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SUMMARY

Andean grasslands (páramos) are highly valued for
their role in regional water supply as well as for their
biodiversity and large soil carbon stocks. Several
Payment for Ecosystem Services (PES) programmes
promote either afforestation or alteration of traditional
burning regimes under the assumption that these
land management strategies will maximize páramo
ecosystem services, including carbon storage. However,
knowledge of the effects of incentivized land uses is
limited. In an evaluation of how afforestation and
elimination of burning affect carbon storage at a site in
southern Ecuador, we found the highest above-ground
biomass carbon levels at afforested sites (99.3–122.0 t C
ha−1), while grassland sites reached 23.9 t C ha−1 after
45 years of burn exclusion. Soil carbon storage from
0–20 cm was high across all sites (172.8–201.9 t C ha−1),
but was significantly lower with afforestation than
with burn exclusion. These findings suggest that,
although afforestation is generally favoured when
carbon is the primary ecosystem service of interest,
grasslands with infrequent burning have important
potential as a land management strategy when both
above-ground biomass and soil carbon are considered.
These results are relevant to the development and
adaptation of PES programmes focused on carbon as
well as those focused on multiple ecosystem services.

Keywords: Andes, carbon, conservation, grassland, páramo,
payment for ecosystem services

INTRODUCTION

Payment for Ecosystem Services (PES) approaches are
increasingly advocated as a means to link ecosystem protection
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and human well-being. Such initiatives provide incentives to
landowners to manage land for the protection or enhancement
of one or more ecosystem services (Engel et al. 2008; Muradian
et al. 2010). However, whether incentivized land use and
management strategies will produce desired outcomes remains
uncertain (Ruffo & Kareiva 2009; Naeem et al. 2015). Carbon
(C)-focused PES projects, in particular, are rapidly growing
with elevated international interest in reducing greenhouse gas
emissions and increasing terrestrial C sequestration through
land management (Trabucco et al. 2008; Farley et al. 2013).
Efforts to enhance terrestrial C storage have primarily focused
on enhancing above-ground biomass C through afforestation,
reforestation and avoided deforestation (Gibbon et al. 2010).
Although below-ground C can constitute a large fraction of
total C (Lal 2004; Farley et al. 2013; Lal 2013), the effects of
land-use change on soil C stocks are often poorly understood
(Holmes et al. 2006; Smith et al. 2016). Accordingly, studies
are urgently needed that illuminate the effect of land-use and
management practices promoted by PES programmes on both
above-ground and below-ground C.

Globally, there is a pressing need to quantify links between
land management and a range of ecosystem services (Daily
et al. 2009; Naeem et al. 2015). Such studies are particularly
lacking in Andean grasslands (páramos), where PES projects
constitute a growing approach to conservation (Wunder &
Alban 2008; Farley et al. 2011; Bremer et al. 2014 a). In
addition to rich biodiversity and importance for regional water
supplies, páramo grasslands are valued for their high soil C
storage, in part derived from the properties of páramo soils,
predominantly Andisols, which stabilize large amounts of soil
organic matter (Farley et al. 2004; Buytaert et al. 2006 a; Farley
et al. 2013). Páramo soil organic C storage is particularly
high due to the high organic matter inputs from páramo
grassland vegetation combined with the cold and wet climate
(Zehetner et al. 2003; Tonnejick et al. 2010). Given their high
C storage and the fact that they are the site of many new PES
programmes (Farley et al. 2011; Bremer et al. 2014 a), it is
critical to understand the response of páramos to incentivized
changes in land use and management. Furthermore, soil C
must be included in such an analysis, as the majority of C
in these systems is found in this poorly understood below-
ground pool (Farley et al. 2004; Buytaert et al. 2006 b; Farley
et al. 2013).
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Ecosystem services projects targeting páramo grasslands in
Ecuador compensate landowners for afforestation, primarily
with pine, or to eliminate burning, which has traditionally been
used to promote forage production for livestock. Increasing
C storage is either a primary or secondary objective of
many of these PES programmes (Farley et al. 2011; Farley
et al. 2013). One important programme is PROFAFOR
(Programa FACE de Forestación del Ecuador), the first PES
programme targeting páramo grasslands, which focuses on
C sequestration through afforestation with Pinus species and
some Andean species. Second, the SocioPáramo programme
(a subprogramme of the larger SocioBosque programme),
sponsored by the Ecuadorian government, compensates
landowners for excluding burning in páramo grasslands,
with the goals of enhancing C storage, biodiversity and
water provision as well as contributing to poverty alleviation
(de Koning et al. 2011; Farley et al. 2011; Bremer et al.
2014 b).

While afforestation of grasslands has been used as a means
to increase C sequestration in above-ground biomass, research
on soil C following afforestation shows mixed outcomes, with
one global synthesis finding either increases or decreases in
soil C (Paul et al. 2002) and a more recent synthesis finding
clear decreases, particularly in the case of pine (Berthrong
et al. 2009). Mean annual precipitation and plantation age
have been found to mediate effects of afforestation on soil
C in some studies and to have no effect in others (Guo
& Gifford 2002; Paul et al. 2002; Berthrong et al. 2009;
Berthrong et al. 2012), making it difficult to predict outcomes
for specific ecosystems. In Ecuadorian páramos, studies have
found decreases, no change and regional variability in C
storage with pine afforestation (Hofstede et al. 2002; Farley
et al. 2004; Chacon et al. 2009).

The effects of fire exclusion on C storage in páramo
grasslands are even less known, with the limited studies
focused primarily on the effects of frequent burning and
grazing rather than burn exclusion (Hofstede & Rossenaar
1995; Podwojewski et al. 2002), and only one study including
sites with medium-term burn exclusion (Farley et al. 2013).
Globally, fire has variable effects on soil C. It can increase,
decrease or have no influence on the amount of soil
C, depending on fire intensity, environmental conditions,
soil properties and the degree to which organic matter
is combusted during a fire (Gonzalez-Perez et al. 2004;
Zimmermann et al. 2010). Frequent burning, coupled with
intensive grazing, has been shown to decrease soil C in
páramo grasslands (Podwojewski et al. 2002), but there is
little evidence that burning alone influences soil C in these
ecosystems (Hofstede & Rossenaar 1995; Suarez & Medina
2001; Farley et al. 2013). However, globally, fire frequency and
fire exclusion do influence whether grass-to-shrub transitions
occur, and no study has evaluated soil C outcomes of this
transition in páramo grasslands. Burn exclusion in grassland
ecosystems can lead to woody encroachment, with variable
outcomes for the amount and distribution of soil C (Shoji et al.
1993; Jackson et al. 2002; Neff et al. 2009). Understanding

the outcomes of these land-cover transitions has important
implications for SocioPáramo and other emerging PES
programmes that target C sequestration in páramo grasslands
by incentivizing burn exclusion.

Improving understanding of the outcomes of páramo land
use and management is critical to evaluating whether páramo
PES programmes will actually increase C storage. Recent
work on changes in land management and social outcomes
of SocioPáramo found no identified transfer of burning and
grazing to previously ungrazed areas as a result of participating
in PES (Bremer et al. 2014 b). While some participants did
intensify grazing in already grazed areas, no major changes
in land management occurred outside of the PES study
area. Accordingly, we focused on changes in C storage
associated with burn exclusion (the direct land-management
change promoted by SocioPáramo) and with pine plantations
(the direct land-use change promoted by PROFAFOR).
We addressed the question: How do afforestation and burn
exclusion affect above-ground biomass and soil C storage in
páramo grasslands? We quantified above- and below-ground
C using a space-for-time sampling design that identified sites
with similar long-term land management histories (all were
previously páramo grasslands managed for grazing), but varied
current land use or management.

METHODS

Study area

This research took place at the Mazar Wildlife Reserve
(MWR) in Cañar province (2°33-34’S, 78°44-45’W),
Ecuador. MWR is an 1800 ha forest and páramo mixed-use
reserve, of which 350 ha are used for alpaca grazing (Fig. 1).
Mean annual precipitation is 1326 mm based on data from
1964–2011 at the closest INAMHI (Instituto Nacional de
Metrologia e Hidrologia) meteorological station (Rio Mazar
Rivera; M0410; 2450 m). Precipitation in the study area was
1503 mm in 2010 (measured for one year by Fundación
Cordillera Tropical).

Soils have been characterized as non-allophanic Andisols,
dominated by Al-humus complexes (Poulenard et al. 2003).
Using aerial photos and expert assistance by the 30-year owner
and manager of MWR (S. White, personal communication
2010; Fig. 2), we identified six sites representing a chrono-
sequence of burn exclusion, including sites where the last
burn occurred less than one year ago (M1Y), six years ago
(M6Y), 25 years ago (M25Y), and more than 45 years ago
(M45Y) (Table S1). We also selected two afforested sites (MP1
and MP2), where pine (Pinus patula) had been planted on
páramo grasslands approximately 22 years prior to sampling.
Plantations are first rotation, with 3 × 3 m spacing. In this
study area, plantations are not managed for timber production,
but at the time of sampling, the land manager was considering
harvesting some of the trees. In other areas of the páramo, such
plantations are generally harvested on a 25-year rotation. In
general, there is little native vegetation cover under the pines,
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Figure 1 Study sites in the Mazar
Wildlife Reserve. Note that the
3400 m contour line is an
imprecise estimate based on a 50 m
digital elevation model. Elevations
measured in the field are reported
in Table S1.

Figure 2 Aerial photo showing land cover in 1977 and 2000 at study sites. Note that the pine and 45 year sites were all grassland in 1977.

but native trees and shrubs have colonized some areas. All
sites have similar long-term land management histories, which
involved extensive cattle grazing coupled with burning for
approximately 80 years followed by 20+ years with variable,
but infrequent burning. These sites are unique in Ecuador in

that they represent a known chronosequence of burn exclusion
sites that are adjacent to pine plantations. This makes MWR
one of the few locations suitable for evaluating the outcomes
of land management currently being incentivized by PES
programmes.
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Soil sampling

In each site we established three evenly spaced 20 m transects.
Samples were collected at four depths: 0–10 cm, 10–20 cm,
20–30 cm and 30–60 cm. The 0–20 cm samples were collected
every 2 m along each transect (n = 33 per site). Three soil
samples at 20–30 and 30–60 cm depths, litter samples and
bulk density samples (0–20 cm) were taken along each transect
(n = 9 of each sample type per site). Soil samples were taken
with a soil auger and bulk density samples with a bulk density
soil core sampler. One soil pit was also dug in each site, from
which we collected two known-volume bulk density samples
from each horizon, which were used to calculate total C values
for the deeper samples (Fig. S1).

All samples, with the exception of bulk density samples,
were air-dried and passed through a 2-mm sieve. Samples were
brought back to the University of California, Santa Barbara
soil laboratory for grinding and oven drying (60°C). Samples
were then transferred to San Diego State University for C and
nitrogen analysis using a CHN analyser. All samples were run
in duplicate and repeated if duplicates differed by more than
10%. Samples were then oven-dried at 105°C for 24 hours and
percent C values adjusted for remaining water weight. Bulk
density samples were dried to a constant weight and used to
calculate bulk density values for each depth class.

Biomass sampling

We established three 10–20 m plots around each soil transect
and calculated the biomass of all trees within them (Fig. S2).
Trees were defined as >1.5 m height, >2.5 cm diameter at
breast height (DBH) and not branching at the base. For the
pine sites, DBH of all pines was measured within each plot and
then used to calculate biomass based on established allometric
equations for pines (Ravindranath & Ostwald 2008). For nat-
ive trees, for which established allometric equations were not
appropriate, we used a sampling method adapted from Fehse
et al. (2002) in order to minimize alteration of native vegeta-
tion. We first recorded all individual trees in the plot, including
species, DBH and height. For each tree species, we sampled
two to three individuals. Where there were large differences
in height, we subsampled within height classes and assigned
masses to unsampled trees based on sampled individuals.

To measure the biomass of sampled trees, we calculated
the volume of the bole by measuring the average diameter
and height of each branch. We collected a wood sample from
each sampled tree and calculated wood density by dividing
the mass (obtained by drying to a constant weight at 70°C)
by the volume (obtained through displacement). To measure
the mass of the crown, 25–30% of the crown was harvested
and the wet weight recorded for the entire harvested section.
We then collected several subsamples of woody parts and
leaves, for which we recorded the wet weight and then dried
to a constant temperature at 70°C to calculate the dry/wet
ratio, which was then used to calculate the dry weight of the
harvested sample and extrapolated to calculate the dry weight

Figure 3 Above-ground biomass carbon (tonnes carbon per
hectare). Note: pine sites not included.

of the crown. Weights of the bole and crown were summed to
calculate the mass of the tree.

To calculate the biomass of shrubs, herbaceous vegetation
and litter, we established three randomly located 2 × 2 m
plots with nested 1 × 1 m plots within each 10 × 20 m
plot (Fig. S2). All shrubs within the 2 × 2 m plots, and
all litter and herbaceous biomass in the 1 × 1 m plots were
harvested and weighed. For large shrubs and the giant herb
Puya clava-herculis, 25–50% of the individual was harvested
and extrapolated to calculate biomass of the entire shrub. After
weighing all harvested biomass according to type (live shrub,
dead shrub, live herbaceous, dead herbaceous and litter), we
collected and weighed one or two subsamples per plot, per
vegetation type. Subsamples were dried at 70°C for 24–48
hours, or until samples reached a constant dry weight, and
used to calculate a dry/wet ratio, which was then used to
calculate the dry weight of the 2 × 2 m and 1 × 1 m plots.
Tree, shrub, herbaceous, litter and total biomass were then
extrapolated to calculate biomass (t ha−1) and converted to t
ha−1 C by multiplying by 0.5.

Statistical methods

ANOVA, followed by Tukey–Kramer HSD post-hoc tests,
were used to compare percent and total C for surface samples
(0–10 and 10–20 cm) where sample size was near or above
30. For deeper soil samples, litter samples (n = 7–9 per site)
and above-ground biomass C values, we employed Kruskal–
Wallis tests followed by Steel–Dwass all-pairs nonparametric
post-hoc tests. Non-parametric tests for the greater depth
samples were used given smaller sample size, which precluded
adequate evaluation of normality.

RESULTS

Above-ground biomass C was highest in the pine sites (99.3
and 122.0 t C ha−1 in M1 and M2, respectively) and increased
with the length of burn exclusion in the grassland sites (Fig. 3
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Table 1 Above-ground biomass carbon and soil carbon (tonnes carbon per hectare). Sites with different letters indicate significant differences
in carbon within each pool.

Site 0–10 cm
soil (SE)

10–20 cm
soil (SE)

Litter (SE) Herbs (SE) Shrubs (SE) Trees (SE) Total
above-ground
biomass
carbon

Total (0–20 cm
soil +
above-ground
biomass
carbon)

M1Y 96.1 (2.3)bc 76.7 (2.9)c 0.4 (0.2)d 1.1 (0.3)bcd 0.8 (0.5)bc 0 (0) 2.3 (0.4) 175.1
M6Y 89.4 (1.7)c 78.5 (1.8)c 0.3 (0.1)d 4.6 (0.5)a 0.2 (0.1)bc 0 (0) 5.0 (0.9) 172.9
M25Y 106.9 (1.6)a 95.0 (2.2)a 3.1 (0.7)c 7.5 (1.9)a 1.6 (0.6)ab 1.0 (0.5) 13.3 (2.7) 216.2
M45Y 102.7 (2.8)ab 90.7 (2.4)ab 5.9 (0.9)b 4.6 (1.7)abc 4.8 (1.1)a 7.9 (1.9) 23.9 (3.0) 217.3
MP1 96.2 (1.2)bc 94.5 (1.2)a 5.7 (0.8)b 0.3 (1.2)de 0.2 (0.2)c 92.0 (6.8) 99.3 (7.7) 290.0
MP2 89.8 (1.3)c 83.0 (1.1)bc 10.3 (0.8)a 0.0 (0.0)e 0.4 (0.3)bc 111.3 (4.4) 122.0 (4.6) 294.8

and Table 1). Pine sites contained 78.498.1 t C ha−1 more
above-ground C than the grassland site with the highest
biomass (a shrubby páramo last burned over 45 years ago).
The pines in the afforested sites were approximately 22
years old at the time of sampling, so above-ground biomass
C sequestration of the plantations can be estimated at 4.5
to 5.5 t C ha−1 year−1. This is an order of magnitude
greater than at grassland sites, where above-ground biomass
C storage ranged from 2.3 to 23.9 t C ha−1, an average gain
of approximately 0.5 t C ha−1 year−1 (Fig. 3 and Table 1).
The distribution of above-ground biomass also shifted with
length of burn exclusion: herbaceous biomass was dominant
up to 25 years of burn exclusion, then dominance shifted
to tree biomass after 45 years without burning (Fig. 3 and
Table 1).

Although large changes in above-ground biomass occurred
under different land managements, above-ground biomass
C comprised a small portion of total C storage in all sites,
constituting only 1–4% of total C (to 60 cm depth of soil) for
grassland sites and 15–18% in the pine plantations (Table 1
and Table S2). Soil C (0–20 cm) increased with the length
of burn exclusion, reaching the highest levels between 25–
45 years since last burn. Soil C (0–20 cm) was significantly
lower in the more recently burned sites (1 and 6 years of burn
exclusion, with 172.8 and 167.9 t C ha−1, respectively) than in
the sites with longer-term burn exclusion (25 and 45 years of
burn exclusion, with 201.9 and 193.4 t C ha−1, respectively)
(p < 0.0001) (Fig. 4 and Table 1).

Soil C at 0–10 and 10–20 cm was significantly lower with
afforestation than in the grassland site that had remained
unburned for 25 years (p < 0.05). Soil C was also significantly
lower in one of the pine sites compared to the adjacent
grassland with the longest burn exclusion (45 years), which
was dominated by shrubs and trees (p < 0.05). By contrast, soil
C was similar between the pine sites and the recently burned
sites (Fig. 4 and Table 1).

At 30–60 cm depth, all sites had similar soil C levels,
suggesting that the effects of land management on soil C are
not evident at this depth, providing support that pre-existing
differences among sites did not exist (Table S2).

Figure 4 Soil carbon at 0–10 and 10–20 cm depths (tonnes carbon
per hectare). Sites with different letters indicate significant
differences in soil carbon (upper-case letters used for 0–10 cm and
lower-case for 10–20 cm).

DISCUSSION

Our estimates of C stocks in páramo grasslands are indicative
of their high soil C storage potential. Between 206.1 and
548.6 t C ha−1 are stored in the top 60 cm of soil suggesting that
native grasslands are important sinks for C (Gibbon et al. 2010;
Farley et al. 2013). Soil C stocks in the top 60 cm accounted for
96–99% of total C storage in grassland sites and 82–85% of C
stocks in afforested sites, pointing to the relative importance of
soil C in páramo grasslands, even under afforestation. At the
same time, the relatively small changes in soil C storage found
in this study suggest that, while vegetation constitutes one
control on soil C, other controls, such as climate and parent
material, are also important, and also are more likely to vary
between regions (Buytaert et al. 2007 a). This constitutes
an important challenge to the ability to use single land-
management prescriptions to optimize C storage across large
regions in PES programmes. Accordingly, this study can be
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used to formulate hypotheses for the effects of burn exclusion
and afforestation on soil C in other grasslands, particularly in
areas with Andisols, but the multitude of controls on soil C
require careful attention to local conditions.

Above-ground biomass C

The clearest effect of changes in land management in this
study is the enhancement of above-ground biomass C stocks
in the 22 year old pine plantations in páramo grasslands in
the reserve. Planting pine contributes to the exchange of
below-ground for above-ground biomass C; in comparing
the older páramo sites to the pine sites our sites follow this
pattern, but both gains in above-ground biomass C and losses
of below-ground C were smaller than reported elsewhere
(Berthrong et al. 2012; Farley et al. 2013). Previous studies
in the Ecuadorian Andes found larger quantities of above-
ground biomass C in a 45-year old native Alnus stand and a
40-year old pine plantation (241 t C ha−1and 279 t C ha−1,
respectively), while the pine sites in this study stored between
99–122 t C ha−1 in above-ground biomass, indicating lower C
storage than in other plantation forests in the páramo (Fehse
et al. 2002; Farley et al. 2013).

Given that they are 22 years old, these plantations likely
have the potential to sequester more above-ground biomass C
with age, which could be accompanied by continued decreases
in soil C storage if there is a continued exchange of below-
ground for above-ground biomass C. However, above-ground
net primary productivity is likely to decrease with stand age
(Gower et al. 1996; Ryan et al. 2004). A recent review of affor-
estation effects on soil organic C found that plantations left to
grow for more than 20–30 years often recover soil C initially
lost with plantation establishment (Berthrong et al. 2012),
but previous studies on pine plantations in the páramo have
demonstrated low soil C in a 40-year-old pine plantation (Far-
ley et al. 2013) and no sign of reversal by 25 years (Farley et al.
2004). Thus, the effect of continued growth of the plantations
on soil C stocks remains uncertain. However, in most regions
in Ecuador pine plantations are harvested for timber every 25
years and replanted, which could drive long-term decreases
in soil C storage even as above-ground biomass C is removed.
Pine plantations in páramo grasslands represent a transfer of C
to the above-ground biomass pool that is much more likely to
be lost through accidental or managed fires (Farley et al. 2004).
After harvesting pine, woody debris and litter are commonly
burned prior to second rotation planting, resulting in emission
of some above-ground biomass C to the atmosphere (Farley
et al. 2004). There has not been any research on soil C
dynamics of second rotation pine plantations in páramo
grasslands, pointing to a critical area of further research.

Above-ground biomass C stocks in the páramo grassland
sites reached up to 23.9 t C ha−1 in shrub-dominated sites,
which was much lower than those at sites planted with pine,
but higher or similar to those previously reported for páramo
grasslands (Hofstede & Rossenaar 1995; Farley et al. 2013).
Previously, 22.9 t C ha−1 had been found in a tussock grass-

dominated páramo site with 15 years of burn exclusion (in
a drier, but similar elevation area), suggesting that grass-
dominated páramo can sequester as much above-ground
biomass C as a shrubby páramo, even with a much shorter
period of burn exclusion (Farley et al. 2013). This is a key
finding for PES programmes seeking to maximize C storage
and improve livelihoods since it provides evidence that longer
periods of burn exclusion may not be necessary. Quantifying
the relative rates of decomposition and combustibility of
herbaceous versus woody páramo species is an important area
of future research that would further shed light on páramo
above-ground biomass C dynamics.

Thus, while C sequestration efforts have primarily focused
on afforestation, reforestation and avoided deforestation, these
results provide further support for the idea that native
grasslands and shrublands can also have value for their above-
ground biomass C stocks (Bekessy & Wintle 2008; Farley
et al. 2013). Given that afforestation with pines, in particular,
has been associated with decreased runoff (Buytaert et al.
2007 b) and loss of native plant diversity (Van Wesenbeeck
et al. 2003; Bremer & Farley 2010), greater focus on the C
sequestration potential of native grasslands and shrublands
is merited (Gibbon et al. 2010). In the same MWR sites
used in this study, significantly lower levels of soil moisture
were found under pine than under grassy páramo, while soil
moisture in the shrubby páramo site (burned 45 years ago)
was intermediate, but significantly lower than in grass páramo
(Harden et al. 2013). This suggests a C for water tradeoff
with pine, and a lesser but still notable tradeoff with native
woody encroachment (Harden et al. 2013). Accordingly,
this and previous research (Farley et al. 2013) suggest that
PES could incentivize shorter term burn exclusion – not
long enough for conversion to shrubs, but long enough
for accumulation of substantial herbaceous biomass – and
achieve some above-ground biomass C sequestration, while
minimizing water tradeoffs. There have been increasing calls
for research on tradeoffs among multiple ecosystem services
globally (Goldstein et al. 2012; Guerry et al. 2015), and this
study is one of the few that helps to understand this in the
páramo context.

Vegetation controls on soil C

Our results demonstrate that vegetation management has an
important, if moderate, influence on soil C storage in páramo
soils, and the highest levels of soil C were associated with
longer periods without burning. However, given that no
additional gain in soil C occurred between 25–45 years of burn
exclusion, there appears to be a limit to this benefit, and there
is potential for reversal with longer periods of burn exclusion
and associated woody plant expansion. This study is the only
study of burn exclusion in páramo grasslands that includes
sites with more than 15 years without burning. While further
research is needed, this finding has important implications for
PES programmes as it challenges the idea that long-term burn
exlusion is optimal for soil C storage. In Andisols, grassland
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vegetation has been associated with higher soil C than woody
cover (Shoji et al. 1993; Tonneijck et al. 2010), and losses
in C storage have been found with woody encroachment of
wet grasslands such as the páramo (Jackson et al. 2002). This
further suggests that burn exclusion may be beneficial for
C storage up to a point, but incentivizing permanent burn
exclusion is unlikely to provide increasing benefits and may
even result in soil C losses over time. Our results also add
to global-scale analyses (Jackson et al. 2002), demonstrating
that a time component, rather than just the broad categories of
shrub versus grass dominated, is needed to assess the influence
of burn exclusion on soil C dynamics.

However, our results also suggest greater soil C storage
under natural woody vegetation (occurring in sites with burn
exclusion) than at pine sites. Previous research found reduced
C storage under pines compared to páramo grasslands (Farley
et al. 2004; Berthrong et al. 2009; Farley et al. 2013), but did
not include páramo sites with high shrub cover as a result
of burn exclusion. Farley et al. (2013), for example, found
greater soil C storage under páramo grasslands with burn
exclusion, but the maximum time of burn exclusion was 15
years. Accordingly, our findings provide new evidence that a
shrub páramo can also store more soil C than a páramo planted
with pine. Our findings also suggest that among grass páramo,
shrub páramo and pine, the highest soil C is found in grass
páramo that has been protected from burning, but not for
long enough for shrub dominance. Thus, burn exclusion to
the point where it leads to shrub dominance is not likely to
be optimal for soil C storage. This has important implications
for programmes like SocioPáramo, which often operate under
the assumption that soil C benefits from burn exclusion will
continue over 20 or more years.

Soil moisture can be an important control on soil C in
páramo grasslands (Buytaert et al. 2007 a), and changes in
evapotranspiration and soil moisture likely played a role in the
changes seen with afforestation (Farley et al. 2004; Buytaert
et al. 2007 b). Lower soil moisture levels under both pine sites
compared with grassland sites have been found previously
(Harden et al. 2013), with one pine site (MP2) significantly
drier than the other (MP1), and soil C was also lower in MP2
compared with MP1. Lower soil moisture levels would be
expected to accelerate decomposition of soil organic matter
under afforestation given that high moisture levels constrain
decomposition in wet sites such as páramos (Poulenard et al.
2003; Farley et al. 2004; Buytaert et al. 2007 b; Berthrong
et al. 2009). Thus, vegetation influences soil moisture, acting
as an indirect control on soil C, but climate conditions also
vary across páramos regionally (Buytaert et al. 2005) and this
is an important factor for PES programmes to assess prior to
implementing land management prescriptions.

While changes in vegetation cover moderately influenced
soil C storage, no direct and immediate impact of fire on
soil C storage was detected, a finding that supports the
limited research on fire in Andean grasslands (Hofstede 1995;
Suarez & Medina 2001; Zimmermann et al. 2010). Although
above-ground biomass C stores decline with burning, this

is largely offset through C sequestered during regeneration
(Bowman et al. 2009). Thus, while burning will temporarily
reduce above-ground biomass C storage, it seems to have
little short- to medium-term impact on soil C levels. This
finding does not preclude any influence of fire on soil C
in páramo grasslands, as fire has the potential to directly
alter soil C content through transforming above-ground and
below-ground C into more stable char compounds (black C)
(Gonzalez-Perez et al. 2004; Knicker 2007). However, overall,
the finding that burning did not have any direct, measurable
impact on soil C suggests that burning can be carried out
infrequently (perhaps every 15–25 years) without negatively
affecting the soil C stock, and potentially could even increase
it. Accordingly, an important conclusion from our research
is that infrequent burning may be compatible with ecosystem
services projects focused on C. Given that many smallholder
and community livelihoods include páramo grazing, allowing
infrequent burning and grazing may make PES programmes
more effective at simultaneously achieving their ecological and
social goals, and may broaden participation (Bremer et al. 2014
a). By contrast, pine cannot be profitable beyond C payments
without harvesting, so pine plantations make less sense as
‘working landscapes’ for C storage.

It is important to note that, in most cases, burning as a
land management strategy in páramos is used in conjunction
with cattle, sheep, and, increasingly, alpaca and llama grazing
(White & Maldonado 1991; Keating 2007; White 2013). Sites
at the MWR were used for alpaca grazing, but these sites are
not as heavily grazed and frequently burned as many páramos
in Ecuador. While areas with up to 15–20 years since the last
burn are used for grazing, it should also be noted that more
recently burned areas are associated with higher forage quality.
The coupled effect of grazing and fire on forage quality and C
storage is an important area for future research.

Operationalizing land management prescriptions in
PES programmes

Above-ground biomass C will clearly increase through
afforestation and, secondarily, through burn exclusion.
However, multiple, interacting factors influence soil C – where
most C is stored in these systems – presenting a challenge to
the implementation of single land management prescriptions
across large regions in PES programmes. The difference
between the two pine sites, as well as the smaller magnitude
of the changes relative to those found in previous research,
underscore this difficulty and illustrate the heterogeneity that
can exist within single categories of land management. In a
regional study of pine afforestation effects on soil C storage,
it was concluded that the effects of plantations are difficult to
generalize, as outcomes vary based on environmental factors,
history and plantation management (Hofstede et al. 2002). We
suggest that edaphic and pedogenic factors be added to that
list, given that large-scale controls on soil C storage in páramos
include volcanic ash deposits and climate (Buytaert et al. 2007
a). Future research should address how regional controls on
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soil C storage along with local-scale factors affect the response
of Andisols to changes in land management.

CONCLUSIONS AND POLICY
RECOMMENDATIONS

PES programmes are prominent on the international
sustainability agenda and are rapidly growing around the
world (Brockington 2011; Wunder 2013; Bremer et al.
2016). However, their implementation is outpacing scientific
understanding of links between promoted land uses and
targeted ecosystem services, pointing to the critical need for
research that examines those links and can be integrated
into policy decisions (Ruffo & Kareiva 2009; Naeem et al.
2015). There is a complexity in measuring the effects of
changes in land use and management in páramo grasslands
that is highlighted by the multiple and interacting factors that
control C storage. However, despite the difficulty of drawing
region-wide generalizations, some recommendations for PES
programmes targeting páramo grasslands can be drawn from
this research.

Afforestation with pine can be an effective strategy to
enhance above-ground biomass C storage, although levels
found at MWR were lower than those reported elsewhere
for older trees. However, pine plantations continue to be
suboptimal as a C sequestration strategy when viewed through
a broader lens of tradeoffs among other ecosystem services.
The gains in above-ground biomass C found in this study
came with losses in soil C and have been associated with
negative outcomes for water provision in páramos (Buytaert
et al. 2007 b; Harden et al. 2013), suggesting that focusing
exclusively on above-ground biomass C storage rather than
ecosystem service bundles can compromise other ecosystem
functions and services (Lindenmayer et al. 2012). Moreover,
above-ground biomass C in pines represents a transfer of
below-ground to above-ground C, and is much more prone to
harvesting or fuel use that will eventually result in the release
of stored C.

Our results suggest that burn exclusion can be an effective
C storage strategy that can be used as an alternative to
afforestation. However, burn exclusion should be managed
to minimize shrub encroachment. One of the most important
ecosystem services of páramo grasslands is its economic value
as forage, and data from the MWR suggest that burn exclusion
can lead to a transition to woody-dominated systems that
would not be suitable for grazing. Succession to shrubs may
happen at different times at different sites, but at the MWR,
it appears to occur between 25–45 years without burning. At
that point, páramos can be burned to maintain herbaceous
cover, an action that will reduce the above-ground biomass
C, but is unlikely to impact soil C – where most C in these
systems is stored. PES programmes that allow for working
landscapes with some level of burning in conjunction with
grazing may be a more effective way to prevent conversion
of grassland to row crop agriculture, which is likely to have a
much greater impact on soil C storage than burning (Guo &

Gifford 2002; Buytaert et al. 2005; Farley et al. 2013). This
demonstrates the value of incorporating working landscapes
into PES programmes where targeted ecosystem services
can be produced simultaneously alongside ecosystem services
(e.g., forage) valued by local landowners.
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