumod ‘0 ‘98r2G9ET


https://doi.org/10.1007/s11273-017-9531-5
https://doi.org/10.1007/s11273-017-9531-5
https://doi.org/10.1007/s11273-018-9607-x
https://doi.org/10.1007/s11273-018-9607-x
https://doi.org/10.1002/ece3.5722
https://doi.org/10.1002/ece3.5722
https://doi.org/10.1002/ecs2.4234
https://doi.org/10.1088/1748-9326/ab56e6
https://doi.org/10.1111/gcb.14449
https://doi.org/10.1029/2020JG005909
https://doi.org/10.1029/2020JG005909
https://doi.org/10.4067/S0718-16202010000100012
https://doi.org/10.4067/S0718-16202010000100012
https://meetingorganizer.copernicus.org/EGU2019/EGU2019-9368-1.pdf
https://meetingorganizer.copernicus.org/EGU2019/EGU2019-9368-1.pdf
https://doi.org/10.1007/s10021-021-00659-z
https://doi.org/10.3390/w14203239
https://doi.org/10.3390/w14203239
https://doi.org/10.1016/j.landusepol.2009.08.006
https://doi.org/10.1016/j.landusepol.2009.08.006
https://doi.org/10.1038/s43017-022-00289-6
https://doi.org/10.1038/s43017-022-00289-6
https://globalclimateactionpartnership.org/app/uploads/2015/12/Assessment-on-peatlands-biodiversity-and-climate-change-main-report.pdf
https://globalclimateactionpartnership.org/app/uploads/2015/12/Assessment-on-peatlands-biodiversity-and-climate-change-main-report.pdf
https://globalclimateactionpartnership.org/app/uploads/2015/12/Assessment-on-peatlands-biodiversity-and-climate-change-main-report.pdf
https://doi.org/10.1038/s41598-018-26147-4
https://doi.org/10.1038/s41598-018-26147-4
https://doi.org/10.1088/1748-9326/9/5/055006/pdf
https://doi.org/10.1088/1748-9326/9/5/055006/pdf
https://doi.org/10.1098/rspb.2021.0609
https://doi.org/10.1016/j.ecoleng.2014.10.007
https://doi.org/10.1016/j.ecoleng.2014.10.007
https://doi.org/10.1016/j.actao.2011.04.001
https://doi.org/10.1016/j.actao.2011.04.001
https://doi.org/10.1023/A:1022046409485
https://doi.org/10.1023/A:1022046409485
https://doi.org/10.1672/0277-5212(2001)021%5B0032:DHTFSR%5D2.0.CO;2
https://doi.org/10.1672/0277-5212(2001)021%5B0032:DHTFSR%5D2.0.CO;2
https://doi.org/10.1016/j.geoderma.2019.03.032
https://doi.org/10.1016/j.geoderma.2019.03.032
https://www.gret-perg.ulaval.ca/fileadmin/Fichiers/centre_recherche/Peatland_Restoration_guide_2ndEd.pdf
https://www.gret-perg.ulaval.ca/fileadmin/Fichiers/centre_recherche/Peatland_Restoration_guide_2ndEd.pdf
https://doi.org/10.5194/bg-19-3285-2022
https://doi.org/10.5194/bg-19-3285-2022
https://doi.org/10.1016/j.ecoleng.2018.02.014
https://doi.org/10.1016/j.ecoleng.2018.02.014
https://doi.org/10.1007/s10021-007-9046-7
https://doi.org/10.1111/j.1365-2486.2008.01724.x
https://doi.org/10.1023/A:1022011027946

PACHECO-CANCINO ET AL.

Salm, J.-O., Maddison, M., Tammik, S., Soosaar, K., Truu, J., & Mander, U.
(2012). Emissions of CO,, CH, and N,O from undisturbed, drained
and mined peatlands in Estonia. Hidrobiologia, 692, 41-45. https://
doi.org/10.1007/s10750-011-0934-7

Samaritani, E., Siegenthaler, A., Yli-Petdys, M., Buttler, A., Christin, P.-
A., & Mitchell, E. A. D. (2010). Seasonal net ecosystem carbon ex-
change of a regenerating cutaway bog: How long does it take to
restore the C-sequestration function? Restoration Ecology, 19, 480-
489. https://doi.org/10.1111/j.1526-100X.2010.00662.x

Silvan, N., Jokinen, K., Nikkil3, J., & Tahvonen, R. (2017). Swift recov-
ery of Sphagnum carpet and carbon sequestration after shallow
Sphagnum biomass harvesting. Mires and Peat, 20, 1-11. http://
mires-and-peat.net/media/map20/map_20_01.pdf

Strachan, I. B., Pelletier, L., & Bonneville, M. C. (2016). Inter-annual vari-
ability in water table depth controls net ecosystem carbon dioxide
exchange in a boreal bog. Biogeochemistry, 127, 99-111. https://doi.
org/10.1007/s10533-015-0170-8

Strack, M., Cagampan, J., Hassanpour, F. G., Keith, A. M., Nugent, K.,
Rankin, T., Robinson, C., Strachan, I. B., Waddington, J. M., & Xu, B.
(2016). Controls on plot-scale growing season CO, and CH, fluxes
in restored peatlands: Do they differ from unrestored and natural
sites? Mires and Peat, 17, 1-18. http://mires-and-peat.net/media/
map17/map_17_05.pdf

Strack, M., Keith, A. M., & Xu, B. (2014). Growing season carbon diox-
ide and methane exchange at a restored peatland on the Western
boreal plain. Ecological Engineering, 64, 231-239. https://doi.org/10.
1016/j.ecoleng.2013.12.013

Strack, M., & Price, J. S. (2009). Moisture controls on carbon dioxide
dynamics of peat-Sphagnum monoliths. Ecohydrology, 2, 34-41.
https://doi.org/10.1002/eco.36

Strack, M., Waddington, J. M., Lucchese, M. C., & Cagampan, J. P. (2009).
Moisture controls on CO, exchange in a Sphagnum-dominated
peatland: Results from an extreme drought field experiment.
Ecohydrology, 2, 454-461. https://doi.org/10.1002/eco.68

Strack, M., & Zuback, Y. C. A. (2013). Annual carbon balance of a peatland
10 year following restoration. Biogeosciences, 10(5), 2885-2896.
https://doi.org/10.5194/bg-10-2885-2013

Sulman, B. N., Desai, A. R., Saliendra, N. Z., Lafleur, P. M., Flanagan, L. B.,
Sonnentag, O., Mackay, D. S., Barr, A. G., & van der Kamp, G. (2010).
CO, fluxes at northern fens and bogs have opposite responses to
inter-annual fluctuations in water table. Geophysical Research Letter,
37,L19702. https://doi.org/10.1029/2010GL044018

Swails, E. E., Ardén, M., Krauss, K. W., Peralta, A. L., Emanuel, R. E.,
Helton, A. M., Morse, J. L., Gutenberg, L., Cormier, N., Shoch, D.,
Settlemyer, S., Soderholm, E., Boutin, B. P., Peoples, C., & Ward,
S. (2022). Response of soil respiration to changes in soil tempera-
ture and water table level in drained and restored peatlands of the
southeastern United States. Carbon Balance Management, 17, 18.
https://doi.org/10.1186/s13021-022-00219-5

Swenson, M. M., Regan, S., Bremmers, D. T. H., Lawless, J., Saunders,
M., & Gill, L. W. (2019). Carbon balance of a restored and cutover
raised bog: Implications for restoration and comparison to global
trends. Biogeosciences, 16, 713-731. https://doi.org/10.5194/
bg-16-713-2019

Taskila, S., Sarkel, R., & Tanskanen, J. (2016). Valuable applications for
peat moss. Biomass Conversion and Biorefinery, 6, 115-126. https://
doi.org/10.1007/s13399-015-0169-3

Taylor, N., & Price, J. (2015). Soil water dynamics and hydrological prop-
erties of regeneration Sphagnum layers in a cutover peatland.
Hydrological Processes, 29, 3878-3892. https://doi.org/10.1002/
hyp.10561

Taylor, N., Price, J., & Strack, M. (2016). Hydrological controls on produc-
tivity of regenerating Sphagnum in a cutover peatland. Ecohydrology,
9,1017-1027. https://doi.org/10.1002/eco.1699

Thompson, D. K., & Waddington, J. M. (2008). Sphagnum under pres-
sure: Towards an ecohydrological approach to examining Sphagnum

Folio 1531
21 of 22
% Global Change Biology S\\VA I B DA%

productivity. Ecohydrology, 1, 299-308. https://doi.org/10.1002/
eco.31

Tomassen, H. B. M., Smolders, A. J. P, Lamers, L. P. M., & Roelofs, J.
G. M. (2004). Development of floating rafts after the rewetting of
cut-over bogs: The importance of peat quality. Biogeochemistry, 71,
69-87. https://doi.org/10.1007/s10533-004-3931-3

Tuittila, E.-S., Komulainen, V.-M., Vasander, H., & Laine, J. (1999). Restored
cut-away peatland as a sink for atmospheric CO,. Oecologia, 120,
563-574. https://doi.org/10.1007/s004420050891

Tuittila, E.-S., Vasander, H., & Laine, J. (2004). Sensitivity of C seques-
tration in reintroduced Sphagnum to water-level variation in a cut-
away peatland. Restoration Ecology, 12, 483-493. https://doi.org/
10.1111/j.1061-2971.2004.00280.x

Turetsky, M. R. (2003). The role of bryophytes in carbon and nitrogen
cycling. The Bryologist, 106, 395-409. https://doi.org/10.1639/05

Turetsky, M. R., Benscoter, B., Page, S., Rein, G., van der Werf, G. R.,
& Watts, A. (2015). Global vulnerability of peatlands to fire and
carbon loss. Nature Geoscience, 8, 11-14. https://doi.org/10.1038/
ngeo2325

Turetsky, M. R., Crow, S. E., Evans, R. J.,, Vit, D. H., & Wieder, R. K. (2008).
Trade-offs in resource allocation among moss species control de-
composition in boreal peatlands. Journal of Ecology, 96, 1297-1305.
https://doi.org/10.1111/j.1365-2745.2008.01438.x

Urék, ., Hartel, T., Gallé, R., & Balog, A. (2017). Worldwide peatland deg-
radation and the related carbon dioxide emissions; the importance
of policy regulations. Environmental Science and Policy, 69, 57-64.
https://doi.org/10.1016/j.envsci.2016.12.012

Valdés-Barrera, A., Kutzbach, L., Celis-Diez, J. L., Armesto, J. J., Holl, D.,
& Perez-Quezada, J. F. (2019). Effects of disturbance on the car-
bon dioxide balance of an anthropogenic peatland in Northern
Patagonia. Wetland Ecology Management, 27(5-6), 635-650.
https://doi.org/10.1007/s11273-019-09682-3

Vanselow-Algan, M., Schmidt, S. R., Greven, M., Fiencke, C., Kutsbach,
L., & Pfeiffer, E.-M. (2015). High methane emissions dominated
annual greenhouse gas balances 30years after bog rewet-
ting. Biogeosciences, 12, 4361-4371. https://doi.org/10.5194/
bg-12-4361-2015

Veber, G., Kull, A., Villa, J. A., Maddison, M., Paal, J., Oja, T., Iturraspe, R.,
Parn, J., Teemusk, A., & Mander, U. (2018). Greenhouse gas emis-
sions in natural and managed peatlands of America: Case studies
along a latitudinal gradient. Ecological Engineering, 114, 34-45.
https://doi.org/10.1016/j.ecoleng.2017.06.068

Vitt, D. H. (2006). Functional characteristics and indicators of boreal
peatlands. In R. K. Wieder & D. H. Vitt (Eds.), Boreal peatland eco-
systems. Ecological studies (Vol. 188). Springer. https://doi.org/10.
1007/978-3-540-31913-9_2

Waddington, J. M., Morris, P. J.,, Kettridge, N., Granath, G., Thompson,
D. K., & Moore, P. A. (2015). Hydrological feedbacks in northern
peatlands. Ecohydrology, 8, 113-127. https://doi.org/10.1002/
eco.1493

Waddington, J. M., & Price, J. S. (2000). Effect of peatland drainage,
harvesting, and restoration on atmospheric water and carbén ex-
change. Physical Geography, 21(5), 433-451. https://doi.org/10.
1080/02723646.200.10642719

Waddington, J. M., Strack, M., & Greenwood, M. J. (2010). Toward re-
storing the net carbon sink function of degraded peatlands: Short-
term response in CO, exchange to ecosystem-scale restoration.
Journal of Geophysical Research, 115, G01008. https://doi.org/10.
1029/2009JG001090

Walker, T. N., Garnett, M. H., Ward, S., Oakley, S., Bardgett, R. D., &
Ostle, N. J. (2016). Vascular plants promote ancient peatland car-
bon loss with climate warming. Global Change Biology, 22, 1880-
1889. https://doi.org/10.1111/gcb.13213

Ward, S. E., Bardgett, R. D., McNamara, N. P., & Ostle, N. J. (2009). Plant
functional group identity influences short-term peatland eco-
system carbon flux: Evidence from a plant removal experiment.

85U80 7 SUOWWIOD @A1Ie8.D 3(ed|(dde ayy Ag pausenob ke ssjoiie YO ‘8sn JO Sa|n. 1o A%eiq T 8ul|uO AB]1/M UO (SUORIPUOD-pUR-SLIBYWI0D" A3 1M ARe.q1BUI U/ SAHY) SUORIPUOD Pue SWie | 84} 83S *[£202/0T/92] Uo Areiqiaulluo AB|1M ‘]1uD aueiyo0D Aq z269T GOB/TTTT OT/I0p/w00 A3 1M Areiq i puljuo//:Sdny ol papeojumod ‘0 ‘98r2G9ET


https://doi.org/10.1007/s10750-011-0934-7
https://doi.org/10.1007/s10750-011-0934-7
https://doi.org/10.1111/j.1526-100X.2010.00662.x
http://mires-and-peat.net/media/map20/map_20_01.pdf
http://mires-and-peat.net/media/map20/map_20_01.pdf
https://doi.org/10.1007/s10533-015-0170-8
https://doi.org/10.1007/s10533-015-0170-8
http://mires-and-peat.net/media/map17/map_17_05.pdf
http://mires-and-peat.net/media/map17/map_17_05.pdf
https://doi.org/10.1016/j.ecoleng.2013.12.013
https://doi.org/10.1016/j.ecoleng.2013.12.013
https://doi.org/10.1002/eco.36
https://doi.org/10.1002/eco.68
https://doi.org/10.5194/bg-10-2885-2013
https://doi.org/10.1029/2010GL044018
https://doi.org/10.1186/s13021-022-00219-5
https://doi.org/10.5194/bg-16-713-2019
https://doi.org/10.5194/bg-16-713-2019
https://doi.org/10.1007/s13399-015-0169-3
https://doi.org/10.1007/s13399-015-0169-3
https://doi.org/10.1002/hyp.10561
https://doi.org/10.1002/hyp.10561
https://doi.org/10.1002/eco.1699
https://doi.org/10.1002/eco.31
https://doi.org/10.1002/eco.31
https://doi.org/10.1007/s10533-004-3931-3
https://doi.org/10.1007/s004420050891
https://doi.org/10.1111/j.1061-2971.2004.00280.x
https://doi.org/10.1111/j.1061-2971.2004.00280.x
https://doi.org/10.1639/05
https://doi.org/10.1038/ngeo2325
https://doi.org/10.1038/ngeo2325
https://doi.org/10.1111/j.1365-2745.2008.01438.x
https://doi.org/10.1016/j.envsci.2016.12.012
https://doi.org/10.1007/s11273-019-09682-3
https://doi.org/10.5194/bg-12-4361-2015
https://doi.org/10.5194/bg-12-4361-2015
https://doi.org/10.1016/j.ecoleng.2017.06.068
https://doi.org/10.1007/978-3-540-31913-9_2
https://doi.org/10.1007/978-3-540-31913-9_2
https://doi.org/10.1002/eco.1493
https://doi.org/10.1002/eco.1493
https://doi.org/10.1080/02723646.200.10642719
https://doi.org/10.1080/02723646.200.10642719
https://doi.org/10.1029/2009JG001090
https://doi.org/10.1029/2009JG001090
https://doi.org/10.1111/gcb.13213

Folio 1532
PACHECO-CANCINO ET AL.

22 of 22
—I—Wl [B2A%  [Clobal Change Biology

Functional Ecology, 23, 454-462. https://doi.org/10.1111/j.1365-
2435.2008.01521.x

Weston, D. J., Timm, C. M., Walker, A. P, Gu, L., Muchero, W., Schmutz,
J., Shaw, A. J., Tuskan, G. A., Warren, J. M., & Wullschleger, S. D.
(2015). Sphagnum physiology in the context of changing climate:
Emergent influences of genomics, modelling and host-microbi-
ome interactions on understanding ecosystem function. Plant,
Cell and Environment, 38, 1737-1751. https://doi.org/10.1111/
pce.12458

Whinam, J., & Buxton, R. (1997). Sphagnum peatlands of Australasia: An
assessment of harvesting sustainability. Biological Conservation, 82,
21-29. https://doi.org/10.1016/S0006-3207(97)00015-3

Whinam, J., Hope, G. S., Clarkson, B. R., Buxton, R. P.,, Alspach, P. A,,
& Adam, P. (2003). Sphagnum in peatlands of Australasia: Their
distribution, utilisation and management. Wetlands Ecology
and Management, 11, 37-49. https://doi.org/10.1023/A:10220
05504855

Wichmann, S., Prager, A., & Gaudig, G. (2017). Establishing Sphagnum
cultures on bog grassland, cut-over bogs, and floating mats:
Procedures, cost and area potential in Germany. Mires and Peat, 20,
1-19. http://mires-and-peat.net/media/map20/map_20_03.pdf

Williams, T. G., & Flanagan, L. B. (1998). Measuring and modeling envi-
ronmental influences on photosynthetic gas exchange in Sphagnum
and Pleurozium. Plant Cell and Environment, 21, 555-564. https://
doi.org/10.1046/j.1365-3040.1998.00292.x

Wilson, D., Blain, D., Cowenberg, J., Evans, C. D., Murdiyarso, D., Page, S.
E., Renou-Wilson, F., Rieley, J. O., Sirin, A. S., & Tuittila, E.-S. (2016).
Greenhouse gas emission factors associated with rewetting of or-
ganic soils. Mires and Peat, 17(4), 1-28. http://mires-and-peat.net/
media/map17/map_17_04.pdf

Wilson, D., Farrell, C., Mueller, C., Hepp, S., & Renou-Wilson, F. (2013).
Rewetted industrial cutaway peatlands in western Ireland: A prime
location for climate change mitigation? Mires and Peat, 11, 1-22.
http://mires-and-peat.net/pages/volumes/map11/map1101.php

Wu, J., & Roulet, N. T. (2014). Climate change reduces the capacity of
northern peatlands to absorb the atmospheric carbon dioxide: The

different responses of bogs and fens. Global Biogeochemical Cycles,
28, 1005-1024. https://doi.org/10.1002/2014GB004845

Yu, Z., Beilman, D. W., Frolking, S., MacDonald, G. M., Roulet, N. T.,
Camill, P., & Charman, D. J. (2011). Peatlands and their role in the
global carbon cycle. Eos, Transactions American Geophysical Union,
92(12), 97-98. https://doi.org/10.1029/2011E0120001

Yu, Z. C. (2011). Holocene carbon flux histories of the world's peatlands:
Global carbon-cycle implications. Holocene, 21, 761-774. https://
doi.org/10.1177/0959683610386982

Zegers, G., Larrain, J., Diaz, M. F., & Armesto, J. J. (2006). Impacto
ecoldgico y social de la explotacion de pomponales y turberas en
la Isla Grande de Chiloé (ecological and social impact of the ex-
ploitation of pomponales and peat bogs in the Big Island of Chiloé).
Revista Ambiente y Desarrollo, 22(1), 28-34.

Zhao, J., Peichl, M., Oquist, M., & Nilsson, M. B. (2016). Gross primary
production controls the subsequent winter CO, exchange in a bo-
real peatland. Global Change Biology, 22, 4028-4037. https://doi.
org/10.1111/gcb.13308

SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Pacheco-Cancino, P. A., Carrillo-
Lépez, R. F., Sepulveda-Jauregui, A., & Somos-Valenzuela, M.
A. (2023). Sphagnum mosses, the impact of disturbances and
anthropogenic management actions on their ecological role in
CO, fluxes generated in peatland ecosystems. Global Change
Biology, 00, €16972. https://doi.org/10.1111/gcb.16972

85U80 7 SUOWWIOD @A1Ie8.D 3(ed|(dde ayy Ag pausenob ke ssjoiie YO ‘8sn JO Sa|n. 1o A%eiq T 8ul|uO AB]1/M UO (SUORIPUOD-pUR-SLIBYWI0D" A3 1M ARe.q1BUI U/ SAHY) SUORIPUOD Pue SWie | 84} 83S *[£202/0T/92] Uo Areiqiaulluo AB|1M ‘]1uD aueiyo0D Aq z269T GOB/TTTT OT/I0p/w00 A3 1M Areiq i puljuo//:Sdny ol papeojumod ‘0 ‘98r2G9ET


https://doi.org/10.1111/j.1365-2435.2008.01521.x
https://doi.org/10.1111/j.1365-2435.2008.01521.x
https://doi.org/10.1111/pce.12458
https://doi.org/10.1111/pce.12458
https://doi.org/10.1016/S0006-3207(97)00015-3
https://doi.org/10.1023/A:1022005504855
https://doi.org/10.1023/A:1022005504855
http://mires-and-peat.net/media/map20/map_20_03.pdf
https://doi.org/10.1046/j.1365-3040.1998.00292.x
https://doi.org/10.1046/j.1365-3040.1998.00292.x
http://mires-and-peat.net/media/map17/map_17_04.pdf
http://mires-and-peat.net/media/map17/map_17_04.pdf
http://mires-and-peat.net/pages/volumes/map11/map1101.php
https://doi.org/10.1002/2014GB004845
https://doi.org/10.1029/2011EO120001
https://doi.org/10.1177/0959683610386982
https://doi.org/10.1177/0959683610386982
https://doi.org/10.1111/gcb.13308
https://doi.org/10.1111/gcb.13308
https://doi.org/10.1111/gcb.16972

Folio 1533

CAPITULO 12

PROPAGACION ARTIFICIAL DEL MUSGO SPHAGNUM
MAGELLANICUM BRID. (BRYOPHYTA: SPHAGNACEAE),
COMO MODELO PARA EL RESCATE DE ECOTIPOS
RELEVANTES EN LA CONSERVACION DE ECOSISTEMAS
DE TURBERAS

Rubeén Carrillo L. & Patricio Pacheco C.

Facultad de Ciencias Agropecuarias y Forestales. Departamento de Ciencias Agronémicas y
Recursos Naturales. Universidad de La Frontera.

E-mail: ruben.carrillo@ufrontera.cl

RESUMEN

La creciente demanda comercial por el musgo Sphagnum magellanicum Brid. en
Chile, ha generado una intensa actividad extractiva, impactando fuertemente
los ecosistemas naturales de pomponales y turberas naturales producto de su
sobreexplotacion y consecuente degradacion. Esta situacion hace necesario
generar acciones que permitan promover la conservacion y restauracion de
estos ecosistemas. Considerando ello, el presente trabajo tuvo como objetivo
colectar diversos ecotipos del musgo S. magellanicum y seleccionar aquel
que presentd las caracteristicas morfolégicas mas apropiadas y demandadas
en el ambito de su comercializacion para ser masificado ex situ. Para ello
se realizd una prospeccion de areas con presencia de S. magellanicum en
turberas antropogénicas entre las regiones de Los Rios y de Los Lagos, desde
donde se colectaron muestras de cada subpoblacion. El ecotipo seleccionado
correspondi6 al ubicado en el sector de Quillaipe, en la provincia de Llanquihue,
el cual se masifico artificialmente en 6 contenedores de fibra de vidrio de 14
m?3, instalados en un invernadero de 275 m? de estructura metalica y cubierta de
policarbonato, provisto de un sistema hidraulico que permitio la circulacion de
agua entre la turbera y el invernadero. En cada contenedor se deposit6 fierrillo,
turba y una capa semidescompuesta de musgo sobre la cual se sembraron
segmentos de 10 a 15 cm de Sphagnum. Los resultados arrojaron un crecimiento
promedio en la longitud del caulidio de 0,46 y 0,78 cm por mes para la primera
y segunda temporada anual respectivamente, superando las tasas naturales de
crecimiento registradas en turberas antropogénicas. Se espera que el desarrollo
de esta experiencia permita, a futuro, sentar las bases para el rescate y la
conservacion de ecotipos de Sphagnum magellanicum, favoreciendo con ello la
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conservacion y la restauracion de ecosistemas de turberas perturbados por la
actividad extractiva del musgo.

Palabras clave: produccion artificial, ecotipos, Sphagnum magellanicum,
conservacion, restauracion.

INTRODUCCION

Las turberas corresponden a ecosistemas de humedales distribuidos en latitudes
altas en ambos hemisferios, aunque también es posible encontrarlos en zonas
tropicales (Diaz et al. 2015; Xu et al. 2018). Cubren cerca de 400 millones de ha,
equivalente al 2,8% de la superficie terrestre mundial, y representan el 55% de
los humedales del planeta (Secretaria de la Convencion de Ramsar, 2004; Xu et
al. 2018). Ellas también han sido reconocidas mundialmente por el suministro
de bienes y servicios ecosistémicos que entregan a la sociedad, destacandose
sus contribuciones en el abastecimiento, la regulacion y la calidad del recurso
hidrico, ademas de los servicios de regulacion y soporte como la conservacion
de la biodiversidad y el secuestro de carbono, a lo que se suma la provision de
turba, musgos y fibras, entre otros recursos (Kimmel & Mander, 2010; De Groot
et al. 2012; Grand-Clement et al. 2013; Martin-Ortega et al. 2014; Webster et
al. 2018).

A pesar de sus importantes valores ecologicos y ambientales, las turberas han
sido utilizadas en forma intensa principalmente en las zonas boreales, y desde
hace algunas décadas atras en zonas tropicales y patagonicas, causando su
degradacion debido al drenaje, la extraccion indiscriminada de turba, los incendios,
0 el cambio de uso del suelo para la habilitacion de tierras para la produccion
agricola y forestal (Turestsky et al. 2015). Las turberas patagonicas presentes en
Chile y Argentina han recibido menores perturbaciones en cuanto a intensidad y
temporalidad, manteniéndose gran parte de su superficie en condiciones pristinas
debido a las dificultades de acceso (Kleinebecker et al. 2010).

En Chile, los ecosistemas de turberas estan circunscritos a la region de Tundra y,
en sentido estricto, se extienden desde el golfo de Penas hasta el extremo sur del
pais (48°S - 56°S). Sin embargo, es posible observar incursiones septentrionales
de dicha region hasta la zona de cordillera Pelada, al sur de la region de Los Rios
(Schlatter & Schlatter, 2004; Leon et al. 2012). Dentro de esta zona, y en particular
enlaregionde Los Lagos, existenturberas originadas tras el retroceso de glaciares
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(turberas naturales) y también
otras areas que corresponden a
lugares anegados, y dominados
por musgos del género
Sphagnum, denominadas
turberas antropogénicas, o
localmente como pomponales,
debido a que su origen se
asocia a la quema o tala rasa
de bosques nativos en sitios
con drenaje pobre, por lo que
son mucho mas recientes que las turberas naturales del extremo sur del pais
(Zegers et al. 2006; Diaz et al. 2008; Diaz et al. 2012).

Durante las Gltimas décadas del siglo pasado las turberas de la region de Los
Lagos comenzaron a ser intervenidas con el objetivo de extraer turba (Valenzuela
& Schlatter, 2004; Ledn et al. 2012). Junto a ello, a partir de mediados de la
década de los 90, las turberas antropogénicas o pomponales comienzan a
cobrar gran relevancia debido al interés por la cosecha y comercializacion del
musgo Sphagnum magellanicum, constituyéndose en una fuente de trabajo
durante los meses de verano en las comunidades rurales. La creciente demanda
por el musgo Sphagnum en la region de Los Lagos y de turba en la region de
Magallanes ha traido como consecuencia una intensa actividad extractiva, lo
que ha impactado fuertemente los ecosistemas naturales de los cuales forman
parte, ello porque dificilmente vuelven a ser funcionales, debido a la lenta
recuperacion de las areas, siendo finalmente abandonados (Diaz & Silva, 2018). El
drastico deterioro de estos ecosistemas, junto a la fragmentacion y degradacion
de importantes habitats biologicos, han llevado a una enorme pérdida en la
riqueza de especies y su diversidad genética. Las severas alteraciones de las
condiciones ecohidrologicas y microclimaticas que han ocurrido en pomponales
y turberas cosechadas intensamente, han dificultado la recolonizacion del
musgo Sphagnum, disminuyendo con ello las superficies productivas de este
recurso (Ledn et al. 2014; Dominguez & Vega-Valdés, 2015; Diaz & Silva, 2018).

Esta problematica ha llevado a desarrollar una serie de iniciativas tendientes
a disminuir el impacto sobre estos importantes ecosistemas, las cuales se
han orientado al disefio y difusion de técnicas de cosecha sustentable para su
implementacion por parte de los recolectores (Dominguez, 2014; Oberpaur et
al. 2018), siendo un importante aporte en la solucion del problema; pero en la
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practica, pocos recolectores aplican estas recomendaciones, principalmente
por el nivel de degradacion de algunos pomponales y la necesidad de alcanzar
volimenes determinados de produccion.

Por otra parte, no se han identificado ni masificado aquellos ecotipos del
musgo que, desde el punto de vista comercial, generen mejores oportunidades
de mercado considerando las caracteristicas de calidad demandadas por los
exportadores, asi como el rol ecologico que éstos cumplen y que deben ser
resguardados para futuras acciones de restauracion. En este sentido, algunos
paises europeos (Alemaniay Finlandia) estan desarrollando opciones alternativas
de uso de la tierra para turberas, las que se basan en el cultivo de musgos
Sphagnum asociados al concepto de paludicultura de turberas, permitiendo
la produccion de biomasa de musgos al tiempo que se evita el drenaje y la
extraccion de turba, proporcionando una alternativa de uso sostenible para
estos ambientes (Wichmann et al. 2017; Giinther et al. 2018). Junto a ello, la
implementacion de actividades de restauracion de turberas dominadas por
Sphagnum, conocida como técnica de transferencia de capa de musgo (Quinty
& Rochefort, 2003), necesariamente requiere de sitios donantes donde el musgo
Sphagnum es extraido desde turberas naturales, provocando alteraciones
adicionales ante la imposibilidad de contar con una produccion ex situ, como
ocurre con la viverizacion de plantas vasculares (Murray et al 2017). En la
actualidad no existen experiencias descritas que den cuenta de una propagacion
artificial ex situ del musgo Sphagnum magellanicum desde un punto de vista
productivo, junto a la seleccion de caracteristicas comerciales de este recurso
en base a la prospeccion, seleccion, recuperacion y propagacion artificial de
ecotipos superiores. Por tanto, de manera inédita, se generd un sistema artificial
ex situ de produccion del musgo que permitid resguardar la mantencion de la
calidad del recurso, y promover un volumen para apoyar el resguardo ecologico
de ecosistemas de pomponales y turberas de Sphagnum, los cuales por su
extension en nuestro pais juegan un rol fundamental en los flujos de gases de
efecto invernadero (CO,, CH,, N,O) y en la regulacion del régimen hidrico de los
sectores donde se emplazan (Carrillo & Pacheco, 2017).

El presente trabajo tuvo como objetivo colectar ecotipos del musgo de turbera
Sphagnum magellanicum Brid. y seleccionar aquel que presentd las mejores
caracteristicas morfologicas en cuanto a la calidad exigida para el producto
a comercializar, para luego ser masificado ex situ considerando para ello
las condiciones ambientales que favorecen su adecuado establecimiento y
reproduccion.
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Esta investigacion se desarrolld en el marco del Proyecto FIA (Fundacion para
la Innovacion Agraria) “Plan Piloto de Masificacion del Musgo Sphagnum” PYT-
0087-2012 y ha sido registrada su propiedad intelectual con la inscripcion
N°©277.195.

METODOLOGIA
Colecta y seleccion de ecotipo

La colecta de ecotipos se realizd en base a los antecedentes bibliograficos
existentes, la informacion aportada por servicios plblicos (INDAP, ODEPA) y
por comercializadores del musgo, logrando seleccionar un area geografica
comprendida entre las provincias de Valdivia (region de Los Rios) y Chiloé (region
de Los Lagos). Dentro de esta area geografica se seleccionaron 5 sectores
para la colecta del musgo, los cuales se detallan en el Tabla 1 y Fig. 1. En cada
uno de estos lugares se extrajeron tres muestras compuestas de musgos,
equidistantes 1 m a un punto central seleccionado como representativo del
area para el cual se registrdo su coordenada UTM mediante GPS. El musgo se
extrajo manualmente y se almacend directamente en bolsas Ziploc rotuladas.
Las muestras se almacenaron en un cooler con gel refrigerante para luego ser
transportadas al Laboratorio de Biologia Vegetal (LBV) de la Universidad de La
Frontera, donde fueron refrigeradas a una temperatura de 2° C. En cada sector
de muestreo se midieron las caracteristicas quimicas del aguay se caracterizo la
vegetacion circundante, aspectos ecoldgicos que condicionan junto al clima, el
crecimiento y desarrollo del musgo, los cuales son de interés para la evaluacion
de su 6ptimo crecimiento. La identificacion taxondmica se realizd mediante
metodologias clasicas apoyadas con técnicas de biologia molecular. Para ello,
las muestras fueron analizadas en la seccion de Botanica del Museo Nacional
de Historia Natural, en donde se corrobord que todos los individuos colectados
correspondian a la especie de bridfito Sphagnum magellanicum Brid.

Tabla 1. Sectores de colecta de ecotipos del musgo de turbera Sphagnum magellanicum.

Sector Region Provincia Coordenadas UTM S | Coordenadas UTM E

Los Ulmos | Los Rios Valdivia 5573413 S 659361 E
Quillaipe Los Lagos Llanquihue 5395124 S 690510 E
Aucar Los Lagos Chiloé 5329901 S 622477 E
El Palomar | LosLagos Chiloé 5341332S 598626 E
Quellon Los Lagos Chiloé 5241874 S 608714 E
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Fig. 1. Sectores de colecta de ecotipos del musgo S. magellanicum.

En el LBV se seleccionaron aquellos ecotipos superiores, es decir, que cumplian
con caracteristicas fenotipicas de interés comercial. Para ello también se
consulto la opinion especializada de pequenos productores y de exportadores
del musgo pompon. Los parametros de calidad que son demandados por parte de
compradores nacionales y exportadores para el musgo Sphagnum se focalizan
principalmente en 2 aspectos, los que corresponden al grosor y la longitud de
la fibra, ademas de que el producto no presente impurezas. En algunos casos
también es posible que se soliciten caracteristicas basadas especialmente en
el color del musgo. Considerando lo indicado, la descripcion morfologica fue
realizada en base a parametros cuantitativos y cualitativos para cada uno de
los ecotipos muestreados. Dentro de los analisis cuantitativos se realizaron
mediciones del largo de fasciculos (conjunto de ramas que nacen de una
insercion en el caulidio), ademas del largo y ancho de filidios. Se consideraron
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estos parametros ya que al tener una mayor longitud de agrupaciones y mayores
anchos de caulidio se asume un mayor poder de absorcion del musgo. En cuanto
a los parametros cualitativos se evaluaron la forma, coloracion y concavidad de
filidios en agrupaciones y aquellos que salen directamente del caulidio.

Proceso de propagacion artificial

El proceso de propagacion artificial considerd el desarrollo de infraestructura,
la cual fue instalada en un terreno particular perteneciente a uno de los socios
de la Agrupacion Gremial de Pequenos Agricultores de Musgo Pompon, ubicado
en la localidad de Quillaipe, distante aproximadamente 28 km al sureste de la
ciudad de Puerto Montt por la ruta 7 (Fig. 2).

Leyenda
= Localidad Quillaipe
Ubicacion infraestructura

':'_-;':&#: Eaeth

Fig. 2. Localizacion infraestructura para la produccion artificial del musgo S. magellanicum,
Referencia respecto a la ciudad de Puerto Montt.

una superficie de 275 m? (25 m de largo por 11 m de ancho) construido en
estructura metalica y recubierto completamente con policarbonato alveolar.
Se confeccionaron 6 contenedores de fibra de vidrio de un volumen de 14 m3
cada uno y cuyas medidas fueron de 10 m de largo, 2 m de ancho y 0,7 m de
altura, de color gris para impedir la proliferacion de algas en el fondo y los
bordes del contenedor. La disponibilidad permanente de agua en la produccion
artificial del musgo fue obtenida directamente desde el humedal (turbera) hacia
los contenedores. Es asi como se desarrollé un sistema hidraulico que permitio
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captar el agua de la turbera, transportarla hacia los contenedores y después tener
la posibilidad de devolverla al humedal. Para ello se construy6 un acumulador de
agua en el humedal a 70 m en linea recta del invernadero. El sistema hidraulico
considerd la instalacion de una motobomba en el punto de salida del acumulador
y cafierias de PVC para el transporte del agua hacia el invernadero (Fig. 3).

Fig. 3. Infraestructura generada para el proceso de masificacion artificial.
A) Invernadero recubierto en policarbonato, B) Contenedores de fibra de vidrio,
C) Caseta motobomba sistema hidraulico y D) Acumulador de agua en la turbera.

En el invernadero se instalaron tuberias subterraneas de PVC y una llave
de paso de agua para cada contenedor. Para la extraccion del agua desde
los contenedores hacia la turbera se instalé una motobomba al interior del
invernadero con un montaje de filtros para reducir el transporte de sedimentos.
El sistema de recarga y descarga de agua fue ejecutado a través de un panel de
control dispuesto dentro del invernadero, el cual ademas disponia de todos los
bloqueos de seguridad necesarios para no danar las motobombas en caso de
que no se produjera la succion y el movimiento del agua (Fig. 4). Se instalaron
6 ventanas abatibles dispuestas en las paredes, junto a dos extractores
industriales ubicados en la cara frontal de la nave para realizar la circulacion de
aire y controlar la temperatura dentro del invernadero. Los extractores estaban
sincronizados con 4 persianas instaladas en la cara posterior del invernadero
para permitir la extraccion del aire calido acumulado al interior de la nave. Este
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sistema permitio reducir la temperatura ambiental de manera rapiday eficiente.
Para el funcionamiento automatico de los extractores se instaldé un timer digital
conectado a un sensor de temperatura ambiental ubicado en el interior del
invernadero. Durante el periodo estival se considerd necesaria la instalacion de
una malla raschel de 80% de sombreado sobre el techo del invernadero, y sobre
cada uno de los contenedores para disminuir la temperatura y la radiacion solar
excesiva, favoreciendo el crecimiento del musgo (Fig. 4).

Fig. 4. Sistema hidraulico dispuesto en el interior del invernadero. A) Motobomba de ex-
traccion de agua desde contenedores, B) Tablero de control, C) Llaves de paso dispuestas
en cada contenedor, D) Incorporacion de agua a contenedores, E) Extractores de aire indus-
triales y F) Persianas sincronizadas a extractores para la circulacion del aire.
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El disefio de masificacion artificial considerd un sistema que replicara las condi-
ciones naturales de crecimiento del musgo en turberas antropogénicas presen-
tes en el sector de Quillaipe, las cuales se caracterizan por presentar un reducido
estrato de turba, el cual se acumula sobre un suelo mineral caracterizado por la
presencia de una capa cementante de fierrillo (6xidos de fierro y aluminio), el
cual provoca el anegamiento permanente o temporal de la turbera, y proporcio-
na condiciones quimicas particulares al agua presente en este ambiente.

Considerando ello, se recolectd una proporcion de fierrillo, obtenida del mis-
mo sector de emplazamiento de la infraestructura, el que fue esparcido homo-
géneamente en cada contenedor formando una capa de 10 cm de alto. Poste-
riormente se realiz6 un procedimiento similar con la turba, la cual fue obtenida
desde cortes transversales en los bordes del humedal. La turba fue dispuesta de
manera homogénea sobre la capa de fierrillo estableciendo un estrato de 10 cm
de alto. Luego los contenedores fueron cargados parcialmente con agua para
cubrir los estratos de fierrillo y turba. Sobre las dos capas anteriores se incorpo-
raron homogéneamente 5 cm de musgo Sphagnum semidescompuesto sin ca-
pacidad de desarrollo, a modo de sustrato organico, el cual fue obtenido directa-
mente desde la turbera. Finalmente se sembraron hebras de 10 a 15 cm de largo
del ecotipo de musgo seleccionado para su masificacion artificial (Campeau &
Rochefort, 1996; Quinty & Rochefort, 2003), las cuales fueron esparcidas homo-
géneamente sobre el estrato de musgo parcialmente descompuesto. El material
vegetal a propagar se obtuvo de la cosecha de ~ 70 kg de musgo himedo desde
la turbera aledaia, el cual se limpid y permanecio en dicho lugar hasta que per-
di6 el 50% de su humedad. De esta manera se trat6 de afectar en menor medida
el ciclo hidrolégico del humedal (Dominguez, 2014). Luego de ello el musgo fue
trasladado al invernadero para ser pesado y utilizado en la siembra de los conte-
nedores. Se usaron ~ 25 kg de musgo para ser destinados en la siembra de cada
contenedor, valor que se utilizo para establecer una relacion de peso ganado
al momento de la cosecha de los contenedores. Inmediatamente luego de la
siembra, todos los contenedores fueron irrigados considerando como referencia
un nivel freatico muy proximo a la superficie (- 2 cm de profundidad) en el cual
el contacto de las hebras con el agua fue superficial, sin que éstas quedaran su-
mergidas como material sobrenadante.

La primera siembra fue realizada a inicios del mes de junio del afo 2014, luego
de lo cual los Gnicos factores que se mantuvieron en constante vigilancia fueron
el nivel de agua en los contenedores (todo el periodo) y los niveles de radiacion
y temperatura (en el periodo estival). La primera cosecha fue realizada en el mes
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de mayo del afio 2015. El segundo periodo de crecimiento considera la siembra
realizada en el mes de junio del ano 2015 y la cosecha en el mes de junio de
2016.

La cosecha del musgo en los contenedores se realizd6 mediante un sistema de
bloques alternados, el cual consistio en dividir los contenedores en 10 secciones
de 1 mcada uno, generando un total de 10 bloques de similar superficie en cada
contenedor (cada bloque tuvo una superficie de 2 m?). Este patron se mantuvo
durante todo el contenedor, cosechando una superficie total de 10 m? La co-
secha se realizd extrayendo manualmente el musgo en los bloques impares y
dejando intactos los bloques pares, es decir, se cosecho un bloque por medio.
Se optd por este sistema con el objetivo de contar con material vegetal para la
recolonizacion de los bloques cosechados. Luego de la cosecha, el material fue
transportado al tendal para su secado por un periodo aproximado de 15 a 20
dias. Posterior al secado, el musgo fue transportado nuevamente al invernadero
para ser pesado una vez mas.

Durante cada periodo de evaluacion de 1 afo, se realizaron 3 mediciones inter-
medias y una medicion final del crecimiento en longitud de las hebras de musgo
sembradas. Para ello, cada contenedor fue dividido en 3 secciones de 3,3 m cada
ung, y dentro de cada seccion se extrajeron al azar 10 hebras de musgo obteni-
das desde los bordes y desde el centro del contenedor. Por tanto, se midio una
muestra de 30 hebras de musgo por contenedor. Se registro el crecimiento en
longitud de las hebras mediante un pie de metro digital a partir de la elongacion
de los caulidios, el cual es impulsado por el proceso de fotosintesis realizado
mayormente en los capitulos de cada segmento.

Analisis Estadistico

En el caso de los analisis realizados sobre los parametros morfologicos que
fueron evaluados para determinar el mejor ecotipo, los datos se sometieron a
una prueba de Kruskal-Wallis para 5 grupos con el proposito de determinar si
existian diferencias estadisticamente significativas entre las 5 areas muestrales
trabajadas. Esto debido a que los datos no presentaron una distribucion normal.
Posteriormente, se analizaron las areas muestrales en pares, con la prueba de
Mann-Whitney-Wilcoxon para dos grupos, con el fin de determinar exactamen-
te cuales eran los sectores que presentaron diferencias en la distribucion de su
varianza.
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RESULTADOS Y DISCUSION
Seleccion de ecotipo a masificar

La descripcion morfologica de parametros cuantitativos pretendié determinar la
existencia de diferencias entre estos parametros que puedan ser considerados
estadisticamente significativos entre las distintas procedencias. Se debe des-
tacar la necesidad de identificar parametros morfolégicos idénticos, para final-
mente obtener resultados que sean comparables entre un area muestral y otra.
Los resultados de los parametros cuantitativos se presentan a continuacion.

Parametros cuantitativos evaluados

En la Tabla 2 se presentan los valores promedios y las desviaciones estandar
para las muestras de cada procedencia que fueron evaluadas en cada uno de los
parametros morfologicos cuantitativos considerados en el analisis.

Tabla 2. Valores promedio y desviaciones estandar para las mediciones de parametros
cuantitativos evaluados para cada procedencia de musgo Sphagnum.

Eﬂ;?\fgg{?vo evaluado Egg:lo': 0/ Procedencia | pedia X (mm) Pn‘::;’)iadén Estandar
Largo de fasciculos Los Ulmos 8,800 1,937
EL Palomar 9400 2,500
Quelldn 8,333 2,454
Quillaipe 9267 2,180
Aucar 10,067 2,333
Largo de filidios Los Ulmos 2,113 0,340
El Palomar 2,497 0,206
Quelldn 2,117 0,305
Quillaipe 2,040 0,298
Aucar 2,340 0,244
Ancho de filidios Los Ulmos 0,990 0,195
El Palomar 1,050 0,170
Quellén 1,033 0,267
Quillaipe 1,093 0,198
Aucar 1,030 0,168
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En el caso del parametro largo de fasciculos, el valor p arrojado por la prueba
estadistica de Kruskal-Wallis fue de p= 0,023, por lo tanto, existieron diferencias
estadisticamente significativas entre las muestras de largo de fasciculos entre
los distintos sectores de procedencia examinados. Al aplicar la prueba por pares
de Mann-Whitney-Wilcoxon los resultados arrojaron que el area de muestreo de
Quillaipe presenta diferencia estadisticamente significativa con las areas mues-
trales de Los Ulmos y Quelldn. Sin embargo, estas Gltimas no presentan diferen-
cia significativa entre si. Las areas de muestreo correspondientes a El Palomar
y Aucar presentaron los promedios mas altos de largo de fasciculos extendidos.
A su vez las areas muestrales de Quillaipe, Los Ulmos y Quellon presentaron los
valores mas bajos. Se observd en terreno que el nivel freatico era mas superficial
en las areas muestrales de Aucar y El Palomar que en Quillaipe, Los Ulmos y Que-
llon. Considerando esta situacion es probable que la longitud de los fasciculos
extendidos esté influenciada por las condiciones de anegamiento y, por tanto,
mayor disponibilidad de agua, en la que se encontraban los sectores cuando se
extrajeron las muestras.

En el caso del parametro largo de filidios, el valor p arrojado fue de p = 0,011,
por lo tanto, existieron diferencias estadisticamente significativas entre las
muestras de largo de filidios en los distintos sectores de procedencia examinados.
La prueba por pares mostro que las areas de muestreo de El Palomar y Aucar
presentaron diferencia estadisticamente significativa con todos los demas
sectores, incluyendo diferencias mutuas. Al igual que el parametro de largo de
fasciculos, el referido al largo de filidios puede estar fuertemente influenciado
por un nivel freatico mas superficial en ambos sectores y una menor proporcion
de cobertura de proteccion de plantas herbaceas y arbustivas sobre el musgo.

Finalmente, en el caso del parametro ancho de filidios, el valor p arrojado fue de
p=0,276, por lo tanto, no existieron diferencias estadisticamente significativas
entre las muestras de ancho de filidios en los distintos sectores de procedencia
examinados.

En relacion a los resultados obtenidos, y realizando un consolidado de los 3 pa-
rametros cuantitativos evaluados, se puede mencionar que las procedencias de
El Palomar y Quillaipe fueron las que presentaron las mejores caracteristicas
morfologicas. No obstante, las muestras de El Palomar son superiores a las
de Quillaipe, principalmente en los parametros largo de fasciculos y largo de
filidios. Sin embargo, el ancho de los filidios se considera uno de los parametros
mas importantes desde el punto de vista de las caracteristicas comerciales
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del musgo, ya que un mayor ancho de filidio indica una mayor concentracion
de células hialinas dentro de este componente vegetal, lo que favoreceria
positivamente la absorcion de agua, siendo este valor mas elevado en las
muestras obtenidas desde Quillaipe (Tabla 2).

Parametros cualitativos evaluados

En la descripcion de filidios de caulidio se apreciaron diferencias significativas,
principalmente en su forma, concavidad y la coloracion. Las areas muestrales
de Quillaipe, Quellén y Aucar presentaron forma de filidio espatulada, lo que
conlleva mayor concavidad y menor superficie basal. En cambio, el area de El
Palomar presentd forma de filidio ovalada en el apice, lo que presenta como
consecuencia una mayor superficie basal. Caso intermedio resultd el area de Los
Ulmos, que presentd una mezcla de ambos tipos de filidios, en mayor proporcion
ovalados y en menor proporcion espatulados (base muy angosta). Su concavidad
fue la mas alta de los cinco sectores muestreados.

En cuanto a la coloracion, principalmente se diferenciaron por el engrosamiento
de sus bases y bordes. En las areas de Quellon y Quillaipe se aprecid un color
marron oscuro, a su vez en las areas de Los Ulmos, EL Palomar y Aucar se ob-
servaron bases y bordes de color rojo oscuro a naranjo. Cabe destacar que la
coloracion de los filidios va a depender en gran medida de la radiacion solar a
la cual se encuentra expuesta la planta. Es asi como aquellas que se encuentran
con una exposicion plena al sol, es decir, sin un grado de cobertura de proteccion
desarrollan un mecanismo que les permite decolorar los filidios del capitulo.
Esta estrategia permite que la radiacion solar que llega a las plantas se refleje
por la mayor tonalidad palida que presentan, permitiendo una menor deseca-
cién y con ello una mayor tasa de fotosintesis en los capitulos (Van Gaalen et al.
2007; Fukuta et al. 2012), aunque también existen evidencias que indican que los
cambios en la coloracion del musgo obedecen a disminuciones del contenido de
clorofila y de su capacidad fotosintética (Harley et al. 1989).

En la descripcion de filidios de fasciculos se apreciaron diferencias significativas,
principalmente en forma y concavidad. Las areas muestrales de Los Ulmos y
Quellén presentaron filidios con forma ovada. El area de Aucar presentd los filidios
con forma lanceolada. Las areas muestrales de El Palomar y Quillaipe no tenian una
forma definida, se encontraron individuos con ambos tipos de forma lanceolada a
ovada. La concavidad fue alta en las areas muestrales de Los Ulmos, Quillaipe y
Quelldn, y media a moderada en las areas muestrales de El Palomar y Aucar.
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De acuerdo a los resultados obtenidos, el ecotipo de EL Palomar es el que presenta
la mayor superficie basal. A su vez Quillaipe present6 filidios espatulados y con
mayor concavidad. La mayor concavidad de un filidio es una buena caracteristica
comercial en el sentido de que existe una mayor superficie de absorcion. No
obstante, seria adecuado conocer en qué seccion del filidio se produce la mayor
concentracion de humedad al colocar el musgo en contacto con el agua. De esta
manera se definiria con base cientifica cual de las dos procedencias es la mas
adecuada.

Desde el punto de vista de la coloracion, el color marron anaranjado presente
en el musgo de El Palomar lo descalificd al compararlo con la procedencia de
Quillaipe, ya que este ltimo presenta un tipo de coloracion marron, la cual es
mas demandada en los comercios internacionales.

Consulta a expertos

Los resultados que arrojo la consulta a expertos indicaron una clara preferencia
hacia los ecotipos de Quillaipe y de Aucar. De acuerdo a sus apreciaciones, el
ecotipo de Quillaipe presenta un adecuado largo y grosor de fibra, ademas de
una adecuada densidad de filidios por hebra, lo que le entrega mayor estabilidad
a la fibra. A su vez, el resumen de comentarios hacia el ecotipo de Aucar indica
que el largo de la fibra es muy adecuado, no obstante, presenta deficiencias en
el grosor de la fibra a lo que se suma una baja densidad de filidios por hebra,
disminuyendo de esta manera la resistencia de la fibra.

Alconsultarlesporunaasignaciondevalorenbaseaponderaciones que entregarian
a los parametros de largo de hebra, ancho de fibra y capacidad de absorcion de
agua para determinar cual de los ecotipos presenta mejores caracteristicas para
su comercializacion, los resultados sefialan que el mayor peso lo tiene el largo de la
hebra, seguido por el grosor o ancho de fibray finalmente la capacidad de absorcion
de agua. Desde el punto de vista cuantitativo los resultados estandarizados de
ponderaciones entregados por los expertos consultados dan por conclusion que
el parametro largo de fibra tendria un valor de ponderacion entre el 40 a 45 %, el
ancho de fibra entre un 30 a 35% y la capacidad de absorcion de agua valores de
entre un 10 a 15%. De esta manera se establecid una ponderacion estandarizada
final para determinar, en base a los valores de los parametros sefalados, cual de
los ecotipos seria el mas apropiado para comercializacion. Los valores indican una
ponderacion final de un 45% para el largo de fibra, 35% para el ancho de fibray
un 20% para la capacidad de absorcion.
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Al aplicar estas ponderaciones sobre los valores medios obtenidos para cada
parametro, los resultados arrojan que el ecotipo Aucar seria el mas adecuado
con un valor de 14,6; seguido de Quillaipe con un valor de 12 y mas atras El
Palomar con 7,1; Los Ulmos con 7 y Quelldn con 4,5. No obstante, al afiadir a esta
evaluacion las caracteristicas cualitativas asociadas principalmente al color, el
ecotipo seleccionado para el proceso de masificacion artificial correspondid al
de Quillaipe.

Evaluacion del proceso de masificacion artificial

La evaluacion del proceso de masificacion artificial considero tres mediciones
intermedias y una al final de cada periodo de un afo. La primera medicion
intermedia del primer periodo se realiz6 al quinto mes de efectuada la siembra,
coincidente con elinicio en el aumento de la radiacion solar y la temperatura. Los
resultados obtenidos mostraron un crecimiento promedio de 2,5 cm por fibra,
equivalente a un crecimiento promedio de 0,63 cm por mes, crecimiento mayor
a los descritos en la literatura para Sphagnum magellanicum en condiciones
naturales. Es asi como en ensayos de restauracion de turberas en la Patagonia
con siembras de hebras de este musgo en humedales explotados, el crecimiento
fluctud entre 2,5 a 5,0 mm por afo (Dominguez & Larrain, 2013; Dominguez,
2014), proceso extremadamente lento para alcanzar la recuperacion de la
turbera. Para turberas secundarias cercanas a Puerto Montt (region de Los Lagos),
la evaluacion del crecimiento y productividad de este musgo realizado en nueve
turberas, donde se consideraron dos situaciones microtopograficas distintas, los
valores de crecimiento reportados fueron de 0,22 cm/mes para los monticulos y
de 0,43 cm/mes para sectores planos (Diaz et al. 2012). De acuerdo a Schofield
(20017), la tasa de crecimiento de Sphagnum varia ampliamente. El crecimiento
es predominantemente apical e indeterminado y disminuye a medida que la
altitud aumenta.

La evaluacion del crecimiento en condiciones controladas se considera exitosa,
pues el registro incluye gran parte del periodo invernal, ya que en condiciones
naturales este periodo no es favorable para el desarrollo del musgo, debido al
menor nivel de radiacion solar. Para Tapia (2008), la mayor tasa de crecimiento
en turberas secundarias de la provincia de Llanquihue ocurrid entre los meses
de enero a marzo.

Antes de realizar la primera cosecha, se registrd una nueva medicion del

crecimiento de las fibras con el fin de conocer el comportamiento de la
produccion luego del periodo estival. Los resultados del crecimiento fueron
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mucho mejores que los obtenidos inicialmente, corroborando de esta manera
lo sefalado por Tapia (2008). Se aprecid un notable desarrollo de los capitulos
del musgo con una mayor elongacion de caulidios y filidios, mostrandose mas
alargados y engrosados, lo que fortalece la fibra. El color verde intenso del musgo
en los meses de enero y febrero contrasta con la tonalidad marron que presenta
en el mes de marzo, debido al efecto de la malla sombreadora.

Los registros de desarrollo para esta medicion indican un crecimiento acumulado
promedio de 4,5 cm en un periodo de 9 meses, con valores de hasta 5 cm en
este periodo. Estos registros indican un crecimiento promedio mensual desde
0,5 a 0,55 cm/mes, lo que reafirma las mediciones anteriores y dan cuenta de
una muy buena tasa de crecimiento en condiciones controladas del musgo S.
magellanicum.

Los resultados del crecimiento obtenidos en el primer periodo productivo de 1
ano se presentan en las Figs.5y 6.

Crecimiento comparativo S. magellanicum por contenedor primer
ciclo productivo
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Fig. 5. Grafico de barras con los niveles de crecimiento en longitud de la fibra del musgo S.
magellanicum en condiciones de crecimiento artificial durante el primer ciclo productivo.
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Crecimiento comparativo S. magellanicum por contenedor primer
ciclo productivo
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Fig. 6. Grafico de tendencia con los niveles de crecimiento en longitud de la fibra del musgo
S.magellanicum en condiciones de crecimiento artificial durante el primer ciclo productivo.

En ambas figuras se observa que los niveles de crecimiento del musgo son muy
positivos, los que alcanzaron un promedio de 5,46 cm al final del primer ciclo
productivo de 1 afo, equivalente a un crecimiento promedio mensual de 0,46
cm. Este fue levemente superior al documentado para turberas antropogénicas
en la region de Los Lagos, donde se indican niveles de crecimiento de 5,16 cm/
ano (Diaz et al. 2012), y muy superior a los registrados para turberas naturales de
la region de Magallanes, donde los valores promedio de crecimiento anual son
de 0,5 cm (Dominguez, 2014).

Se cosecharon 50 kg en peso fresco del musgo lo que considerd solo la mitad
de la superficie de cada contenedor de acuerdo al sistema de cosecha indicado
en la metodologia. Luego del secado en tendal el musgo cosechado fue pesado
alcanzando 4 kg. Este rendimiento en biomasa es bastante auspicioso al
compararlo con turberas naturales donde se ha descrito que para un volumen
de 50 kg de musgo cosechado se obtienen sdlo 2 kg de musgo seco (Dominguez,
2014).
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El segundo ciclo productivo culmind con la cosecha realizada a fines del mes de
junio de 2016. Antes de realizar la cosecha se registraron crecimientos de las
hebras cercanos a los 10 cm promedio durante el afio que se mantuvo el musgo
dentro de los contenedores, es decir, un crecimiento de 0,83 cm/mes (Fig. 7).

Fig. 7. A) Estado del musgo en los contenedores antes de la segunda cosecha y B) Creci-
miento del musgo medido antes de la segunda cosecha.

Los resultados del crecimiento obtenidos en el segundo periodo productivo de 1
ano se presentan en las Figs. 8 y 9.

En el segundo periodo productivo los crecimientos aumentaron, llegando a
niveles promedio de 93 e incluso 98 cm de crecimiento en longitud de la fibra,
lo que da cuenta de un aumento en la productividad del sistema artificial. Esta
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situacion indica un crecimiento promedio de 0,78 cm/mes, lo que se considera
muy favorable en comparacion con los niveles de crecimiento naturales del
musgo en turberas antropogénicas. Dentro de este periodo se realizaron las
mismas mediciones en relacion al tiempo de ejecucion y metodologia de toma
de muestras que las realizadas en el primer ciclo.

Crecimiento comparativo S. magellanicum por contenedor segundo
ciclo productivo
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Fig. 8. Grafico de barras con los niveles de crecimiento en longitud de la fibra del musgo S.
magellanicum en condiciones de crecimiento artificial durante el segundo ciclo productivo.
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Crecimiento comparativo S. magellanicum por contenedor segundo
ciclo productivo

12

10 e/:/\ = =

Crecimiento (cm)
[e)]

2 ¢ ¢ ¢ ¢ ¢
0
1 2 3 4 5 6
N° Contenedor
4- Crecimiento == Crecimiento == Crecimiento “== Crecimiento
Promedio Promedio 2da Promedio 3ra Promedio 4ta
1ra medicion medicion medicion medicion

Fig. 9. Grafico de tendencia con los niveles de crecimiento en longitud de la fibra del
musgo S. magellanicum en condiciones de crecimiento artificial durante el segundo ciclo
productivo.

Para la segunda cosecha el valor de peso fresco de musgo obtenido fue de 55
kg por contenedor en promedio, aumentando la productividad al comparar este
parametro con la primera cosecha. Aligual que enla cosecha inicial, el musgo fue
trasladado al tendal para su secado. El peso promedio seco por contenedor fue
de 4,5 kg, o0 sea, 0,5 kg mas que el peso con respecto al primer ciclo productivo,
lo que demuestra la posibilidad de generar un rendimiento sostenido durante
periodos sucesivos de produccion.

Sin duda la opcion de masificar ecotipos morfolégicamente superiores
destinados a la produccion comercial o a la restauracion de turberas degradadas
se transforma en una posibilidad real y comprobada para abordar estos desafios.
No obstante, es necesario generar alternativas en las cuales el proceso de
masificacion pueda realizarse sobre la base de menores costos asociados a la
infraestructura a través de un sistema de produccion artesanal.
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Los resultados generados en esta experiencia representan un punto de partida
que necesariamente debe ser complementado con mayores antecedentes
obtenidos a partir de nuevas e innovadoras experiencias en el proceso de
masificacion, una mayor investigacion in situ y a nivel de laboratorio para
conocer qué otros factores tienen mayor influencia en un mayor desarrollo del
musgo y en un menor tiempo de rotacion.

CONCLUSIONES

Los resultados obtenidos durante la ejecucion de esta iniciativa dan cuenta de
una exitosa produccion artificial del musgo de turbera Sphagnum magellanicum
Brid. bajo condiciones controladas, lo que se manifiesta en que los niveles
de crecimiento longitudinal de las fibras del musgo alcanzaron un promedio
de 0,46 cm por mes para la primera temporada y de 0,78 cm por mes para la
segunda temporada, valores que superan en un 6% y 80% respectivamente los
antecedentes de crecimiento registrados en turberas naturales secundarias
ubicadas en la region de Los Lagos. No obstante, este mayor crecimiento
longitudinal no fue acompanado por un mayor desarrollo en el grosor de las
fibras, lo que perjudico la obtencion de mayores volimenes de biomasa y con
ello el peso seco final de la produccion por temporada.
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Mediante los procedimientos
de masificacion artificial
implementados en esta iniciativa
fue posible demostrar que es
viable generar una produccion
sostenida de este recurso en
el tiempo, aumentando incluso
las tasas de crecimiento en
temporadas sucesivas y acortando los tiempos de rotacion al compararlo con la
respuesta del musgo en ambientes naturales.

La masificacion sostenible del musgo Sphagnum magellanicum debe considerar
un monitoreo permanente de los factores que condicionan su crecimiento.
Dentro de éstos, la cantidad de agua disponible para el musgo y la mantencion
de rangos en ciertos parametros fisicos y quimicos de este elemento tales como
el pH, son claves en el desarrollo de Sphagnum. A ello se suman los niveles de
radiacion y de temperatura, especialmente en la época estival, los cuales son
necesarios de monitorear permanentemente.

La creciente y sostenida demanda internacional por el musgo Sphagnum
magellanicum Brid. ha traido como consecuencia una indiscriminada actividad
extractiva, principalmente enlaregion de Los Lagos, situacion que esta generando
significativos impactos ambientales y sociales, y un progresivo deterioro en la
calidad del musgo que se comercializa. Por tanto, se hace necesario el resguardo
y la generacion de politicas de sustentabilidad de los ecosistemas de turbera
y un reglamento que entregue las normativas y directrices necesarias para
realizar una extraccion sustentable del recurso, lo cual impactara positivamente
en la mantencion del rol ecoldgico que estas areas cumplen a nivel global y la
gran diversidad de servicios ecosistémicos que entregan a nivel local.
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Capitulo 12: Propagacion artificial del musgo Sphagnum magellanicum Brid.
(Bryophyta: sphagnaceae), como modelo para el rescate de ecotipos relevantes en
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