Effects of human disturbance on above-ground carbon stocks
In north-west Amazonian Mauritia flexuosa peat swamp forests

Yakov Quinteros-Gémez'?, Martha Zarco-Gonzalez®, Doris Gémez Ticeran®,
Angel Endara-Agramont®, Octavio Monroy-Vilchis®

L Facultad de Ciencias Bioldgicas, Universidad Nacional Mayor de San Marcos, Lima, Per(
2Escuela de Posgrado, Universidad Privada Norbert Wiener, Lima, Per
3 Instituto de Ciencias Agropecuarias y Rurales (UAEMex), Toluca, México
4 Facultad de Ciencias Matematicas, Universidad Nacional Mayor de San Marcos, Lima, Per
5 Universidad Auténoma del Estado de México (UAEMex), Toluca, México

SUMMARY

Mauritia flexuosa palm peat swamp forests concentrate important carbon reserves in the Amazon Basin, but
are strongly affected by changes in land use. There is little information about their distribution pattern and
carbon stocks in the Andean-Amazonian piedmonts. We studied four palm peat swamp forests of different
types in two localities with different management, in the piedmont of the Alto Mayo Valley in San Martin
Region, Peru. M. flexuosa showed an aggregated distribution (standardised Morisita index) and statistically
significant differences in abundance and density between the four forests. The average above-ground carbon
stocks of these palm forests were estimated at 61.5 Mg ha (41.4-85.0 Mg ha), with M. flexuosa contributing
45.4 %. In the locality that was managed for conservation (Tingana), the above-ground carbon stocks were
77.9-85.0 Mg ha'l, and thus approximately double those in the locality (Posic) with strong anthropic pressure

(41.3-42.3 Mg ha).
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INTRODUCTION

Tropical forests host a large portion of the planet's
biodiversity (Crowther et al. 2015), participate in
biogeochemical cycles, and provide environmental
services such as soil formation and primary
productivity (Meister et al. 2012, Quinteros-Gémez
et al. 2021a). In some tropical locations, seasonal
precipitation and floods, as well as intraspecific and
interspecific relationships, have favoured the
development and survival of resilient plant species
adapted to flooded conditions (Casanova & Brock
2000) where primary productivity exceeds the
decomposition rate of the accumulated organic
matter (Page et al. 2011) resulting in the
accumulation of a peat layer up to 7.5 m thick
(La&hteenoja et al. 2011). Tropical peatlands are
major terrestrial carbon sinks, storing more than
twice as much carbon as all the world's forests
combined (Barthelmes et al. 2015). In addition, they
are important in the flow of greenhouse gases (Finn
et al. 2020).

Peru is the fourth-richest South American country
in peatlands, which occur across the full altitude
range from the Amazon Basin through montane
(>2,800 m a.s.l.) forests to the wetlands of the high

Andean region (Roman-Cuesta et al. 2011,
Hergoualc'h et al. 2017). Peat swamp forests in the
Peruvian Amazon are considered to be particularly
fragile and vulnerable ecosystems (Fagundes &
Ferreira 2016) because they are not protected by law
(Lilleskov et al. 2019). These ecosystems have a
hydromorphic, swampy character (Page et al. 2011)
and low species richness compared to other
Amazonian forest communities (Nebel et al. 2001,
Honorio et al. 2015). The origin of the water and the
associated nutrients have favoured the formation of
various peatland types (Hergoualc'h et al. 2017), of
which Aguajales (dominated by the palm Mauritia
flexuosa) are the most dense, extensive (more than
6 million hectares in Peru; Draper et al. 2014, Pitman
et al. 2014) and important economically,
environmentally and socioculturally. The fruits of
M. flexuosa can be eaten fresh or can be used in
drinks, ice cream, desserts and even as fishing bait
(important value in the regional economy; Horn et al.
2012, Gilmore et al. 2013, Virapongse et al. 2017).
Aguajales play an important role in the carbon cycle
(IPCC 2008), harbour endemic and endangered
species, and provide biological corridors for native
fauna (Fagundes & Ferreira 2016, Hergoualc'h et al.
2017). They can be termed strategic ecosystems
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(Trujillo-Gonzélez et al. 2011) because they provide
ecosystem services that directly benefit both native
fauna (habitat, food, migration routes) and human
communities (Gilmore et al. 2013).

Studies of the extent of swamp forests, flooding,
forest structure and richness have focused on alluvial
plains (Borner & Zimmermann 2003, Virapongse et
al. 2017), meaning the location and extent of the
highest elevation (piedmont) swamp forests in Peru
is unknown (Lahteenoja et al. 2009). Historically,
the only human activity that was carried out in palm
swamp forests was the collection of M. flexuosa
fruits. However, when the marginal highway of the
jungle (now known as IIRSA Norte) was constructed
in 1973 under the slogan "The conquest of Peru by
the Peruvians", the national government enacted laws
to promote human occupation of Amazonian
territories by granting subsidies for livestock
husbandry and agricultural activities. This resulted in
disturbances such as deforestation, changes in land
use (Quinteros-Gomez et al. 2021b) and intensive
destructive harvesting (Romulo et al. 2022) in the
zone of transition from the Andean region to the
Amazon plain which have generated vegetation
mosaics, each patch with its own dynamics (Gaya
2014). The outcome is a greater variety of habitats
and, consequently, a more complex flora (Fagundes
& Ferreira 2016) with enhanced regional beta
diversity within which swamp forest remnants are
still the main carbon sinks (Draper et al. 2014, Draper
et al. 2018). For M. flexuosa the outcome is genetic
erosion, a decrease in female individuals (Horn et al.
2012) and changes in community structure (Terborgh
et al. 2008).

The conservation status of Amazonian swamp
forests is unknown due to poor monitoring resulting
mainly from the difficulty of access to these
territories and lack of interest from the government
(Morales et al. 2018). Furthermore, there is little
information on the degradation of Peruvian peatlands
and their greenhouse gas emissions. Likewise, the
effect of M. flexuosa over-exploitation on the
structure and function of the swamp forest has not
been evaluated. Nowadays it is also a priority to
generate information on peatland ecosystem services
and their contributions to the storage of water, carbon
stocks, and reduction of the greenhouse effect
(Freitas Alvarado et al. 2006). Based on a previous
field survey, carried out between December 2016 and
March 2017, we described and compared the floristic
composition and structure of plant communities in
piedmont swamp forests with different levels of
human influence in the Alto Mayo Valley, Peru
(Quinteros-Gomez et al. 2021b). In the study
described here we aimed to build on that work by
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assessing the aerial biomass and carbon reserves of
the same forests.

The earliest methods for quantification of biomass
in tropical forests were limited by their low accuracy
(Fittkau & Klinge 1973), but the subsequent
development of allometric models has added an
efficient tool (Somogyi et al. 2008). Allometric
models are derived using destructive field methods
(measuring fresh weights of different parts of the
individual; Goodman et al. 2013) and even from
plant formations (Petersson et al. 2012). The
availability of specific allometric models for palm
species allows better approximations (avoiding over-
estimation) to the real biomass values because these
models have been designed considering the structural
characteristics of palms, for which stem height is the
most important predictive variable (Goodman et al.
2013). The carbon stock is related to biomass and
both of these attributes can be expected to reflect the
age of the forest and its level of conservation
(Alexandrov 2007). Forests within conservation
areas tend to be more diverse (Gongalves-Souza et al.
2021) with higher densities of tree species with
considerable basal area, which should increase
biomass and carbon stocks.

The objective of the research reported here was to
estimate and compare carbon stocks in the above-
ground biomass of swamp forests located in a
conservation area and in an area with strong
anthropic pressure, in the Andean-Amazonian
piedmont of the Alto Mayo Valley, Peru.

METHODS

Study sites

The Andean-Amazonian piedmont of the Alto Mayo
Valley is a transitional area (20—-30 % slope) of late
successional forest with slow-growing species
producing dense wood, between the yungas
(mountain forests of the east Peruvian Andes) and the
low-lying seasonally flooded zone of Central
Huallaga. The climate is humid subtropical with
rainfall concentrated in a single wet season lasting
from October to April. Annual precipitation and
mean temperature are 1,265 mm and 22.8 °C,
respectively (PEAM 2004).

Fieldwork was carried out between January 2018
and July 2019, in two localities (Tingana and Posic)
separated by the Mayo River (Rio Mayo; Figure 1).
The river is an important influence on floristic
diversity because it acts as a geographical barrier that
promotes allopatric speciation (Gentry & Ortiz 1993)
and heterogeneity among the vegetal community
(Bijos et al. 2017).
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Figure 1. Geographical locations of the four studied palm peat swamp forests in the two localities Tingana
(SA, MI) and Posic (SD, MA) of the Alto Mayo Valley, San Martin, Peru.

The two Tingana study sites were located in the
Municipal Conservation Area, Water Association,
Aguajal Renacal del Alto Mayo (ADECARAM
Tingana, ecotourism; 05° 54’ 17.9" S, 77° 07" 07.5"
W; Figure 2), which is influenced by the Avisado
river (Borner & Zimmermann 2003); and specifically
in the Tingana conservation concession (Executive
Directorial Resolution of the Regional Government
of San Martin), where the only permitted human
activities are ecotourism and sustainable harvesting
of M. flexuosa fruits. The first site was in an area of
slightly undulating semi-dense swamp forest (SA),
dominated by palm trees in the emergent canopy
(M. flexuosa, Euterpe precatoria) with an average
diameter at breast height (DBH) >23 cm, and
characterised by flooding up to 1.5 m. Virola
elongata was the forest species with the largest basal
area. Between the months of May and August we
observed many M. flexuosa seedlings beneath the
parent plants. The second site was in a flood-prone
area of mixed swamp forest (MI) close (30 m) to the
Avisado River where trees of Coussapoa trinervia,
Ficus trigona and Virola elongata (DBH>30 cm)
were prominent. Adaptations of the vegetation such

as stilt roots, aerial roots, trunk fins and
pneumatophores associated with the flood level
(>3 m) were apparent, along with large quantities of
epiphytic species (orchids, bromeliads and Araceae)
on the branches of the largest trees.

The areas sampled in Posic (06° 01’ 43.3" S,
77° 09’ 43.8” W; Figure 3) lay within a relict forest
surrounded by rice crops 400 m from the Tonchima
River. This forest (managed by local families) is
subject to strong anthropic pressure due to the
selective extraction of forest species, hunting of
native fauna and change of land use towards
agriculture and livestock husbandry as well as
urbanisation. The first Posic study site was in semi-
dense to mixed swamp forest (SD) and the second
was in mixed swamp forest (MA). Both of these sites
were dominated by M. flexuosa, Mauritiella armata
and Matisia bracteolosa with few epiphytes, and
included deforested spaces with stumps along with
some seedlings and juveniles of Cedrela sp. There
were many gaps in the canopy suggesting the former
presence of individuals with DBH > 30 cm and height
>20m. In the undergrowth there was little
regeneration of forest species or palm trees.
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Figure 2. The two sampled swamp forests in ADECARAM, Tingana. Above: semi-dense swamp forest (SA);
below: flood-prone area of mixed swamp forest (Ml).
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Figure 3. The two sampled swamp forests in Posic. Above: semi-dense to mixed swamp forest (SD); below:
mixed swamp forest (MA).
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Field sampling
When specific allometric equations are used to
estimate the biomass of various plant families and
species, data precision may be influenced by the
sampling strategy (Vieira et al. 2008, Goodman et al.
2013, Romero et al. 2020). In our case it was
important to avoid: i) sampling units (plots) with less
than five individuals, regardless of plot size;
ii) wrong coordinates and incompatible methods
(linear plots); and iii) joint analysis of tree and non-
tree biomass (DBH <10 c¢cm; Freitas Alvarado et al.
2006).

At each study site we established a plot of area
1 hectare (100 x 100 m) that we judged to be
representative of the forest in terms of structure and
composition whilst also considering accessibility and
flooding level (<1m). The minimum distance
between plots in the same locality was 500 m. Within
each plot, all free-standing trees, shrubs and palms
with DBH >10 cm were marked, tagged and tallied,
and the height of each individual was recorded using
a Suunto clinometer (Lamprecht 1990). In addition,
we collected botanical samples for taxonomic
identification of species by comparison with
herbarium specimens and specialist literature.
Botanical nomenclature was based on The Plant List
(www.theplantlist.org).

Data analysis

In the current version of PAST software (Hammer et
al. 2001), the abundance and richness of species were
compared between the four plots using the ANOVA
test, considering the density of M. flexuosa as
covariate. Also, the Berger-Parker (BP) dominance
index was used to measure species diversity within
plots. The BP index describes the relative importance
of the most dominant species in an assemblage
(Magurran 2004). Then, one-way ANOVA was
performed to test the null hypothesis that the BP
index did not vary significantly amongst plots
(Fisher's test).

The spatial aggregation pattern for the most
abundant species (more than 20 individuals per plot)
was determined using a standardised form of
Morisita’s index of dispersion (lp) (Krebs 1999; see
Appendix). This is the most consistent index for
describing spatial distribution patterns (Pereira et al.
2015). The 1, value varies between -1 and +1, where
values of I, < 0 indicate a uniform distribution, I, =0
indicates a random distribution, and values of 1, > 0
reveal a grouped distribution pattern (Krebs 1999).

To estimate the above-ground biomass of palms
we used the allometric models provided by Goodman
et al. (2013) for biomass and productivity of woody
palms (with different DBH) in terra firme and
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wetland forests in the Amazon. For other woody
species, biomass was determined per stem using
allometric equations developed from the diameter of
individuals (DBH), height (m) and wood density
(Chave et al. 2014, Mangwale et al. 2017). Wood
density values per species were obtained from the
Wood Density Database (WDD) (Zanne et al. 2009).
The allometric models of biomass per tree and total
biomass per species were adjusted using the method
of ordinary least squares (Fonseca et al. 2013), while
the predictive capacity of the models was estimated
through the prediction error of the model (Chave et
al. 2005). Carbon content was estimated by
multiplying above-ground biomass by the most
conservative value of the carbon proportion in wood
(0.45; IPCC 2003).

RESULTS

Floristics and spatial aggregation

In total, we assessed 2,065 individuals belonging to
30 families, 60 genera and 79 species (see Table Al
in the Appendix). The best represented families were
Leguminosae (8 species, 10 %) and Rubiaceae
(7 species, 9 %). Families with greater abundance
(>200) were Arecaceae, Malvaceae, Myristicaceae
and Leguminosae which together represented 76.6 %
of total abundance. The more diverse genera were
Ficus with five species, and Inga, Muyrsine,
Nectandra and Virola with three species each.

Abundance (F = 3.84; d.f. 3, 99; p = 0.01) and
density of M. flexuosa (F =5.26; d.f. 19, 99; p = 0.01)
showed significant differences amongst plots
whereas species richness did not (F = 1.36; d.f. 3, 99;
p = 0.26), even without considering M. flexuosa
presence (F = 1.47; d.f. 19, 99; p = 0.12). In the SA
plot, M. flexuosa, Machaerium floribundum and
Virola elongata accounted for 62.3% of total
abundance; while in the MI plot, M. flexuosa and
V. elongata accounted for 57.3 %. In the SD plot,
M. flexuosa and Matisia bracteolosa contributed
62.2 % of abundance; whereas in MA the same two
species, along with Ferdinandusa chlorantha and
Mauritiella armata, contributed 67.9 %.

The BP dominance index was highest in the most
conserved and flooded (MI) area in Tingana and
decreased in the order (MI: 0.36 > SD: 0.34 > SA:
0.27 > MA: 0.24). The lowest value was registered
for the area closest to the highway. One-way
ANOVA detected significant differences in BP index
amongst the four plots (F =21.16; d.f. =3; P <0.001).
Fisher's test suggested two groups, the first group
including Ml and SD and the second group consisting
of SA and MA.
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Only two species were represented by more than
20 individuals in the respective plots. The
Standardised Morisita’s index indicated clumped
distributions of M. flexuosa and V. elongata in all
four plots (Table 1). Additional clumped
distributions were identified in just one or two plots,
for E. precatoria (SA: 0.511) and M. armata
(SD: 0.498, MA: 0.502).

Above-ground biomass and carbon stocks

Buchenavia sericocarpa, Sloanea robusta, Aptandra
tubicina, Oxandra sphaerocarpa, Calophyllum
longifolium, Matayba purgans and Tetragastis
panamensis form woods with densities greater than
0.700gcm3, while the densities of Cyathea pilosissima,
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Ficus maxima, Cedrela montana, Picramnia sellowii,
Aiouea grandifolia, Pachira aquatica and Hura
crepitans woods are below 0.39 g cm (Table Al).
Above-ground biomass per plot ranged from 91.95 to
188.98 Mg ha (Table 2). The SA plot had the highest
biomass and the MI plot had the second highest
biomass despite having the lowest abundance (332).
Accordingly, the Tingana plots recorded the largest
carbon stocks (85.0 and 77.9 Mg ha?), while the
Posic plots registered much lower values (42.3 and
41.3 Mg ha). The average carbon stock for the four
plots was 61.7 Mg ha. M. flexuosa and V. elongata
made up most of the carbon stocks, contributing
45.4 % and 23.7 %, respectively, of the total carbon
contained in the aerial biomass of the plots (Table 3).

Table 1. Standardised Morisita index for the two most abundant species in the four sampled M. flexuosa palm
peat swamp forests in the Alto Mayo Valley (DBH >10 cm).

Plot Standardised Morisita index (l,)

SA 0.508

MI 0.518
Mauritia flexuosa

SD 0.522

MA 0.530

SA 0.506

Ml 0.498
Virola elongata

SD 0.514

MA 0.604

Table 2. Summary of pertinent characteristics of the vegetation >10 cm DBH per plot, in the four

(100 x 100 m) plots established in M. flexuosa palm peat swamp forests in the Alto Mayo Valley, Peru.

SA Ml SD MA
Ne. of individuals 683 332 547 503
Richness 37 30 29 30
N°. of families 20 17 21 20
Mauritia flexuosa density (N ha) 184 121 156 123
DBH (cm) 235+128 32+16.2 23.1+151 23.1+133
Biomass (Mg ha) 188.9 173.2 94 91.9
Carbon stock (Mg ha™) 85.0 77.9 42.3 41.3
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Table 3. Carbon stock (Mg ha) in palms and other woody species, per plot.

) ) Palms Other woody species
Locality Study site - — - -
All species Mauritia flexuosa All species Virola elongata
) SA 44.31 38.66 40.73 17.86
Tingana
Ml 28.13 27.04 49.86 36.03
. SD 26.84 25.11 15.47 2.24
Posic
MA 23.47 21.08 17.91 2.35
DISCUSSION In the Amazon Basin, peatland communities are

Palm swamps deliver important ecological benefits
by reducing global warming through carbon dioxide
sequestration, especially when the conditions are
suitable for peat formation. Species composition,
abundance, DBH and management practices, as well
as abiotic characteristics of the study area, influence
their carbon stocks and fluxes (Mund & Schulze
2006), and thus the amount of carbon in different
pools such as above-ground biomass, dead wood and
soil organic matter.

Unfortunately, there is a lack of information on
the amount of carbon stored in conservation areas
managed by local communities (Bhatta et al. 2021),
as in Tingana. Our research has shown that, despite
their similar climatic conditions and altitude, the
forests in Tingana store more above-ground carbon
per hectare than those in Posic where the greater
anthropic pressure from hunting, selective extraction
of medicinal and ornamental plants, livestock
husbandry, deforestation and fragmentation generate
habitat alteration and biodiversity loss (Riemann et
al. 2017). The quantification of carbon stocks will
support improvements in management of these
forests as natural resources.

Species-level calculations increase accuracy in
estimating biomass and carbon stocks in tropical
forests. In general, they deliver an average of 20 %
higher biomass compared to biomass models for
template forest species (Goodman et al. 2013). In this
regard, the WDD is the database of wood density that
is most widely used globally for the estimation of
biomass and carbon reserves through non-destructive
methodologies. However, the allometric equations
have some limitations, mainly because the density of
wood usually varies between individuals and from
place to place, so the development of new forestry
research in wood technologies to continuously
improve accuracy in the estimation of biomass and
carbon stocks is a priority.

typically dominated by one or more of the palm
species M. flexuosa, E. precatoria and M. armata
(Pitman et al. 1999, Cabrera & Wallace 2007),
along with the hyperdominant woody species
S. globulifera, V. elongata, M. bracteolosa and
genera Inga, Xylopia, Ceiba, with low species
richness and high habitat specialisation (Householder
et al. 2012, Honorio et al. 2015). These palms and
other woody species possess adaptations such as
pneumatophores (M. flexuosa), strangler figs (Ficus
and vines) and buttress roots (Ceiba sp.) that have
allowed their distribution throughout the Amazon
Basin (ter Steege et al. 2013, Pitman et al. 2014,
Quinteros-Goémez et al. 2021a) with waterlogging
causing variations in the composition (Costa et al.
2008), distribution and structure of forest types (Junk
1997, Eiserhardt et al. 2011). However, in the context
of our research we must also consider factors such as
the distance from seasonal rivers (which in times of
higher rainfall usually flood both study localities) and
the distance from local roads and national highways
(Quinteros-Goémez et al. 202l1a), which also
influence the value of the BP index. BP was higher in
areas with less anthropic influence and greater
difficulty of access and tended to decrease when
community richness increased, suggesting that BP
worked better in comparisons between communities
with similar richness regardless of total abundance.

Lower species richness in the Alto Mayo Valley
is related to the altitude above sea level and anthropic
activities such deforestation, species-selective
extraction of trees, forest fire and wildlife hunting
(Constantino 2016, Sander et al. 2018), in addition to
the presence of hyperdominant species which form
the foundation of tree communities in Amazonian
territories (ter Steege et al. 2013).

The average density of M. flexuosa individuals in
the Alto Mayo Valley (146 ha™) was similar to the
values for adult individuals of 137 ha* (Horn et al.
2012) and 144 ha? reported in the Maijuna and
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Parinari indigenous communities (Freitas Alvarado
& Flores 2015) but lower than those found in Brazil
(300 ha! and 667 ha?) by Sampaio et al. (2008).
Using a similar method in Colombia, Galeano et al.
(2015) reported 735 ha. Differences in richness and
abundance among sites and countries, for similar
biomes, suggest that local environmental factors such
as the period, timing and level of flooding (Casanova
& Brock 2000), in addition to slope, altitude, soil type
and anthropic activities, can be determinants of the
forest structure (Rodrigues et al. 2014).

The management of territories with rare species is
a topic of special interest in relation to assessments
of the ecological impact of anthropic activities.
Sometimes rare species are not reported in, or are
removed from, species lists and inventory reports
with the excuse that they do not help to answer the
research questions posed (statistical analysis) and do
not contribute to solving problems in the ecological
community (Cao et al. 2001). If we considered only
dominant species (excluding rare species) in the
analysis, it would be assumed that anthropic
influence affected the density of only the most
abundant and hyper-dominant species and that
observation of these species would reflect the
response of the entire community. In our study, 47 %
of the reported species were rare, so excluding them
would amount to treating the Alto Mayo Valley
swamp forests as scarcely diverse ecosystems with
high dominance.

Woody species accounted for 58 % of the
abundance but only 50.25 % of the biomass, as
reported for the location (Loreto) of a Maijuna
community in Peru (Endress et al. 2013). Most of the
woody tree species had small diameters (<20 cm)
and low abundance in the emergent canopy,
suggesting that the anaerobic and swampy soils could
be differentially restricting the growth and survival of
woody species relative to palms, which are the
dominant group in both canopy and understorey in
these ecosystems.

Cappelatti & Schmitt (2015) observed clumped
distributions of Euterpe, Bactris, Geonoma and
Syagrus palms in lowland dense humid forest in
Brazil, and clumping is frequent in tropical palms
(Souza & Martins 2004, Cabrera & Wallace 2007).
In our study, the palms E. precatoria, M. armata and
M. flexuosa occurred in semi-dense and dense
aggregations. This was corroborated by the
standardised Morisita index values (Ip > 0) for palm
trees in the plots with the highest palm densities.
Cabrera & Wallace (2007) also observed a clumped
distribution of M. flexuosa, which is adapted for
survival in dense aggregations, in areas adjacent to
the progenitors and with recruitment in all growth
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categories (Cabrera & Wallace 2007, Assis &
Wittmann 2011). Successful recruitment, distance
from the parent tree and high seed predation are
density-dependent factors; that is, the greater the
aggregation, the more exposed are seedlings and
seeds to predators (Romo et al. 2004). In this
scenario, frugivorous animals (birds and larger
mammals) play an important role in determining the
spatial distribution of palms (Barroso et al. 2010).
Indeed, in localities with less extensive swamp forest,
such as Posic, the densities of vertebrates were
reduced and this could be a limiting factor in seed
dispersal, promoting aggregation. In contrast, in
Tingana (conservation area) with a higher density of
vertebrates there is a less aggregated distribution
(Rojas-Robles et al. 2008) since the availability of
fruits under the parent palm will always exceed the
demand.

Our observations in the Alto Mayo Valley forests
recorded the presence of late-successional species
(V. elongata, C. trinervia, P. aquatica) with
considerable basal area, biomass and carbon storage
(Meister et al. 2012) compared to fast growing
forests (Phillips et al. 2019). In Peru, there is no
systematic scientific information on this subject, and
the few previous studies in swamp forest were carried
out on floodplains at 80-300 m a.s.l. in Loreto and
Madre de Dios states (I1AP 2006, Honorioetal. 2015).

Forested wetlands have higher carbon stocks than
other wetland types (Hernandez & Moreno-Casasola
2018). The largest carbon reserves estimated from
satellite images by Asner et al. (2014) were found on
the Napo and Amazon rivers and, using the same
method, the low Amazon swamp forest registered
carbon stocks of 88.68 Mg ha! (Garcia-Soria et al.
2012) and 76.53 Mg ha! (Hidalgo Rios 2014).
However, the carbon stock estimate for San Martin
state (Asner et al. 2014) was similar to the average
aerial biomass found in this study (61.7 Mg ha),
which suggests that biomass and carbon stock in
conservation areas (low or no human impact) tend to
increase as the diameter and DBH of forest
individuals increases. Freitas Alvarado et al. (2006)
state that swamp forests with a higher level of
anthropic activity have a lower density of individuals,
a lower biomass and consequently a lower carbon
stock. In other words, the sustainable management of
forests allows us to guarantee greater carbon reserves
for the future and, furthermore, to increase carbon
reserves in vegetation. This could be achieved by
providing protection for the Posic forests and other
degraded (low biomass and low carbon stock)
contiguous forest, allowing the recovery of the
ecosystem through natural regeneration and soil
enrichment (Jobbagy & Jackson 2000).
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Swamp forest management is an excellent
environmental management tool, since a comparison
of managed versus unmanaged treatments in the
Peruvian Amazon indicated that carbon stocks in
managed areas were 30 % higher (Guzméan 2004).

The contribution of M. flexuosa and V. elongata
to the carbon stock in palm swamp forests is greater
than 69 %. Mitidieri (2014) also identified
M. flexuosa as the species with the highest carbon
stock and palm trees as the most important group
(63.5 % of the carbon stock of the forest). In the
present investigation, the carbon stock of the six palm
species recorded was also considerable (49.75 %),
which suggests that in addition to being the most
ecologically and culturally important plant group in
the Amazon (Endress et al. 2013), palms are also
important for climate change mitigation.

The carbon reserves in the Alta Mayo Valley
swamp forests can be regarded as a baseline for future
studies in this area, where there are still large areas of
swamp forest that are being protected through the
empowerment of communities by granting them
conservation and ecotourism concessions. Therefore,
in further assessments we recommend including
density, forest structure, forest dynamics and
conservation status (Meister et al. 2012, Hergoualc'h
et al. 2017) to predict changes in above-ground
carbon storage and carbon fluxes, since they vary
greatly depending on the region and climate
(Kayranli et al. 2009) and play a fundamental role in
mitigating climate change due to the capture and
storage of C.
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Appendix

Derivation of the standardised Morisita index

The standardised Morisita index (1,,) is based on the Morisita dispersion index (I;) (Morisita 1959), which is
calculated by the following expression:

Yx? — ¥
(Xx)? = Xx

Iq =n[ ]
where:

n = number of units in the sample;

Y'x = sum of the counts of the sample units = x; + x, + x5...; and

Y'x? = sum of the squares of the counts = xZ + x2 + x3...

To calculate the standardised Morisita index it is necessary to determine two extreme critical values, the
uniformity index (M,,) and the clustering index (M,) from the following formulae:

X625 —n+3x;

:)(5975 —n+Xx; M. =
¢ Cx) -1

M=) -1

where:
X3 475 = ji squared test with (n — 1) degrees of freedom and 97.5 % from the area to the right;
X3 025 = ji squared test with (n — 1) degrees of freedom and 2.5 % from the area to the right;
x; = number of individuals in sample uniti (i = 1, ..... n); and

n = sample unit number.

Based on the values obtained for the Morisita dispersion index (I;) and the extreme values(M,,) and (M.), the
standardised Morisita index is calculated from the following formulae:

when:
Id_Mc
Iy =M, >1, Ip=0.5+0.5( )
n—=mMeg
I—1
M, > 1, =1, 1p=0.5(Mu_1)
1>1;,>M I, = OS(Id_l)
¢ V|
Id_Mu
1> M, > 1,4, 1p=—0.5+0.5(—)
M,
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Table Al. List of species recorded, their conservation status, number of individuals, wood density (from Zanne et al. 2009), biomass and average carbon stocks in the
four aguajales of M. flexuosa palm peat swamp forest in the Alto Mayo Valley (DBH >10 cm). Origin: N = Native, E = Endemic. Aguajales: Tingana (SA: Semi-
dense aguajal, MI: Mixed-aguajal), Posic (SD: Semi-dense aguajal, MA: Mixed aguajal). * To estimate biomass of palms, we used the models proposed by Goodman
et al. (2013) which do not require wood density values.

] ] o Tingana Posic Wood density Biomass  Carbon
Family Species Origin
Ml SD MA (gcm®) (Mg hal) (Mg ha?)

Guatteria blepharophylla Mart. 0 2 1 0.450 1.2310 0.5537
Annonaceae Oxandra sphaerocarpa R.E.Fr. 9 7 0 0.770 1.6798 0.7557

Xylopia ligustrifolia Dunal 1 4 0 0.600 0.5060 0.2276
Araceae Anthurium clavigerum Poepp. 0 1 0 0 0.500 0.1067 0.0480
Araliaceae Schefflera morototoni (Aubl.) Maguire, Steyerm. & Frodin N 0 0 6 12 0.470 1.6497 0.7421

Euterpe precatoria Mart. N 56 11 0 0 * 6.5321 2.9384

Mauritia flexuosa L.f. N 184 121 156 123 * 248.7578 111.9009

Mauritiella armata (Mart.) Burret N 3 0 85 76 * 4.4569 2.0049
Arecaceae

Oenocarpus bataua Mart. N 0 0 3 0 * 1.0944 0.4923

Oenocarpus mapora H.Karst. N 15 5 1 * 10.8515 4.8814

Socratea exorrhiza (Mart.) H. Wendl. N 2 3 0 13 * 1.1856 0.5333
Asteraceae Vernonanthura patens (Kunth) H. Rob. 0 0 1 0 0.540 0.0182 0.0082

Protium sagotianum Marchand 0 0 1 0 0.610 0.0569 0.0256
Burseraceae ) .

Tetragastris panamensis (Engl.) Kuntze cf. 0 0 0 2 0.710 0.2078 0.0935
Celastraceae Cheiloclinium cognatum (Miers) A.C. Sm. N 0 0 0 1 0.500 0.0575 0.0259

Calophyllum longifolium Willd. 0 0 1 10 0.720 0.5284 0.2377
Clusiaceae Clusia loretensis Engl. E 0 0 7 7 0.560 0.8556 0.3849

Symphonia globulifera L.f. N 90 1 10 5 0.580 19.7762 8.8961
Combretaceae Buchenavia sericocarpa Ducke 0 2 0 0 0.720 0.1033 0.0465
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] ] o Tingana Posic Wood density Biomass  Carbon
Family Species Origin
Ml SD MA (gcm®) (Mg hal) (Mg ha?)
Cyatheaceae Cyathea pilosissima (Baker) Domin 0 0 1 0 0.312 0.0059 0.0027
Elaeocarpaceae  Sloanea robusta Uittien N 2 3 0 0 0.860 3.8237 1.7201
. Alchornea glandulosa Poepp. N 0 0 0 2 0.400 0.1194 0.0537
Euphorbiaceae ]
Hura crepitans L. N 1 9 0 0 0.370 0.4270 0.1921
) Vismia baccifera (L.) Triana & Planch. N 5 0 0 0 0.430 0.1550 0.0697
Hypericaceae o )
Vismia pozuzoensis Engl. N 0 0 2 0 0.480 0.1545 0.0695
Aiouea grandifolia van der Werff N 0 0 0 3 0.370 0.6028 0.2712
L Nectandra acuminata (Nees & Mart.) J.F.Macbr. N 1 0 0 0 0.590 0.0369 0.0166
auraceae
Nectandra pseudocotea C.K. Allen & Barneby ex Rohwer N 0 0 1 0 0.590 0.0944 0.0425
Nectandra pulverulenta Nees E 0 4 0 0 0.590 1.6959 0.7629
Clitoria javitensis (Kunth) Benth. N 0 0 2 1 0.670 0.1190 0.0535
Hymenaea oblongifolia Huber N 2 0 0 6 0.670 0.4292 0.1931
Inga cayennensis Benth. 2 10 0 0 0.530 1.2035 0.5414
) Inga oerstediana Benth. N 0 4 0 0 0.420 0.0755 0.0340
Leguminosae
Inga stenoptera Benth. N 0 12 0 0 0.420 0.3971 0.1786
Machaerium floribundum Benth. N 164 0 0 0 0.700 26.0710  11.7277
Macrolobium bifolium (Aubl.) Pers N 4 0 0 0 0.540 0.2937 0.1321
Senna quinquangulata (Rich.) H.S. Irwin & Barneby N 2 2 0 0 0.570 0.4615 0.2076
Ceiba samauma (Mart. & Zucc.) K.Schum. 0 0 0 1 0.570 0.0291 0.0131
Malvaceae Matisia bracteolosa Ducke 1 0 185 78 0.410 35.6875  16.0536
Pachira aquatica Aubl. 0 5 0 0 0.370 8.1683 3.6744
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] ] o Tingana Posic Wood density Biomass  Carbon
Family Species Origin
Ml SD MA (gcm®) (Mg hal) (Mg ha?)
Miconia poeppigii Triana N 0 1 0 0 0.650 0.0904 0.0406
Melastomataceae Miconia ternatifolia Triana N 1 0 0 0 0.620 0.0364 0.0164
Tococa guianensis Aubl. N 0 0 1 0 0.550 0.1396 0.0628
Cedrela montana Moritz ex Turcz. N 1 0 0 0 0.340 0.0164 0.0074
Meliaceae Cedrela odorata L. 1 0 0 0 0.440 0.0308 0.0139
Guarea guidonia (L.) Sleumer N 0 0 0 1 0.660 0.0791 0.0356
Ficus castellviana Dugand N 0 0 3 4 0.390 0.4107 0.1848
Ficus maxima Mill. N 0 2 1 10 0.330 1.7810 0.8012
Ficus pertusa L. . N 2 0 0 0 0.420 0.1018 0.0458
Moraceae
Ficus tonduzii Standl. N 0 0 0 2 0.390 0.2641 0.1188
Ficus trigona L.f. N 0 12 0 0 0.470 2.2984 1.0339
Sorocea muriculata Migq N 1 0 0 0 0.560 0.0310 0.0140
Iryanthera juruensis Warb. 1 0 0 0 0.610 0.1083 0.0487
o Virola elongata (Benth.) Warb. N 105 76 22 21 0.620 128.4570  57.7850
Myristicaceae . .
Virola pavonis (A. DC.) A.C. Sm. N 1 4 0 0 0.610 7.8740 3.5420
Virola surinamensis (Rol. ex Rottb.) Warb. N 0 0 5 6 0.480 3.7465 1.6853
Olacaceae Aptandra tubicina (Poepp.) Benth. ex Miers N 0 0 1 0 0.800 0.0600 0.0270
Phyllanthaceae Hieronyma alchorneoides Allemao 10 0 10 13 0.630 3.2368 1.4560
Picramniaceae Picramnia sellowii Planch. 3 0 0 0 0.360 0.0433 0.0195
Triplaris longifolia Huber 3 0 0 5 0.560 2.7628 1.2428
Polygonaceae o o
Triplaris poeppigiana Wedd 1 0 0 0 0.490 0.2020 0.0909

Oy
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Family Species Origin Tingana Posic Wood density Biomass  Carbon
Ml SD MA (gcm®) (Mg hal) (Mg ha?)
Ardisia huallagae Mez N 2 0 0 0 0.620 0.1589 0.0715
Cybianthus spichigeri Pipoly E 0 0 1 0 0.580 0.0346 0.0156
Primulaceae Myrsine coriacea (Sw.) R. Br. ex Roem. & Schult. N 1 0 0 0 0.590 0.0372 0.0168
Myrsine oligophylla Zahlbr. N 0 0 1 0 0.700 0.0423 0.0190
Myrsine pellucida (Ruiz & Pav.) Spreng. N 1 2 0 0 0.700 0.3286 0.1478
Rhamnaceae Colubrina spinosa Donn. Sm. 1 0 0 0 0.490 0.0374 0.0168
Elaeagia pastoensis L.E.Mora 0 1 0 0 0.560 0.0226 0.0102
Ferdinandusa chlorantha (Wedd.) Standl. 0 0 19 74 0.650 7.5633 3.4023
Ferdinandusa loretensis Standl. N 0 2 0 0 0.650 0.6402 0.2880
Rubiaceae Ladenbergia macrocarpa (Vahl) Klotzsch 0 0 0 2 0.510 0.0662 0.0298
Palicourea conferta (Benth.) Sandwith 0 0 0 1 0.560 1.4781 0.6649
Psychotria alba Ruiz & Pav. 1 3 0 0 0.520 0.2201 0.0990
Psychotria ernestii K. Krause N 1 0 0 0 0.520 0.0168 0.0075
Allophylus floribundus (Poepp.) Radlk. N 0 2 0 0 0.390 0.8273 0.3722
Sapindaceae Matayba purgans (Poepp.) Radlk. N 0 0 1 0 0.730 0.0404 0.0182
Serjania membranacea Splitg. N 0 2 0 0 0.490 0.0845 0.0380
Urticaceae Coussapoa trinervia Spruce ex Mildbr. N 2 19 14 9 0.490 4.5326 2.0389
Violaceae Leonia glycycarpa Ruiz & Pavon N 0 0 5 5 0.650 0.8521 0.3833
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