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Abstract Tropical peat swamp forests (PSF) are characterized by high quantities of carbon
(C) stored as organic soil deposits due to waterlogged conditions which slows down decom-
position. Globally, Peru has one of the largest expanse of tropical peatlands, located primarily
within the Pastaza-Marafion river basin in the Northwestern Peru. Peatland forests in Peru are
dominated by a palm species—Mauritia flexuosa, and M. flexuosa-dominated forests cover ~
80% of total peatland area and store ~2.3 Pg C. However, hydrologic alterations, land cover
change, and anthropogenic disturbances could lead to PSF’s degradation and loss of valuable
ecosystem services. Therefore, evaluation of degradation impacts on PSF’s structure, biomass,
and overall C stocks could provide an estimate of potential C losses into the atmosphere as
greenhouse gases (GHG) emissions. This study was carried out in three regions within
Pastaza-Marafion river basin to quantify PSF’s floristic composition and degradation status
and total ecosystem C stocks. There was a tremendous range in C stocks (Mg C ha ') in
various ecosystem pools—vegetation (45.6—122.5), down woody debris (2.1-23.1), litter (2.3—
7.8), and soil (top 1 m; 109-594). Mean ecosystem C stocks accounting for the top 1 m soil
were 400, 570, and 330 Mg C ha ' in Itaya, Tigre, and Samiria river basins, respectively.
Considering the entire soil depth, mean ecosystem C stocks were 670, 1160, and 330 Mg
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C ha " in Itaya, Tigre, and Samiria river basins, respectively. Floristic composition and calcium
to Magnesium (Ca/Mg) ratio of soil profile offered evidence of a site undergoing vegetational
succession and transitioning from minerotrophic to ombrotrophic system. Degradation ranged
from low to high levels of disturbance with no significant difference between regions.
Increased degradation tended to decrease vegetation and forest floor C stocks and was
significantly correlated to reduced M. flexuosa biomass C stocks. Long-term studies are
needed to understand the linkages between M. flexuosa harvest and palm swamp forest C
stocks; however, river dynamics are important natural drivers influencing forest succession and
transition in this landscape.

Keywords Amazonbasin - Forestdegradation - River dynamics - Peat swamp forest - Soil carbon

1 Introduction

Tropical forests that experience waterlogged conditions tend to accumulate partially
decomposed organic matter, and a sustained accrual of this material on forest floor results in
peat formation (Limpens et al. 2008; Rieley et al. 2008; Lihteenoja et al. 2009a). A unique
class of tropical forests, referred to as peat swamp forests, are characterized by the presence of
high belowground carbon (C) and organic matter at various stages of decomposition. Peatlands
occurs wherever rainfall and topography are conducive to poor drainage, causing permanent
waterlogging and substrate acidification (Bailey 1951; Bradshaw et al. 2008). Peat swamp
forests located at low altitudes occur in river valley basins, watersheds, and subcoastal areas of
Southeast Asia, Africa, Caribbean, Central and South America (Hooijer et al. 2010; Posa et al.
2011).

Growing interest in tropical peatlands is mainly due to their increasingly recognized role in
the global C cycle (Jauhiainen et al. 2005), greenhouse gas exchange (Kurnianto et al. 2015),
paleoecology (Kelly et al. 2014; Lawson et al. 2015), maintenance of biological diversity
(Posa et al. 2011), and provision of direct economic gains when peat swamp forests are logged,
converted into agricultural farms and oil palm plantations (Roucoux et al. 2013). However,
there is a considerable uncertainty in global distribution of tropical peatlands. A best estimate
from available global data is 441,025 km?® (Page et al. 2011), combined with discoveries in the
Amazon (35,600 km? (Draper et al. 2014)) and the central Congo Basin (145,500 km? (Dargie
et al. 2017)). Several studies indicate Peru has one of the largest extent of peatlands in the
tropics (Gumbricht et al. 2017) and the known extent might increase as more explorations are
conducted and new information becomes available. Other than C storage and sequestration,
tropical peatlands also play an important role in water regulation, habitat provision for
biodiversity, and livelihoods for local communities (Posa et al. 2011; Murdiyarso et al.
2013). However, hydrologic alterations and land cover change by anthropogenic or by natural
causes could lead to peat swamp forests degradation, and loss of stored C to the atmosphere as
greenhouse gases (GHG) emissions (Hergoualc’h and Verchot 2011, 2014).

South America is estimated to harbor one of the largest area of tropical peatlands worldwide
(Gumbricht et al. 2017), of which most are located in the Amazon basin. In Peru, the majority
of peatlands are located within Pastaza-Maraiion foreland basin (PMFB) in Northwestern
region of the Peruvian Amazon, forming an extensive continuous wetland characterized by
one of the largest tropical system of fluvial aggradation (Résénen et al. 1990; Résénen et al.
1992). The PMFB region has extensive and deep accumulations of peat with depths up to
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7.5 m and belowground C stocks ranging from 2 to 20 Pg C (Léhteenoja et al. 2012; Draper
et al. 2014). These peat C stocks are significant in the context of national and regional C
budgets, because the total aboveground biomass C in the entire Peru are estimated to be 6.9 Pg
C (Asner et al. 2014).

Previous studies have suggested that peatlands in this region of Peru support different
vegetation assemblages—palm swamp forest, “pole” forests (low stature forest with many
thin-stemmed trees), and herbaceous “open” communities (Lahteenoja and Page 2011; Lawson
et al. 2015). Palms (family Arecaceae) are the single most abundant arborescent plant family in
Amazonian forests, especially in forests with frequent inundation (Kahn and Mejia 1990;
Terborgh and Andresen 1998) and poor soil conditions, including shallow rooting depth
(Emilio et al. 2014). Some species, such as Mauritia flexuosa, are able to thrive in such conditions
and establish nearly mono-dominant stands, which are locally known as aguajales (Kahn et al.
1988). These Mauritia (palm) forests are an important feature of this landscape—both econom-
ically and ecologically (Virapongse et al. 2017). A recent study determined actual peatland extent
within PMFB to be ~35,000 km? with majority of it covered by palm swamps (Draper et al.
2014). The importance of Mauritia forests among Peruvian peatlands is evident from the fact that
they cover ~ 80% of total peatland area and store ~2.3 Pg C (Draper et al. 2014).

Over the past few decades, growing local and regional demands for M. flexuosa fruits
(Endress et al. 2013) has resulted into increased harvesting pressure on M. flexuosa forests. It is
one of the most heavily used plant species for non-timber forest products (NTFPs) with
multiple applications in indigenous and rural activities, mostly associated with food, fibers,
animal fodder, and construction (Zambrana et al. 2007; Goodman et al. 2013). M. flexuosa
fruits are an important source of vitamins and proteins for rural communities (Maria Pacheco
2005) and other products (leaves, oil, wood) derived from M. flexuosa are also economically
valuable (Virapongse et al. 2017). The most common practice of harvesting Mauritia fruit
involves cutting down fruit-bearing female trees which causes localized reduction in the
population of mature trees (Parodi and Freitas 1990; Delgado et al. 2007; Manzi and
Coomes 2009). This selective removal of fruiting trees reduces viable seed source in a given
forest stand, and unavailability of seeds hinders natural regeneration and recruitment of new
Mauritia palms (Horn et al. 2012). Over time, such practices alter the structure and compo-
sition of M. flexuosa forests (Hergoualc’h et al. 2017), severely diminishing ecological
integrity and loss of ecosystem services derived from these forests. Degradation of Mauritia
forests could potentially result in destabilization of peat deposits and reduce its ability to
sequester and store C (van Lent et al. 2018). Loss of habitat and food resources also have
negative impacts on wildlife including fishes, birds (particularly macaw), large ungulates (such
as lowland tapir, peccaries, deer), and primates.

These anthropogenic pressures, combined with enhanced seasonality in annual precipitation
due to climate change pose an unprecedented threat to the peatland forests of Peruvian
Amazon. Our study was intended to determine the conditions (status) of Peruvian peat swamp
forests that are dominated by M. flexuosa. We estimated total C stocks in these ecosystems by
measuring aboveground and belowground vegetation (C in live biomass), downed woody
debris and litter (C on forest floor), and C stored in underlying soils. Evaluation of relation-
ships between forest degradation status and C stocks were carried out to understand the role of
anthropogenic factors such as palm harvesting on ecosystem C stocks. Role of regional
landscape factors such as riverine sediment inputs on peat accumulation processes at a broader
scale were also evaluated. In addition, we attempted to provide estimates that will help reduce
uncertainties relating to the importance of peat C storage in these forests. An estimate of C
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stocks in these palm swamp forests will allow better determination of their role as a global
sink/source of GHGs and provide additional information for validation of peat distribution
models in this region.

2 Material and methods
2.1 Swamp forests in Peru

The Peruvian Amazon basin covers an area of 77,535,384 ha (~60% of Peru’s territory) and is
the largest physiographical region in the country (Rodriguez 1990). The climate is warm and
humid with mean annual temperature ~27 °C, with average daily minima around 20-22 °C
and maxima around 29-31 °C (Marengo 1998). Rainfall occurs throughout the year with an
average annual precipitation of 3087 mm and a weak dry season between June and September
(Marengo 1998).

Peru’s wetlands, totaling 65,820 km? of land cover, can be subdivided into four ecosystem
types: (1) peat swamp forests, (2) mangroves, (3) Andean wetlands (bofedales), and (4) coastal
marshes and lagoons. Peat swamps with an area of 60,630 km? account for the greatest
proportion of Peru’s wetlands (MINAM 2010; Queiroz et al. 2014). The majority of Mauritia
palm swamps (aguajales), pole forests, and open peatlands (~27,730 km?) are found within
PMFB in the Loreto Department, with smaller patches in the departments of Ucayali and
Madre de Dios (MINAM 2010; Draper et al. 2014). The PMFB belongs to the western part of
the Amazon basin and is characterized by a broad belt of subsiding basins formed during the
Cenozoic uplift of the Andes (Résédnen et al. 1990; Résédnen et al. 1992). Since the Cretaceous
period, rivers originating from the Andes have led to the accumulation of several kilometer
thick minerogenic deposits in these subsiding forested basins (Ldhteenoja et al. 2012).
Consequently, the accumulation of organic matter and peat formation in this slowly subsiding
basin is a dynamic process, influenced by lateral movements of river channels, e.g., meander-
ing up to > 100 m in a year (Smith et al. 1989) and avulsions (abrupt changes in the location of
river stretches) which can cause both burial and erosion of peat deposits (Kalliola et al. 1992;
Neller et al. 1992). These hydromorphic processes control the quantity (depth) and location of
peat deposits at local and regional scales, leading to spatial variability in belowground C
stocks.

2.2 Study area and sampled locations

The ecosystem C stocks were measured at 12 peatland swamp forest sites within Amazon
basin in the Loreto region of north eastern Peru. At a regional scale, these sites fall into three
different river basins/watersheds: Itaya, Tigre and Smiria. Three sites were sampled near
Iquitos town close to Itaya River, five sites along the northern reaches of Tigre River, and
four sites were sampled inside and in proximity to the Pacaya Samiria National Reserve within
the Samiria River basin (Fig. 1 and Table 1). Therefore the sampling sites in these three
locations were grouped as Itaya, Tigre, and Samira, respectively. The primary characteristics of
all sampled forest sites were the presence of a palm species—Mauritia flexuosa (local name
aguaje), and belowground peat. All sampled locations had individuals of M. flexuosa even
though this species was not always the most abundant, either because of degradation or natural
variation. Sampled sites represented areas with variable degree of degradation—Ilow to high.
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Fig. 1 Twelve peatland swamp forest sampling sites within Amazon basin. Sampling sites were grouped in three
locations based on sub-watershed—Itaya, Tigre, and Samiria

2.3 Sample collection

Information necessary to calculate total ecosystem C stocks including standing tree biomass,
downed woody debris (dead wood on forest floor), belowground plant biomass, litter biomass on
forest floor, and soil C stocks was collected. CIFOR—USFS freshwater peatland forest sampling
protocol was used to develop an estimate of total ecosystem C stocks (Kauffman et al. 2016).
Aboveground forest structure, composition, and ecosystem C pools were determined at every
site by establishing six subplots 50 m apart along a 250-m transect (Fig. 2). Subplot location was
determined on the basis of M. flexuosa presence (alive) or past presence (dead), usually 1-2 km
inland from the main river channel. Once the first subplot was identified, a 250-m-long straight
transect was laid in a random direction. If a deep/unpassable stream/open water area was
encountered, then the transect direction was altered so that all six subplots were representative
of the forest ecosystem. Vegetation was identified and recorded for species inventory and
calculation of aboveground and belowground biomass in live vegetation. Standing dead trees
and downed woody debris (DWDs) were measured and counted to determine the quantity of C
present in dead and downed woody components of the ecosystem. Vegetation litter on the forest
floor was collected and bagged. And lastly, soil samples were obtained (up to 3 m depth) to
determine carbon (C) and nitrogen (N) content within the soil profile.

2.3.1 Vegetation

Trees > 5 ¢cm dbh (dbh = stem diameter at 1.3 m above the ground) were measured inside each
of the six circular subplots of 10 m radius (area = 314.2 m?), while saplings (vegetation with
dbh < 5 cm) were measured only inside a 2-m radius circle (area = 12.6 m?) nested within the
larger subplot. All individuals were identified in the field and at least one individual per species
was collected. The herbarium vouchers were deposited at the Herbarium Herrerense in Iquitos
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Trees >5 cm dbh measured in Wood debris transects (A, Trees <5 cm dbh measured
10 m radius (Area= 314.2 m?), B, C and D) 4 per subplot, in 2 m radius (Area=12.6 m?),
all subplots all sub plots all subplots

> 0O

Understory/litter sample Soil measurements
2 quadrat per subplot (0.38 x 0.38 m), and core extraction,
all subplots all subplots
Subplot: 1 2 3 4 5 6
1 1 1l ] 1 ]
T T T T
50 m 50 m 50 m 50m 50 m

Fig. 2 Sampling design used for measuring aboveground forest structure, composition, and ecosystem C stocks.
dbh = stem diameter measured at 1.3 m height from the ground. Total length of transect was 250 m

for future reference. Relative importance value index of species was determined on the basis
on their relative abundance, frequency, and dominance in the plots using all trees > 10 cm dbh
(Curtis and MclIntosh 1951).

The stem height of all palms was measured using a clinometer (Suunto PM-5/360 PC). For
palms with slanting trunks, the height of the crown from the ground and slope of the trunk was
measured to calculate the length of palm tree trunk. Clinometer was also used to determine the
angle of inclination of palm trunk and to determine the angle of elevation of the palm crown
with respect to the horizontal ground surface. The length of palm trunk (m) was calculated by
using general mathematical principles of trigonometry.

Dead tree measurements were categorized into three classes (I, I, and IIT) depending on the
existing branches and twigs attached to the dead tree at the time of sampling. Class I represented a
dead tree with majority of primary and secondary branches attached to the tree, while class III
dead tree had no branches attached to the main trunk. Class II category was assigned to a dead tree
which possessed primary branches but secondary branches were lost. Aboveground tree biomass
(AGB; kg) and belowground tree biomass (BGB; kg) were determined using species-specific
allometric equations with stem height (trunk length) as an independent variable in palms
(Table 2). Vegetation biomass for dicot trees was determined using generic allometric equations
with dbh as an independent variable. Biomass in standing dead trees was calculated based upon
their classes. Biomass of class I dead trees was estimated to be 97.5% of a live tree, class II was
estimated to be 80% of a live tree, and class III trees were estimated to represent 50% of a live tree
(Kauffman and Donato 2012). Vegetation biomass (kg) was converted into megagram per hectare
before converting into carbon mass per hectare. Biomass of trees (both above and below ground)
was converted to C mass using specific conversion ratios. A conversion factor of 0.47 was used
for aboveground C and 0.39 for belowground C (Kauffman and Donato 2012).

2.3.2 Downed woody debris and litter
Downed woody debris were measured using planar intercept technique (Brown 1974; Harmon
and Sexton 1996). A survey tape was run 12 m from the plot center in four mutually

perpendicular directions, oriented at 45° angle from the azimuth of main transect (Fig. 2).
Woody debris intersecting the survey tape were recorded at each of the six subplots. Downed
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Table 2 Allometric models for different vegetation to estimate aboveground biomass (AGB; kg dry mass) and
belowground biomass (BGB; kg dry mass) from stem height (H stem; m) and diameter of trunk at the breast
height (dbh or D; cm)

Genera Aboveground biomass (AGB) Reference
Arecaceae (palm) family
Mauritia Ln(AGB)=2.4647 + 1.37777 % In (H stem) Goodman et al. (2013)
Mauritiella AGB =2.8662 % (H stem)
Astrocaryum AGB=21.302 x (H stem)
Attalea Ln (AGB)=3.2579+ 1.1249 x [n (H stem + 1)
Euterpe (> 10 m H stem) AGB= —108.81 + 13.589 x (H stem)
Euterpe (<10 m H stem) Ln (AGB)= —3.3488 +2.7483 x In (D)
Oenocarpus Ln(AGB)=4.5496 + 0.1387 x (H stem)
Socratea Ln(AGB) = —3.7965 + 1.0029 x (In(D* x H stem))
Dicot trees (all families)
All genera In (AGB)= —2.286+2.471 In (D) Sierra et al. (2007)
Belowground biomass (BGB)
Mauritia Ln(BGB)= —3.3488 +2.0106 x In (H stem) Goodman et al. (2013)

Mauritiella and all other palms Ln(BGB)=1.0945 +0.11086 x (H stem)
Dicot trees (all families)
All genera Ln (BGB)= —4.394+2.693 In (D) Sierra et al. (2007)

wood >7.5 cm in diameter at the point of intersection with tape was classified as “large” and
measured along the entire length of 12 m long tape. Large wood (pieces > 7.5 cm in diameter)
were separated in two decay categories: sound and rotten. Woody debris that were > 2.5 cm but
<7.5 cm in diameter at the point of intersection were called “medium” and were measured
along the last 5 m of each of the four DWD transects. To determine wood densities of DWDs, a
one-time collection of ~20-25 pieces of each woody debris class was made. Each piece was
measured for volume using the water mass displacement method and dried in oven to obtain dry
mass. These values were used to compute wood density and obtain quadratic mean diameter
(QMD) for medium woody debris size class (= 3.98 cm). Wood density (g cm ) was 0.25 and
0.59 for large rotten and large solid woody debris, respectively, and 0.44 g cm > for medium
debris size class. A conversion factor of 0.47 was used to convert DWD mass into C mass.

Carbon mass in the litter component of sampled areas was determined by quantifying
accumulated vegetation litter on the forest floor. A quadrat with fixed dimensions (0.38 m x
0.38 m) was used to collect litter at the far end of two DWD transects at each of the six
subplots. This resulted in 12 samples from sampled site and provided a good representation of
litter deposition at a site. Vegetation litter was brought to the lab, weighed, and ~100 g
subsample was dried in an oven at 40 °C. The dried subsample was weighed to determine
moisture content (as loss in the weight), and was subsequently homogenized by using a
combination of mechanical grinder and a mortar-pestle. Dried and finely ground litter samples
from both quadrats at each subplot were mixed together and analyzed for N and C content.
Carbon content in homogenized litter sample was used to determine overall C mass in forest
litter on areal basis (C ha '). Total vegetation C (C ha ') at each location was derived by
adding C in above and belowground vegetation, DWDs, and litter.

2.3.3 Soils

Intact soil cores were obtained at each subplot up to a depth of 3 m and soil samples at
specified depth intervals within soil profile were collected. For majority of sites, Russian peat
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auger (Eijkelkamp Peat Auger) was used; however, an open face auger was used at few
subplots at Itaya sites. The auger consists of a semi-cylindrical chamber (radius = 2.87 c¢cm for
open face auger and 2.07 cm for Russian peat auger) and a detachable handle to extend its
length and enable soil cores extraction up to 3 m depth. The soil core was divided into depth
intervals of 0—15, 15-30, 30-50, 50-100, 100-150, 150-200, 200-250, and 250-300 cm. A 5-
cm section of soil from these depth intervals was obtained for laboratory determination of C. If
there were interbedded mineral and organic soil layers within these zones, 5 cm section was
collected from an area including both mineral and organic layer proportionally such that it was
representative of that depth interval. Soil depth to point of refusal (minerogenic sediment) was
measured at three locations around each plot center by inserting a graduated aluminum pole.
Two probes were used with inference capacity of either 2.65 or 5.3 m (longer probe was
available only during some part of the sampling). The pH of stagnant undisturbed water at each
location was measured by a portable handheld pH measuring device (Oakton EcoTestr pH 2
waterproof tester) (Table 1).

Forest soil, litter, and DWD samples were transported to the laboratory at Instituto de
investigaciones de la Amazonia Peruana (ITAP), Iquitos, for weighing, drying, and grinding. Carbon
and N concentrations in dry homogenized samples were determined by the induction furnace
method in a Costech EA C-N analyzer at the analytical laboratory of University of Hawaii-Hilo,
Hawaii, United States of America. A smaller subset of total soil samples (count = 87) was tested for
calcium (Ca) and magnesium (Mg) content by using ammonium acetate to extract the cations
(Simard 1993), followed by analysis of the solution on a Varian Vista CCD ICP-OES. Total Ca and
Mg content is helpful in identifying the influence of riverine transport and external inputs of minerals
and nutrients at a given location and is helpful in determination of nutrient status of a site. If Ca/Mg
ratio of a peat soil is above 6 (avg. ratio in the rainwater), it indicates influence or inputs of river
water, and would render a site minerotrophic, whereas lower Ca/Mg ratios are indicative of low-
nutrient status or ombrotrophic systems (Lahteenoja et al. 2009a). The selected samples for Ca and
Mg analysis included soils from different depth in soil profile to allow determination of changes in
the nutrient status of a site as preserved in its stratigraphy.

Soil C pools were obtained as the product of soil C concentration, bulk density, and plot
specific soil depth measurements. Carbon masses from each soil section representing different
depth horizons were added to derive total soil C stocks at a site. Soil C stocks are reported for
two depth boundaries—(1) up to 1 m soil depth and (2) for the entire soil profile. Top 1 m soil
profile C allows for an easy comparison among sites but C stocks in the entire soil depth reflect
the variability in the soil profile C stocks at different sites. Finally, total ecosystem C stocks
were obtained by adding C stocks in aboveground and belowground vegetation, DWDs, litter,
and soil profile at each site.

2.3.4 Degradation criteria

Each site was assigned a degradation class to assess the effect of forest degradation on
ecosystem C pools. These classes were based on the sum of three criteria: quantity of
DWD, M. flexuosa height distribution, and presence of M. flexuosa seedlings at a site. Each
site was scored with 1 if a degradation criterion was present or 0 if the criterion was absent,
respectively.

The criteria for DWD were based on the count of DWD (diameter > 20 c¢m) at a site relative
to the total DWD (diameter >20 cm) counted at all sites. The presence of large quantity of
DWD on the forest floor could be an indicator of disturbances (natural or anthropogenic)
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(Palace et al. 2012). A score of 1 was assigned if the count at a site was above the overall
median, or O if this condition was not met. The relationship between M. flexuosa height
distribution and degradation was based upon the study by Hergoualc’h et al. (2017). The
height distribution of standing palms was split in five ranges (1-7, 7-13, 13-19, 19-25, and
25-31 m). A site was categorized as degraded when the height distribution was skewed
towards small or tall individuals, as found by Hergoualc’h et al. (2017). A score of 1 was
assigned when the height ranges < 13 m represented < 25% of the standing M. flexuosa palms,
or when the height ranges > 19 m represented less than 28% of the standing M. flexuosa palms.
An absence of seedling recruitment could also indicate recurrent seed removal following fruit
collection. Sites where no young palms (class 1-7 m) were present were scored 1. The
degradation class for each site was calculated by summation of the scores assigned for these
above-mentioned three criteria. The maximum score or class of 3 suggests high degradation,
the minimum score or class of 0 suggests low degradation.

2.3.5 Data analysis

All carbon parameters were tested for normality using skewness and kurtosis, with limits at +
1. If parameters did not conform to the assumptions of parametric statistics, non-parametric
methods were employed and Kruskal-Wallis tests were used to compare mean C estimates
between locations and sites. In other cases, ANOVA’s and Bonferroni post-hoc tests were used.
All statistical operations were performed with the software IBM SPSS Statistics for Windows
21.0 IBM Corp. 2012).

3 Results
3.1 Structure and composition of palm swamp forests

In total, 2338 individual living trees were counted and measured across the 12 sampled sites
(Appendix Table 1), corresponding to 58 families and 214 species. Approximately 16-28
families of trees with dbh >5 cm were encountered at each sampled location, with a slightly
lower number in Samiria region. Number of species varied among different locations (27-52
species), with highest number of species at Las Brisas (46), Llanque (52), and Monteverde (52)
sites (Appendix Table 1). Mauritia flexuosa was present in all sites and it was the most
abundant, frequent, and dominant species in most sites considering individuals with dbh >
10 cm (Table 3). Other important trees and palms (dbh > 10 cm) from these sites represent
diversity of vegetation encountered at the sampled locations (Table 3). Species found to be
abundant in peatland pole forest such as Pachira brevipes (Malvaceae), Oxandra mediocris
(Annonaceae) and Platycarpum loretensis (Rubiaceae) (Draper et al. 2017) were present at all
sites except Monteverde in Tigre region.

Two attributes of vegetation characteristics: basal area (m®ha ') and tree density (trees ha ™!
— provide an indication of the forest structure at a location. Basal area ranged from 7 to 24 m?
ha™! for dicots, 0.2 to 5.5 m® ha ' for other palms, and 1.3 to 11.7 m? ha ! for M. flexuosa
among all sampled sites (Table 4). Highest basal area for dicot trees was observed at Avispa
while lowest was observed at San Martin. Among the 11 sites where dbh of palms
was measured, highest basal area for M. flexuosa was observed at Monteverde while
lowest was observed at San Julian. Only four sites (San Julian, Avispa, Chanchari, and

@ Springer



655

Mitig Adapt Strateg Glob Change (2019) 24:645-668

QOUBUIIOP JANE[AI SULIOPISUOD oM payndurod orom pamseow jou sem surfed Jo yqp 219Ym BYO000ISING) I0J SONTBA AT

(Z1) ppron] pipuvxopnasq
(¢1) purwonbvwny pyanowK
(p1) “ds proypny

(91) StutL1poIna] DAPUDX()
(g¢) “ds avaomiq.roydnyg

(8¢) “ds n.apromyossy

(99) psonxayf pyLINDJ

(T 4o eAdNN

(o1) ds 1347

(11) wndnliginw wn1qojoovp
(v1) ds vajpuy

(1) smoavd vjosp

(82) "ds avavovqu.y
(7€) suvpdao vangy

(€1) P21Y.L10X2 DAIDAIOS
(G1) piodvut snd.ipaoua()
(61) p42finqol3 viuoydudg
(L7) prooaud adiansg
(9¢) umnuwins nqid7)

(6€) vsonxayf pyrLmppy

(11) priooaid adiang

(S1) wndnliypnu wn1qojoovp
(20 smoand vjosp

(70) sisuauving vavipp

(1€) voupnby v.ayoDJ

(S€) vuLw vjjpYLMDI

(L1) ptodvu sndinooua()
(81) wnp32.4330 DUIISIONT
(61) paovup.iquidws vgrdy
(07) v2fiingoid pruoydudg
(7Q) 21y.L10x2 DIID.ID0S
(L2) vsonxayf vyrLimvpy

(49) vsonxayf vyLnopyy (LS) suonda.ao vangy (46) vsonxayf vyLMDY] (€9) priowoaud adiarng BLIUIRS
(1) sisuajao] windwovjg (1) vaovuviquidw vgrady (L) stoavd vjodip (41) priooaud adiarnsg
(G1) puvianiaod PIULOOUDYDIDG (20) sisuaindpd vau..oyopaN (8) “ds priappnn (L1) Sisuouving vaadpy
(61) vratoundiiy vauLoydly (T0) sio1paul vipunx() (¢2) pi2fiingo;3 vruoydudg (T0) vivpuLid DjPYLINDI
(7) sadinaiq v.nyovg (0€) sisuouving vadagy (97) viuLw vjjpYLMDY (7Q) StuLdpoIna) vipuvx()
(57) pjoaunoy xar1 (0) piurunop vajpne) (67) “ds vappy (47) paoyfispnu puDIULIDY
(¢€) vsonxayf vuyrLmvpy (6¥) sadinaiq v.yovg (7€) sisuauvind vasvipA (z¥) vxopv.avd viayyundiy
(1) 12y0mp vjOIIA (6t7) psonxayf vy (81) psonxayf vuyrLnvpy (¢S) psonxayf vuLINDI
(0€) Heyoueyd (61) edsiay (€€) op1oARUON (1¢) onbuey g Q1L
(y1) prjofizsndup viuisip (11) prasduydiiy vauioyopy (6) puvian.iod PILIOIUDYDAD]
(L1) psonxayf vurinppy (1) ds pajpoutony €1) “ds avaovisny)
(81) “ds prayvng (S1) pgnnons snypuvILWIE] (y1) “ds avaongn,]
(€2) swoand vjosp (91) pu2fiingo)3 vuoydudg (07) vIvuLD DIjPYLINDI
(67) "ds snonf (81) prvuLID DYPULINDIY (07) vpyiu vaaay
(9¢) suvpda.ao vangy (81) “ds va.vppp (7o) sw3isu1 vimgagny
(¢¥) vaopup.iquiw v1do.10a) (s6) vsonxayf pyrLmppy +(67) psonxayf pyLnvpy
(67) uern( ueg (67) sesug se] (82) ©Yo000ISINQ ehe)|

(sar0ads Jo JoquINU [)03) SIS

SUONE[NO[D JSAY) JOJ PIPNIOUI IOM WO ()] < YGP YA S[ENPIAIPUI [[y JUBUIWOp pue ‘yuanbayy ‘yuepunqe jsow oy doy ayp e

Suneaipur (s 1od 950(€ [8103 B JO IN0 9 ul dnfeA JA]) sisaypuated ur xapur anjea douepoduw 1y Aq paIoplo are sa102dg 'say1s oy Je sa10ads juepoduun Jsowr UIAS Ay JO ISIT € I[qBL

pringer

Qs



656 Mitig Adapt Strateg Glob Change (2019) 24:645-668

Table 4 Vegetation (dbh > 10 cm) basal area and density attributes in sampled areas (mean + std. error)

Location Basal area (m® ha ) Density (trees ha™)
Site name Trees Other Palms M. fleuxosa  Trees Other Palms M. fleuxosa
Itaya
Quistococha* 19.4+2.8 n. a. n. a. 1496 + 198 180+ 83 170+ 54
Las Brisas 9.8+1.3 1.0+£04 109+3.4 700+ 104 90+32 164+ 67
San Julian 10.8+3.4 02+0.2 1.3+0.8 679+237 11+11 16+11
Tigre
Llanque 16+3.3 26+1.1 69+23 1332+119 276+102 90+28
Monteverde 88+14 55+1.2 11.7+3.1 801+98 244+ 119 149 +48
Avispa 23.9+3.8 - 7.7+£2.5 1517 +165 - 106 +31
Chanchari 15.6+2.4 1.9+03 32+1.5 833+ 66 435+82 48 +£20
Nueva York 11.6+1.7 05+04 57+1.8 727113 32420 80+27
Samiria
Pobre Cocha 11.7+24 47+1.1 2.0+0.8 403 +59 286+ 74 2147
San Martin 74£25 2.6+1.7 10.1£2.2 509 + 134 202+ 154 117+24
Shiringal 14.1+£3.3 14+0.5 2.6+0.6 292 +£45 117 +46 27+5
San Miguel 19.1£53 1.4+£0.5 7.6+£1.2 499 +59 37+15 10115

*Palm dbh was not measured at this location

Shiringal) had basal area represented by all palms amounting to less than 40% of total dicot
tree basal area, which indicated that Arecaceae family was less prevalent in these forests.

Tree density ranged from 292 to 1517 ha ' for dicots, 11-435 ha " for other palms, and 16—
170 ha ' for M. flexuosa among sampled sites. Highest tree density for dicot trees was
observed at Avispa, while lowest was observed at Shiringal. Highest M. flexuosa density
was observed at Quistococha, while lowest was at San Julian. Two sites in Tigre (Chanchari
and Monteverde) and three sites in Samiria (Pobre Cocha, San Martin, and Shiringal) had total
palm density amounting to more than 40% of dicot trees density.

3.2 Above and belowground biomass and soil C stocks

The highest and lowest aboveground vegetation C stock were found in Itaya region
(Quistococha—97.7+ 15 Mg C ha ' and San Julian—36.8+10.5 Mg C ha '; Appendix
Table 3). There was no difference in the mean aboveground vegetation C stocks among three
regions, nor did individual sites differ significantly (Fig. 3a). Mean belowground vegetation C
stocks displayed similar variation across the sites, with highest and lowest belowground
vegetation C stocks also in Itaya region (Quistococha—24.9+4.1 Mg C ha ' and San
Julian—8.8+2.5 Mg C ha '; Fig. 3b). In addition, there was no difference in the total
vegetation C stocks among different sites across regions (Fig. 3c).

Within the sites sampled in Itaya region, Quistococha and Las Brisas had vegetation C
stocks of 122.5+19 and 86.7+15.2 Mg C ha ', respectively; however, the third site: San
Julian—had only 45.6+12.9 Mg C ha'. In Tigre region, highest vegetation C stocks were
found at Avispa (116.1+14.2 Mg C ha ') and lowest at Nueva York (57.6 = 13.3 Mg C ha™h).
Within sites in Samiria region, largest vegetation C stocks were present in San Miguel (117.8
+£27.6 Mg C ha™') whereas lowest vegetation C stocks were found at Pobre Cocha (63.9 +
15.2 Mg C ha"). Fraction of total aboveground vegetation C stocks contributed by palms
ranged from 26 to 70% within three regions, with no one region having high or low C stocks in
palms (Table 4 and Appendix Table 3).
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Fig. 3 Aboveground (a) and belowground (b) C stocks for M. flexuosa (MF), dicot trees (trees), and other
palms; (c¢) total vegetation, downed woody debris (DWD), and litter C stocks; (d) soil C stocks for soil layer < 1
and > 1 m. Error bars represent one standard error for the entire stacked bar. Note the scales of y-axes differ

Downed woody debris C ranged from 2.1+0.7 to 23.1+14.9 Mg C ha ' among
different sites (Fig. 3¢, Table 5). Carbon in DWD was relatively small except for three
sites (San Julian, Nueva York, and Pobre Cocha) where it amounted to approximately 22—
36% of the total vegetation C stocks (Table 5). Litter C was generally uniform among the
sites representing ~ 6.9% of total vegetation C. Lowest litter C was observed at San Miguel
(23+02MgC ha ') and highest at Quistococha (7.8 +1.3 Mg C ha ') and Pobre Cocha
(7.8+£0.6 Mg C ha ).

The major repository of C in these forested ecosystems are the soils. Variability in soil C
storages along soil depth profile and among six subplots at sampled site reveals similarity
within sampled regions, but wide variation exists between different regions (Fig. 3d; Appendix
Tables 4, 5, 6, and 7). Mean soil C stocks in top 1 m of soil profile for Itaya, Tigre, and Samiria
regions were 298 + 96, 471 + 39, and 225 +42 Mg C ha', respectively. When the entire soil
depth was included, the mean soil C stocks were 577 £238, 1067 =116, and 234 =44 Mg
C ha ' for these three regions, respectively.

3.3 Soil physico-chemical properties

There was a considerable variation in soil depths across the three regions (p <0.01), and
among the sampled sites (p <0.01) (Table 1). The majority of sites had a surface layer of

@ Springer



658 Mitig Adapt Strateg Glob Change (2019) 24:645-668

Table 5 Carbon stocks (mean =+ std. error) in downed woody debris (DWD), litter on forest floor, and vegetation
(aboveground (AG) and belowground (BG) combined). Site mean obtained from six subplot measurements

Region  Site name Downed woody  Litter C Vegetation C  Percent relative to vegetation C
debris C (AG+BG)
(Mg C ha™") DWD (%) Litter (%)
Itaya Quistococha 63+1.7 78+13 1225+19 5.1 6.4
Las Brisas 8+29 47+0.6 86.7 152 9.3 5.4
San Julian 149+122 29+0.6 45.6 £12.9 32.7 6.3
Mean 9.8 +2.6 51+14 84.9 +£22.2 11.5 6.0
Tigre Llanque 38+1.1 51+0.2 97.8 £20.8 3.9 5.2
Monteverde 2.1+0.7 5+0.9 89.9 +£13.5 23 5.6
Avispa 42+1.2 6.7+0.7 116.1 +£142 3.6 5.8
Chanchari 7.1+4.1 72+1.1 702 £ 124 10.2 10.3
Nueva York 12.8 +3.6 35+0.2 57.6 £13.3 223 6.2
Mean 6+1.9 55+0.7 86.3 +10.3 7.0 6.4
Samiria ~ Pobre Cocha ~ 23.1 + 14.9 7.8 £0.6 63.9+15.2 36.2 12.1
San Martin 124+ 5.1 7.7+£08 73 +£11.2 17.1 10.6
Shiringal 49+2.1 72408 90 +19.3 5.4 8.0
San Miguel 74+24 23+£02 117.8+27.6 6.2 2.0
Mean 12+4 62+13 863+ 11.9 13.8 7.2

organic peat, followed by peaty clay, and then a dense gleyed clay horizon. Bulk density
(g cm °) was typically low within the surface soils (1 m soil profile) suggesting a prevalence of
organic matter, except in sections where underlying clay deposits were encountered (Appendix
Tables 4, 5, and 6). For instance, within the Itaya region, Las Brisas and Quistococha had deep
organic soils; however, San Julian soils were shallow and had higher bulk density (Table 1). In
Tigre region, bulk density was low (<0.3 g em ) in the surface soils (top 1 m soil) at all
sampled sites. Soils in Samiria region were shallower and thick-textured with higher bulk
density than the other two regions (p <0.01). Carbon concentration in surface 1-m soil
profile in Itaya region ranged from 50 to 53% in Quistococha and Las Brisas and
considerably lower at San Julian (17%; Appendix Table 4). Low C content and high bulk
density in San Julian soils reflect mineral nature of sampled soils instead of peat observed
at other sites, which was specifically visible in subplots 4, 5, and 6 at this site (Appendix
Table 4). As a consequence, peat C density at San Julian was low in comparison to peat
density in the other two sites in Itaya region (» < 0.01) (Table 1). In Tigre region, C content
in top 1 m soil ranged from 26 to 53% with Chanchari having highest (>52%) and
Monteverde lowest (< 30%) C concentration. In Samiria region, C content in top 1 m soil
ranged from 20 to 34% among sites (Table 1). Carbon density was on average higher in
Tigre region (4.6 g C cm ) in comparison to Itaya (3.2 g C cm ) and Samiria (3.1 g
C cm ?) regions (p <0.01).

The Ca/Mg ratio profiles from the sampling locations yielded information about the
prevailing conditions during soil/peat formation at these palm swamp forests. All sam-
pled sites in Samiria showed Ca/Mg >6 (Fig. 4a, b), suggesting presence of riverine
inputs in this region. In Itaya region, Ca/Mg ratio at San Julian was <6 indicating
minimal influence of riverine inputs over short time horizons. Only one site in Tigre
region (Chanchari) had a Ca/Mg ratio > 6 while other four sites had low Ca/Mg ratio
where periodic river inputs may have been minimal. The depth profile of Ca/Mg ratio at
Chanchari showed an interesting pattern, with a low Ca/Mg ratio (< 6) at the surface and
high Ca/Mg ratio (~13) at about 125 cm, and then again low ratio at 175 cm depth
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Fig. 4 a Variation in calcium/magnesium ratios within soil profile at different sampling locations. b Distribution
of sites on the basis of calcium/magnesium ratios within 1 m deep soil profile. Dashed line indicates maximum Ca/
Mg ratio observed in the rain water. Low C content at sites occur below 30 cm depth (shown in green rectangle)

followed by high Ca/Mg ratio again at deeper depths. This may be indicative of flooding
events that took place at various times in the history, and its signature (in the form of
high Ca/Mg ratio) got embedded within the peat layer.

Among the sampled sites, strong relationships between soil nutrients and bulk density were
observed within the top 1 m of soils (Fig. 5a, b). Soil N content increased linearly with
increasing C content while bulk density decreased logarithmically with increasing C content.
Within the top 1 m of soil profile, > 70% of samples had a bulk density <0.2 g cm > and a C
content >20%. Surface soil (030 cm) contained majority of C stored in these soils and soil C
content declined dramatically with increasing soil depth (Fig. 5b).

3.4 Total ecosystem carbon stocks and effect of palm swamp forests degradation

Total ecosystem C stocks in palm swamp forest (PSF) of Peruvian Amazon ranged from
200 to 1000 Mg C ha' in Itaya, 900-1600 Mg C ha' in Tigre, and from 300 to 400 Mg
C ha ! in Samiria region (See Appendix Table 7 for complete dataset). Mean ecosystem C
stocks in Samiria (337.9 +38.1 Mg C ha ') were lowest in comparison to mean ecosystem
C in Itaya (677 +254.1 Mg C ha™') and Tigre (1164.7+114.1 Mg C ha™'; p<0.01).
Carbon stocks in Itaya region were significantly lower than carbon stocks in Tigre region
(p<0.01). The largest contribution to total ecosystem C stocks was by forest soils for all
sites; however, C stocks in vegetation were important fractions in these systems (Table 6).
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Fig. 5 Relationships between soil carbon content and soil nitrogen content (a) and bulk density (b) within the
top 1 m soil depth (n=41). In a and b soil samples with a C content, < 20% are from below 30 cm of soil depth in
the Itaya and Samiria regions

Sampled sites in Samiria region had relatively higher fraction of C stock in vegetation
biomass ~25% of total ecosystem C stocks (when both above and belowground fractions
were combined). Soils C typically represented 70-90% of total ecosystem C stocks.
Carbon stocks in downed woody debris and litter were sizeable (~10-15 Mg C ha '),
however, in comparison to vegetation and soil C compartments, these together constituted
~5% of the total ecosystem C stocks (Table 6).
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Table 6 Carbon stocks as fraction of total ecosystem carbon in measured locations

Fraction of carbon in various ecosystem compartments (%)

Location  Sites Carbon in top 1 m soil Carbon in entire soil depth

Litter DWD  Vegetation Soil  Litter DWD  Vegetation  Soil

Itaya Quistochocha 1.6 1.3 24.4 72.8 0.9 0.7 14.0 84.4
Las Brisas 0.9 1.5 16.7 80.9 0.5 0.8 8.8 89.9
San Julian 1.7 8.7 26.5 63.2 1.7 8.7 26.5 63.2
Mean 1.3 24 21.3 74.9 0.8 14 12.5 85.3

Tigre Llanque 0.9 0.6 16.6 81.9 0.4 0.3 8.5 90.8
Monteverde 1.1 0.5 19.6 78.8 0.6 0.2 10.5 88.7
Avispa 1.1 0.7 18.7 79.5 0.6 0.4 10.1 88.9
Chanchari 1.1 1.1 10.3 87.5 0.5 0.5 45 94.6
Nueva York 0.7 2.6 11.6 85.1 0.3 1.2 53 932
Mean 1.0 1.1 15.2 82.8 0.5 0.5 7.4 91.6

Samiria Pobre Cocha 1.8 55 15.1 77.6 - - - -
San Martin* 22 3.6 21.1 73.1 2.0 33 19.2 75.5
Shiringal 2.6 1.8 32.6 63.0 - - - -
San Miguel 0.9 2.7 434 53.0 - - - -
Mean 1.9 3.6 26.2 68.3 - - - -

*Only one site (San Martin) had soil profile deeper than 1 m in Samiria region

The average degradation scores for Itaya, Tigre, and Samiria regions were 1.3, 1.4, and 2.3,
respectively. There were no differences between regions (p = 0.42); degradation classes ranged
from low disturbance to higher levels of disturbance within each region (Table 1). Degradation
did not correlate with soil C up to 1 m depth, nor the entire soil profile. However, increased
levels of degradation showed a trend for lower total vegetation C and forest floor C (DWD +
litter) (Fig. 6a). Moreover, the C stock in above and belowground M. flexuosa vegetation
showed a clear and significant reduction with increased degradation (r* = 0.60, p < 0.01) (Fig.
6b). The C stock in trees, other palms, and the forest floor was not significantly correlated to
degradation class.

160 A [ other Paims M M. flexuosa ® Itaya
O Trees Forest floor B O Tigre
= o 60 . X Samiria
™ 120 | I j: .
¥ g o
2 2 10
§ § rr=0.6
v wv =u.
s s <0.01
8 g 2l (p<0.02)
S S o
2
) / 2 ; 0 M. flexuosa
0 1 2 3 0 1 2 3

Degradation score

Degradation score

Fig. 6 Average carbon stocks in standing (MF, Mauritia flexuosa; Trees, dicot trees; and Forest floor, dead
vegetation) for the different degradation classes (a). Correlation between degradation classes and M. flexuosa C
stock (b)
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4 Discussion

Palm swamp forests account for most of Peru’s wetlands and the majority of this wetland type
is found within the Pastaza-Marafion foreland basin in the western Amazon. Our study was
aimed at quantitative assessment of C stocks in these swamp forests, evaluation of C stocks
variability across the Pastaza-Marafion region, and appraisal of potential of overharvesting of
M. flexuosa on disruption of forest structure and loss of ecosystem functions leading to soil C
losses.

4.1 Carbon dynamics on a regional scale

Total ecosystem C stocks determined in this study (200~1600 Mg C ha™') were within the range
reported by Lihteenoja et al. (2009b), Léhteenoja et al. (2012), and Draper et al. (2014) from
north eastern region of Peru. Soil C typically represented 70-90% of total ecosystem C,
followed by vegetation C as second largest component, followed by DWD and litter. The C
stocks in primary (384 Mg C ha ') and secondary (230 Mg C ha™") forests of Colombia (Sierra
et al. 2007) were much smaller in comparison to the Peruvian palm swamp forests C stocks
because of the absence of C rich peat layer. Although litter C represent only a small fraction, a
significant amount of soil C originates from residual refractory C that accumulates on the forest
floor as litter and does not decompose due to prevailing anoxic conditions of swamp forests.

All sampled locations in Itaya and Tigre regions had high C stocks when the
complete soil profile was accounted (except for San Julian and sites in Samiria region)
where peat depths were shallow (<1 m). This represents an interesting finding since the
standing vegetation (both aboveground and belowground) C in the three sampled
regions were similar; although soil C and peat depth varied between site-to-site. This
suggests that landscape level factors (sediment inputs and hydrodynamic processes
controlled by annual river flooding) could play an important role in organic matter
accumulation, peat formation, and stabilization or erosion in this region. Since the
Cretaceous period, rivers originating from the Andes have led to the accumulation of
several kilometer thick minerogenic deposits in these subsiding basins (Ldhteenoja
et al. 2012). Consequently, the accumulation of peat is a dynamic process and is
influenced by meandering of river channels (Smith et al. 1989) and avulsions which
can cause both burial and erosion of peat deposits (Kalliola et al. 1992; Neller et al.
1992). Moving rivers may be responsible both for burial and erosion of peat located in
their path (Morozova and Smith 2003).

The complex stratigraphy observed in many of the sites provide evidence of peat burial and
mixing with minerogenic sediments in areas influenced by river flooding and sediment inputs.
The peat layer within Tigre region was relatively thick and the upper soil layers did not contain
minerogenic deposits (Fig. 4); however, sites from Samiria region had shallow peat layer with
overlying clay deposits. Carbon content in Tigre region was highest but N % was relatively
low (Fig. 5a). This could be indicative of humification process where recalcitrant C accumu-
lates while N is reduced along the soil profile. In Itaya and Samiria regions, high soil bulk
density was observed underneath 30 cm depth horizon (Fig. 5b), whereas bulk densities of
surficial layers were relatively low. This may indicate a past incident of flooding or river
migration leaving clayey deposits. Subsequent accumulation of vegetation litter and organic
matter over clayey sediment resulted in forming a high C content surficial layer, which
overtime formed the peaty layer we encountered.
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At Tigre sites however, bulk density remained generally low throughout the deeper soil
horizons. Lack of clayey riverine sediment deposits in Tigre region is also indicative of lower
hydrodynamic energy of the system, which enhances accumulation and accrual of organic
matter and is conducive of peat formation (Bailey 1951). Sites in Tigre basin seem to be stable
over a historic period of time and do not seem to be affected by landscape shaping character-
istics of the main river (Draper et al. 2014). Interestingly, soil bulk density and C content at
Chanchari did not show differences with other sampled locations in Tigre region but the Ca/
Mg ratio at this site changed dramatically with soil depth, and was dissimilar to other sites (Fig.
4). While it is reasonable to assume that river mediated inputs of sediments have been
relatively low or absent for sites situated ~ 12—15 km downstream of Chanchari, it is possible
that the river dynamics affecting and shaping the palm forests of Chanchari were different than
other sites in the Tigre basin. On the other hand in Samiria region, relatively shallow depth of
organic layer, fine clay deposits, and high Ca/Mg ratio suggests that sampled sites were
directly affected by the Samiria river dynamics (Figs. 4 and 5).

Using low Ca/Mg ratios as an indicator of ombrotrophic conditions and limited riverine
influences, it can be surmised that majority of C stored in the top 1 m soil surface in Itaya and
Tigre regions is autochthonous. Where as, high Ca/Mg ratio in Samiria region suggested
riverine influence and so soil C at these sites may be associated with the mineral and fine clay
particles brought by the river/flood waters. This observation is also supported by elevated soil
bulk density in Samiria sites (Fig. 5) which provide another evidence of river flooding in
depositing mineral sediments and shaping soil characteristics. A steady decline in Ca/Mg ratio
from high (~13) at 130 cm to low (~5.8) at the surface at Chanchari (Fig. 4a) shows an
interesting dynamic process in action. It represents late successional stage of minerotrophic
mire and its transition into an ombrotrophic system (Ldhteenoja et al. 2009a), possibly
facilitated by lower hydrodynamic energy of the system (reduced flooding) and vegetation
change.

In Peru, peatlands are found at both low (Léhteenoja et al. 2009b; Householder et al. 2012;
Léhteenoja et al. 2013; Draper et al. 2014) and high altitudes (Hribljan et al. 2016; Hribljan et al.
2017) and can be ombrotrophic or minerotrophic (Léhteenoja et al. 2009a) which support the
growth of different vegetation types (Roucoux et al. 2013; Draper et al. 2017). No difference in
total ecosystem C stocks was observed between ombrotrophic or minerotrophic sites, even
though areas that are less influenced by river systems may continue to accumulate organic
matter and transform into elevated ombrotrophic bogs (Léhteenoja et al. 2009a; Lawson et al.
2014). It is also likely that vegetation composition (species diversity) may vary between
ombrotrophic and minerotrophic sites (Roucoux et al. 2013; Kelly et al. 2017). At Chanchari,
where we observed declining Ca/Mg ratios (site transitioning from minerotrophic to
ombrotrophic status), most important vegetation species was Virola duckei (Table 2) instead
of M. flexuosa. M. flexuosa density can range from 130 to 250 individuals per ha in extensive
stands of palm swamp forests in Peru (Kahn 1991), however at Chanchari we found lowest
M. flexuosa density (48 palms ha™') among the five sampled sites in Tigre basin. The reduction
in M. flexuosa density could be due to anthropogenic impacts (M. flexuosa fruit harvesting) or
due to natural forest succession. Nothwithstanding this transition, Chanchari has maintained
itself as a peatland and has the highest overall C stocks in the region (Fig. 3, Appendix Table 7).
Based on the floristic composition, some of the sites sampled in Tigre region contained species
that are found in ombrotrophic pole forests. For example, species such as Pachira brevipes,
Oxandra mediocris, and Platycarpum loretensis found in Avispa and Chanchari, respectively,
may be indicative of succession of palm swamp forests to the pole forests (Draper et al. 2017).
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Therefore, the potential stability of peatlands in this region may also relate to natural succession
of'the vegetation, and some sites may be undergoing a transition to a pole forest as suggested by
the floristic composition of a site (e.g., evidence of pollen record at San Jorge in Rio Amazonas
(Kelly et al. 2017)). While dominance of a pioneer species, Cecropia membranacea, at San
Julian in Itaya region indicates heavy loss of canopy cover which can be attributed to the
degradation caused by anthropogenic impacts. As a result, the degradation score was 3 and
vegetation C stocks at San Julian were only 45.6+12.9 Mg C ha ', lowest of all 12 sampled
sites.

4.2 Vegetation characteristics, degradation, and ecosystem carbon stocks

The aboveground vegetation C stock in our sites averaged at 69.9 Mg C ha ', which was
similar to values presented in a review from Southeast Asian peatlands (Hergoualc’h and
Verchot 2011) and from palm swamp peatlands of Peru at different levels of degradation
(Hergoualc’h et al. 2017). Comparing to Southeast Asian peatlands, our values were closer to
the average aboveground C stocks of logged peat swamp forests (85.1 Mg C ha™'), than to
virgin peat swamp forests (181.9 Mg C ha ") (Hergoualc’h and Verchot 2011). Utilizing
established metric of classifying forest degradation (Thompson et al. 2013) based on tree
density and magnitude of DWDs, sampled sites were categorized into different degradation
classes. The impact of anthropogenic forest degradation in this sense is relatively recent in
some sites (e.g., Las Brisas, Shiringal) and is not reflected in the observed variation of soil C.
We observed that our score of degradation is reflected in the vegetation C; recurrent harvesting
of M. flexuosa likely resulted in lower vegetation C. Since swamp forests soil C typically
represented 70-90% of total ecosystem C (Table 6), we did not observe any relationship
between soil C stocks and our assigned degradation classes. Although the effect of degradation
in our sites was not clearly evident on the total ecosystem C stocks, contribution to below-
ground C by forest vegetation in the form of litter (Melillo et al. 1989; Yule and Gomez 2009)
and root biomass might be lower at a degraded site, and it could negatively impact overall C
accumulation rates at that site in long term.

Vegetation C fraction was the second largest component and showed large variation both
within and between regions, but only showed a trend of reduced C with increased level of
degradation (Fig. 6a). However, the observed C stocks in M. flexuosa palms did uniformly
decrease in all sites and regions with increased level of degradation (Fig. 6b). The overall
variation observed in M. flexuosa C stocks within one degradation class was substantial, e.g.,
for category 1 this ranged from 12 to 58 Mg C ha '. This indicates an additional source of
variation related to, for example, natural disturbances or succession and less so to anthropo-
genic disturbances. It is possible that natural succession (transition of PSF into pole forests)
may contribute to a “higher” score on degradation scale in our protocol, however separating
natural disturbances and succession from anthropogenic disturbances is quite challenging in
absence of a long-term study. The degradation scores based on DWD captures impacts within
a short time scale (05 years), after which the palm trunks gradually disintegrate and disappear
from forest floor. The palm height distribution and seedling absence are typically visible for
longer time periods after selective harvesting and were used to capture disturbance, but these
effects could also be due to natural disturbances or vegetation succession. The only way to
truly distinguish between natural and anthropogenic disturbances is by monitoring sites for
long time periods and by conducting interviews with local villagers about local practices and
land use history, or by monitoring origin of fruits at local markets. Other researchers have
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recognized this lack of understanding between M. flexuosa harvest and palm swamp forest
dynamics (Endress et al. 2013; Virapongse et al. 2017). Evidence of natural succession is
evident in Pobre Cocha and Shiringal in Samiria region where Mauritia flexuosa density
was low and species representative of seasonally flooded forest were dominant (e.g.,
Euterpe precatoria and Hura crepitans) suggesting the sites corresponded to more recent-
ly developed palm swamps. Palaco-environmental records from two peatland sites from
the studied region (San Jorge and Quistococha) showed that the vegetation changes during
early phases of peat initiation were a result of autogenic succession and fluvial influence
(Roucoux et al. 2013; Kelly et al. 2017). Pollen data and sedimentary evidence from these
two sites confirmed the dominant role of flooding in vegetation transition and succession.
Stratigraphic record also indicated multiple abrupt transitions, repetitions, and existing
complexity in the processes that shaped the current landscape. Existing palm swamp
forests and its peat deposits are an outcome of several dynamic and unpredictable
processes that has been active for past 1000s of years, and anthropogenic disturbances
need to be minimized to maintain coninuity in that process.

4.3 Conclusions

The results of this study on quantification of C stocks in PSFs in Peruvian Amazonia are meant
to highlight the importance of these ecosystems as C repositories. Our investigation was an
attempt to quantify existing C stocks in these areas and emphasize the potential role in C
storage and global climate change that these ecosystems could play. We utilized a quantitative
metric to differentiate peat swamp forests on the basis of existing disturbances and assigned
different degradation scores to the studied sites. There was a large amount of variation caused
by many factors in our dataset, and the degradation score was only able to explain a small
portion of variation in the ecosystem C stocks. Clayey sediments embedded in the peat
deposits, Ca/Mg ratios, and discontinuous elevated bulk densities in the soil profiles indicated
the influence of river flooding in shaping this landscape. Forest transition and loss of
M. flexuosa can be caused by natural succession or by anthropogenic extraction of
M. flexuosa fruits; however, the only way to truly distinguish between natural and anthropo-
genic disturbances is by monitoring sites for long time periods. Since our study protocol does
not lend that ability, perhaps a diagnostic criterion can be added in future studies to distinguish
natural variation from degradation, and to capture characteristic of pole forests, or successional
environments naturally succeeding away from palm swamps.

We found that the Tigre region has been less influenced by rivers during the formation of its
peat and consist of large ombrotrophic peatlands with greater depths that have likely formed
over longer time-scales. The stability and lower frequency of river avulsions in this region
probably were caused due to isolation of Rio Tigre from the Rio Pastaza some 8000 years BP
(Bernal et al. 2011). Northern parts of Rio Tigre basin therefore experienced build-up of peat
over time and transitioned from high- to low-nutrient status (minerotrophic to ombrotrophic),
and may experience vegetation succession to pole forests (Draper et al. 2014). The area in
Samiria basin is more influenced by river dynamics and likely underwent sediment deposition,
erosion, and burial of peat in not so distant past. Moreover, we see that largest C stocks are in
the Tigre river outside of the currently protected Pacaya Samiria reserve. This might point
towards a need for new conservation areas in this region for the conservation of palm swamp
and pole forests where the largest carbon stocks are stored (Draper et al. 2014). Long-term
site-specific studies aimed towards investigating linkages of forest degradation with soil
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C stocks may provide useful information in this context. In the degraded palm swamps,
management plans or interventions to conserve fruit production and genetic resources are
needed to have greater potential to protect existing C stocks, while simultaneously preserving
all the ecosystem services associated with it.
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