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Abstract. Peruvian peatlands represent one of the largest reservoirs of carbon in Amazonia. This heterogeneous landscape

exhibits several types of ecosystems, including pole forest (PF), palm swamp (PS), open peatlands (OP), and seasonal flooding

forest (SFF). We apply the HPMTrop_EcoTy model, a novel development that represents ecological succession via bespoke

parametrisations of ecohydrological mechanisms, to gain insights into long-term peat accumulation dynamics across these

ecosystems and to assess their vulnerability to carbon gain and loss. Model results suggest that carbon accumulation rates in5

Amazonian peatlands are similar to or greater than those reported for the Congo Basin and Southeast Asia. Peat and carbon

accumulation in Amazonia are particularly sensitive to local-scale changes, especially those driven by ecosystem succession.

Amazonian peatlands appear less sensitive to precipitation changes, likely due to the extremely high rainfall across the Peru-

vian Amazon. However, reducing rainfall to levels similar to those of the present-day Congo Basin (45% reduction) produces

an exponential decline in peat and carbon accumulation, suggesting a critical tipping point. Sensitivity analysis shows that PF,10

the most carbon-dense ecosystem, is the most sensitive, likely because it is rain-fed and therefore more vulnerable to ecohy-

drological changes, whereas SFF, the least carbon-dense, is the least sensitive. Considering the exceptionally high precipitation

in the region, peatland formation appears mainly controlled by local processes such as river migration, which drives vegetation

succession linked to peatland development.

1 Introduction15

The Amazon basin hosts one of the largest peatland areas in the tropics, covering an estimated 251,000 km2 (Hastie et al.,

2024), compared with the Congo (160,000 km2; Crezee et al., 2022) and Southeast Asia peatlands (248,000 km2; Page and
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Rieley, 2018). Peatlands are the result of a very slow process spanning thousands of years, during which vegetation material

accumulates and decompose, a process regulated by climatic and hydrological conditions. Peat accumulation rates typically

range from 1 to 13 mm year−1 (Page et al., 1999; Andriesse; Page et al., 2011; Lawson et al., 2026). The Amazon Basin20

has favourable conditions for peatland formation, including high annual precipitation (1,500 to 3,000 mm; Garcin et al., 2022;

Lavado Casimiro et al., 2012), and extensive lowland topography prone to inundation. These factors, combined with autogenic

succession and substantial river migration (up to > 100 m year in western Amazonia; Quintana-Cobo et al., 2018; Kalliola

et al., 1992), allowed for diverse peatland development throughout the Holocene, shaping their history and the wide variation

in present-day vegetation (Kelly et al., 2020; Roucoux et al., 2013; Swindles et al., 2017).25

Understanding how peat has accumulated over time can support hypotheses about the future of these ecosystems under land

cover and climate change (Wang et al., 2018; Warren et al., 2016), and help guide effective conservation policies and strategies

to mitigate carbon loss (Hastie et al., 2022). Important efforts have been made in this task for temperate peatlands (Frolking

et al., 2010; Swinnen et al., 2019; Wang et al., 2016) as well as for tropical peatlands in Indonesia and the Congo (Kurnianto

et al., 2014; Young et al., 2023). For Amazonia, one previous study did develop a model to represent peat accumulation in30

Peruvian peatlands (PMFB: Pastaza Marañón Foreland Basin); however this is a probabilistic model based on a statistical

Bayesian and biogeochemistry approach (inferential) (Wang et al., 2018) rather than a mechanistic representation of peat

accumulation (physical conceptual peat-core model) that includes ecological and hydrological process. Therefore, this work

aims to address this research gap by adapting a dynamic peat model to be capable of representing the long-term processes of

peat gain and loss in two different Peruvian peatlands.35

In northwestern Amazonia, Peruvian peatlands cover an area of 62,714 km2 (58,325-67,102 km2) and store about 5.4 (2.6-

10.6) Pg of carbon (Hastie et al., 2022). These peatlands may represent the most important peatland area in the Amazon

Basin and some of the most carbon-dense ecosystems globally. They have been studied scientifically for over a decade, and

some important data are available for understanding long-term peat formation across different ecosystem types. Two sites in

particular have been studied in detail, Nueva York (NYO) and Veinte de Enero (VEN), which represent two different peatland40

ecosystems: a pole forest (PF) and a palm swamp (PS), respectively (Dargie et al., 2024). At each site, a peat core was collected

from the centre of 0.5 ha forest plots. The core collected at NYO had a peat depth of 4.5 m and 6,175 years of age, while the

VEN core reached 1.2 m of peat depth and 1,129 years of age (Åkesson et al. in prep.). Moreover, field studies have also been

conducted at each site on net primary production, decomposition, and groundwater levels (Dargie et al., 2024), making them

suitable for applying peat modelling while incorporating ecological data from the literature (del Aguila-Pasquel et al., 2013;45

Flores Llampazo et al., 2022; Honorio Coronado et al., 2021; Basuki et al., 2021; Hergoualc’h et al., 2023; Lähteenoja et al.,

2009; Kelly; Lähteenoja et al., 2011).

This study applies and adapts HPMTrop, a one-dimensional peat-core model, to simulate peat accumulation (age-depth

curve) in these two Peruvian sites. The model incorporates submodels for peat bulk density, decomposition, net primary pro-

ductivity (NPP), water table (WT), and vegetation root addition, making it well-suited for Amazonian peatalnds that exhibit50

wide variability in all of these components. We adapt this model by representing the ecological succession of these Peru-
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vian sites in terms of periods, using bespoke parameterisations. The overall objective is to gain insights into the patterns and

sensitivity of peat and carbon accumulation. Specifically, the study has the following aims:

– Estimate long-term carbon accumulation rates which can be compared to other tropical regions, where similar modelling

approaches have been applied.55

– Identify the main drivers/controls on peat and carbon accumulation within these Amazonian peatlands.

– Evaluate tresholds, potential tipping points, and ecosystem sensitivity associated with changes in key drivers/controls of

peat accumulation.

2 Materials and Methods

2.1 Sites60

We configured HPMTrop for two peatland sites in northeastern Peru: Nueva York (4.401◦S, 74.271◦W) and Veinte de Enero

(4.672◦S, 73.819◦W). Both sites are located within the Pastaza Marañón Foreland Basin (PMFB), an area of 120,00 km2

known to be one of the most extensive peatlands in Amazon basin (Lähteenoja et al., 2011), with an estimated peat-carbon

stock of 4.07 (1.94 -7.98) Pg C (Hastie et al., 2022). The basin hosts extensive floodplains and larger rivers such as the Marañón

River, a whitewater river with hydrological order of 10 (Ríos-Villamizar et al., 2020), and one of the largest tributaries of the65

Amazon River (Figure1).

The site Nueva York (NYO-03) today a PF ecosystem is characterised by the dominance of pole thin-stemmed and large

trees, as well as scattered palms. It is situated approximately 3.5 km from the Tigre river, a blackwater left-bank tributary of

the Marañón River. This site is a domed, ombrotrophic peatland, located far from active river margins, where precipitation is

the main source of water input (Dargie et al., 2024; Draper et al., 2018). A permanent vegetation plot (NYO-03) was established70

at this site in 2014, and a 4.54 m peat core was collected in 2019. Radiocarbon dating of the basal peat yielded an age of 6,175

cal. yr BP. Pollen analysis, dry bulk density, and loss-on-ignition were also conducted on this core (Åkesson et al., in prep). The

vegetation pattern in the initial stages of peat formation is characterised by palm vegetation (flooded Mauritiella-dominated

palm swamp); in the middle to later stage by seasonally flooded forest mixed swamp forest, and palm swamp (Mauritiella-

and Mauritia-dominated); and in the most recent stage by peatland pole forest (Åkesson et al., in prep., see Figure S3). Similar75

vegetation changes have been described during the development of other present-day pole forests peatalnd in the PMFB (Kelly

et al., 2020; Roucoux et al., 2013).

Veinte de Enero (VEN-02) is today a PS ecosystem, dominated by the palm Mauritia flexuosa. It is located approximately 1.4

km from the Yanayacu River, a blackwater right-bank tributary of the Marañón River, and about 3 km from the Marañón

itself (Dargie et al., 2024). VEN-02 receives water and nutrient inputs from river flooding. The water table levels fluctuate80

much more at VEN-02 than at NYO-03 (Flores Llampazo et al., 2022). VEN-02 has a concave topography, indicating a less

developed peatland structure than the NYO-03 ecosystem. A 1.23 m peat core was obtained, with radiocarbon dating indicating
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Figure 1. Location of Nueva York (NYO-03; Pole Forest = PF) and Veinte de Enero (VEN-02; Palm Swamp = PS) in Peruvian Forest,

northwestern Amazon Basin. (a) The Amazon Basin with the Pastaza Marañón Foreland Basin (PMFB), source: Hastie et al. (2024)). (b)

Images of a Pole Forest (PF), a Palm Swamp (PS), and a peat core sample showing the transition between peat and grey clay at 2.6m,

source: this an example from another Peruvian peatland by Lawson et al. (2022). (c) Locations of the NYO-03 (PF) and VEN-02 (PS) forest

plots within the Pastaza Maranon Foreland Basin (PMFB) and the distribution of different ecosystem types: pole forest (PF), palm swamp

(PS), seasonal flooded forest (SFF), and open peatland (OP), source: Hastie et al. (2022). (d) Age-depth curve based on radiocarbon age

determinations on bulk peat from NYO-03 and VEN-02 peat cores, using the Rbacon package version 2.5.7 and the IntCal20 calibration

curve, source: Åkesson et al., in prep.

.

a basal peat age of 1,129 cal. yr BP. Pollen analysis, dry bulk density, and loss-on-ignition were also conducted on this core.

The vegetation succession is characterised by open vegetation in the initial stages and culminates in the present-day peatland

palm swamp dominated by Mauritia (Åkesson et al., in prep.; see Figure S4 in Supplementary Information).85

2.2 Model application description:

The HPMTrop (Kurnianto et al., 2014) is a modified version of the original HPM (Frolking et al., 2010) to simulate peat

accumulation in tropical ecosystems (Appendix A Figure A8). It is a one-dimensional model that operates on a monthly time
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step, using precipitation as the driving data to simulate water table (WT) fluctuations. The model processes newly accumulated

peat into annual cohorts (spatial reference of one year of peat accumulation represented as a vertical slice of peat column),90

which is estimated by the balance between litter input and the decomposition rate regulated by WT fluctuation.

To run the model for each site described above, we incorporated a simulation approach by successional periods (see section

2.2.1). This required an understanding of the ecological history of each site based on vegetation succession reconstructed from

pollen data (Åkesson et al., in prep.). The result is a classification of the dominant Ecosystem Type (EcoTy) across different

time periods throughout the simulation. Each site transitioned through different EcoTy (e.g., PS -> PF), therefore, the HPMTrop95

parameterisations were adjusted to support simulations across multiple periods and EcoTy to reflect the conditions during each

time period (see Appendix A Figure A1-A2). The result of this adaptation is the HPMTrop_EcoTy model, which is a novel

development that represents ecological succession via bespoke parametrisations of ecohydrological mechanisms.

The litter input is determined by the relationship between plant productivity (NPP) and WT position (See section 2.2.3),

based on an empirical relationship obtained by EcoTy (i.e. NPP and WT data from each type of ecosystem). This input is100

discriminated for plant functional types (PFTs) such as palms, trees and grasses. And each PFT is divided into above-ground

(leaves, stem, and wood) and below-ground (fine and coarse roots) biomass components (Dargie et al., 2024). The decomposi-

tion of both accumulated peat and newly added litter depends on the position of WT. Decomposition occurs more slowly below

the WT and more rapidly above it, as regulated by the interaction between peat accumulation and the WT fluctuation (See Eqs.

5 and 7 to 9 in Frolking et al., 2010).105

Net peat accumulation and its rate over time are governed by the balance between litter input and decomposition, both of

which are strongly influenced by WT variability (Clymo; Frolking et al., 2001, 2010). Site-specific sub-models to represent

water table dynamics for each EcoTy was developed (see section 2.2.2).

A central assumption of the modelling approach developed in this study is that the current parameter values of different

EcoTy can be used to represent past conditions for the same EcoTy. This assumption is supported by chronosequence and110

palaeoecological research, which suggests that vertical (temporal) vegetation gradients observed in peat cores are analogous to

present-day horizontal vegetation gradients (e.g. with distance from river). In other words, past vegetation assemblages likely

responded to environmental conditions similarly to those observed today (Kelly et al., 2017; Roucoux et al., 2013; Tuittila

et al., 2012).

All parameter values used in the HPMTrop_EcoTy and a complete description of each parameter about how it was obtained,115

sources and calculations, are detailed in the Table HPMTrop_EcoTy_Parameters.xlsx (See codedataavailability). For the model

calibration process, we used the peat core samples from NYO-03 and VEN-02, along with their corresponding age-depth curves

(reference curves) derived from palaeoecological reconstruction models using the rbacon package in R and calibrated basal

radiocarbon dates (Åkesson et al., in prep.). The reference curves were used to compare the simulated age-depth curves (model

output) and to adjust the model parameters until a good fit was achieved between the simulated and reference curves.120
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Table 1. Definition of range of periods and the corresponding EcoTy by site

Site Periods Age (cal. yr BP) EcoTy Duration (yr) Lab Code

NY0-03 1 4917-6175 PS 1259 NYO-03_2018_IntCal20

Transition 1 to 2 4147-4917 PS to SFF 770

2 1646-4147 SFF 2501

Transition 2 to 3 1436-1646 SFF to PS 210

3 216-1436 PS 1220

Transition 3 to 4 166-216 PS to PF 50

4 0-166 PF 166

VEN-02 1 946-1129 OP 183 VEN-02_2018_IntCal20

Transition 1 to 2 589-946 OP to PS 357

2 0-589 PS 589

Note: Lab code is provided for age-depth curve reconstruction (Åkesson et al., in prep.). Age calendar years before present (cal. yr BP). Pole Forest (PF),

Palm Swamp (PS), Open Peatland (OP), Seasonal Flooded Forest (SFF).

2.2.1 Ecosystem type dynamics

For each site we have pollen data to trace the history of vegetation changes (Åkesson et al., in prep.). We used the presence of

conspicuous vegetation to identify distinct ecological stages (See Appendix A Figure A3-A4). These stages were defined as

simulation periods (see Table 1).

Each period corresponds to a distinct EcoTy, characterised by one or more representative plant taxa (e.g., a phase of Mauritia125

dominance) (Åkesson et al., in prep., Kelly et al., 2017, 2020). The transition from one EcoTy to another was identified by

shifts in relative abundance of the species in the pollen diagram, where decreases in representation of one group of plants (e.g.,

palms) and increases in another (e.g., grasses) indicated an ecological change. The interval during which these changes occur

was defined as a transition period. During this time, the parameters representing the initial ecosystem gradually shift towards

those representing the subsequent ecosystem, reflecting a gradual (linear) rather than abrupt change into the model. From the130

pollen data we cannot infer how this transition occurs in terms of mechanism, therefore we assumed a linear transition over the

defined transition period.

The results obtained from the simulation are presented according to the four EcoTy considered into the model: pole forest

(PF), palm swamp (PS), open peatlands (OP), and seasonal flooding forest (SFF). The NYO-03 site-currently a PF and the

oldest of the two, was represented by three ecosystem types: PS, SFF, and PF across four periods (and three transition periods),135

with PS occurring in two distinct periods. The VEN-02 site-currently a PS, was represented by two ecosystem types: OP and

PS, over two periods (and one transition period). Figure A1-A2 (Appendix A) illustrate the simulation evolution for each site.
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2.2.2 Precipitation and Water Table reconstruction

Holocene precipitation data used as the climatic forcing variable in the model were obtained from the CCSM3 (TraCE-21ka)

simulation at a spatial resolution of 3.75◦ x 3.75◦. Monthly precipitation values were derived from the CCSM3 time series140

bias-corrected using observed precipitation from ground data from meteorological stations recorded by SENAMHI (Servicio

Nacional de Meteorología e Hidrología del Perú). A fixed multiplicative correction factor was applied for each calendar month

to adjust the simulated precipitation amounts (more details Appendix A Text A1).

To simulate WT fluctuations, we developed an empirical statistical model (eq.2) based on site-specific data such as pre-

cipitation (P) in mm from two meteorological stations (Bagazan-VEN-02 and Santa Rita-NYO-03) and flux tower data (145

PE-QFR) (Griffis et al., 2020), and in situ WT measurements using data loggers recording between 2018 and 2020 (Dargie

et al., 2024; Flores Llampazo et al., 2022). WT levels were correlated with the cumulative monthly water deficit (WD) (See

Table HPMTrop_EcoTy_Parameters.xlsx and Appendix A Figure A7), following a common equation (eq. 1) for tropical forest

ecosystems (Malhi et al., 2009; Hutyra et al., 2005; Frolking et al., 2011; Aragão et al., 2007), and using the same approach

described by Kurnianto et al. (2014).150

WDi(mm) = max(0,WD(i− 1)+ [E(mm)−P (mm)]) (1)

Where, WD = cumulative monthly water deficit in mm, E = evapotranspiration, for Amazon is assumed 100 mm month-1

(Aragão et al., 2007; Griffis et al., 2020), P = precipitation in mm from CCSM3(TraCE-21ka) corrected, and i = month.

WT (cm) = a×WD(mm)+ b (2)

2.2.3 Net Primary Production155

Net primary productivity (NPP) values for the PS and PF ecosystem types, were derived from field data from both sites: VEN-

02 (PS) and NYO-03 (PF) by Dargie et al. (2024). For the SFF and OP ecosystem types, NPP values were obtained from

the literature (del Aguila-Pasquel et al., 2013; Basuki et al., 2021). For PF and PS, we have NPP values for tree components,

i.e. leaves, stem, roots, and for palms components (leaves and roots). For SFF we only find NPP values for tree components

(leaves, stem, roots), and for OP we considered only grasses components (leaves and roots). All of these values, derived from160

field data and literature, are used as initial NPP values in the model (Appendix A Table A1).

Into the model, NPP is recalculated every month using a submodel, which is a function of the WT. Several studies have shown

that NPP is correlated with WT levels through a quadratic relationship (Hirano et al., 2012; Sousa et al., 2022). Both excessive

flooding and prolonged water deficits negatively affect vegetation growth and productivity. We developed an empirical model

between NPP and WT for each EcoTy. A quadratic regression was fitted and integrated into HPMTrop_EcoTy to estimate NPP165

as a function of WT (See Table HPMTrop_EcoTy_Parameters.xlsx).

7

https://doi.org/10.5194/egusphere-2026-2272
Preprint. Discussion started: 29 April 2026
c© Author(s) 2026. CC BY 4.0 License.



In the model NPP is divided into two fractions: above ground (AB) and below ground (BG). AB is the NPP input from

leaves and stem, which is added to the peat profile at the surface. BG is the input from roots, which is added uniformly to the

peat profile up to a predetermined depth value (rootin_depth from Table HPMTrop_EcoTy_Parameters.xlsx).

2.2.4 Decomposition and peat properties170

The initial decomposition values in the model come from in-situ litter bag experiments from both sites (VEN-02 (PS) and NYO-

03 (PF) by Dargie et al., 2024). For the other EcoTy (SFF and OP), exponential decay values were obtained from literature

for each PFT and component (Appendix A Table A2). Parameters related to bulk density were derived from various studies

(Appendix A Figure A5) (Honorio Coronado et al., 2021; Lähteenoja et al., 2011, 2009; Kelly). Other density parameters

(dens_c1 and dens_c2, from Table HPMTrop_EcoTy_Parameters.xlsx), were initially estimated using curve-fitting techniques175

and then fine-tuned through calibration. An empirical model for decomposition rate and data from literature was used to derive

the soil properties values represented in the model with the Water Filled Pore Space (WFPS) (see Appendix A Figure A6, and

Frolking et al., 2010).

2.2.5 Sensitivity analysis

A sensitivity analysis was performed by varying key parameters ±25% and tracking the response of the key variables peat180

depth and carbon content. We run HPMTrop with changes in precipitation (P), NPP, and initial decomposition rate (k). After

this first analysis, a sensitivity analysis was conducted by progressively changing precipitation in 5% steps, from 25% up to

45%, to identify potential tipping points in peat accumulation by EcoTy at the two simulated sites. Up to 45% reduction in

precipitation is considered a plausible outcome under conditions of deforestation and savannisation according to projections

(Bottino et al., 2024; dos Reis et al., 2021).185

3 RESULTS

3.1 Peat age-depth curve, carbon and peat accumulation rates

The simulated peat depth curve reached 4.56 m over 6,175 years at the NYO-03 site and 1.18 m over 1,129 years at the

VEN-02 site. These results were compared with the reference age-depth curves and the final peat depths recorded in the cores,

which were 4.54 m (6,175 cal. yr BP; Figure2) for NYO-03 and 1.23 m (1,129 cal. yr BP; Figure2) for VEN-02. Although the190

simulated final depths closely match the core values, there are differences between the slopes of the simulated and reference

age-depth curves. For NYO-03 the main slope differences occur between 2,000 and 800 cal. yr BP, when the reference curve

is slightly steeper than the simulated (EcoTy simulated: PS); and between 6,175 and 5,000 cal. yr BP when the reconstructed

curve again shows a slightly greater slope than the simulated curve (EcoTy simulated: PS). For VEN-02, notable differences

appear between 400 and 0 cal. yr BP, where the simulation produces a concave curve in contrast to the straight reference curve195
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Figure 2. Peat depth by site. Simulated and reference age-depth curves for NYO-03 (a) and VEN-02 (b) sites. The yellow line represents the

simulated age-depth curve from HPMTrop_EcoTy, while the orange line indicates the reference age-depth curve derived from palaeoecolog-

ical reconstruction approach. The shaded area in (a) plot denotes the hiatus period or slow peat accumulation in NYO-03. The y-axis shows

peat depth in meters and the x-axis represents age in years before present (Years BP).

(EcoTy simulated: PS), and between 950 and 600 cal. yr BP, where a similar pattern is observed (EcoTy simulated: Transition

from OP to PS).

With respect to accumulation rates derived directly from the peat height profiles for each site (Figure3), the mean peat and

carbon accumulation rates were 0.70 mm y−1 and 29.13 g C m−2 y−1, respectively, at NYO-03, and 1.04 mm y−1 and 49.89 g

C m−2 y−1 of carbon, respectively at VEN-02. Table 2 presents the specific peat and carbon accumulation rate by EcoTy, along200

with the duration of dominance for each ecosystem in both simulations. Notably, results for SFF indicate substantial reduction

in peat accumulation, with a rate of 0.06 mm y−1 and carbon accumulation rate of 3.76 g C m−2 y−1.

For NYO-03, the simulated peat height (Figure3) increased by 1.0 m during the first 1,259 years (4,917-6,175 cal. yr BP).

Over the following 800 years (4,147-4,917 cal. yr BP), peat height decreased to 0.8 m. Between 4,147 and 1,436 cal. yr BP

( 2,700 years), peat accumulation was minimal with a peat height increasing only slightly to 1.0 m. During the last 1,400 cal.205

yr BP up to the present, peat height increased by around 3.5 m, reaching a total thickness of about 4.6 m. This most recent

interval presents the highest rates of peat accumulation in the NYO-03 site simulation.

For VEN-02 site, the simulated peat height (Figure3) increased rapidly by 0.8 m during the first 500 years (589-1129 cal.

yr BP). In the final 589 years of the simulation (0-589 cal. yr BP) peat height increased by 0.3 m, reaching a total thickness of

1.2 m.210
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Figure 3. Peat height by site. Peat height for NYO-03 (a) and peat height for VEN-02 (b). The colour shadow areas represent the different

EcoTy that were simulated across each site. The light-red corresponds to Pole Forest (PF), the light yellow corresponds to Palm Swamp (PS),

the blue corresponds to Seasonal Flooded Forest (SFF), and the light-green corresponds to Open Peatland (OP). The white spaces between

colours correspond to transition periods between two EcoTy. The y-axis shows peat height in meters, and the x-axis represents time in years

before present (Years BP).

3.2 Periods by ecosystem types:

At NYO-03 site the average NPP and decomposition fluxes (all in kg C m−2 y−1) during the first millennium indicated a

net positive period, with NPP 0.70 and the decomposition rate 0.56. During the subsequent millennia, NPP increased to

0.86 as well as the decomposition rate, however, this resulted in net negative balance (likely due to secondary decomposition

and the effect of the transition period, i.e., linear change in parameter values). Over the following two millennia, NPP and215

decomposition rate were both 0.89, this time, resulting in a positive balance with slight net gain (likely due the transition of a

stable period, i.e., stable parameter values). During the subsequent two centuries, NPP declined to 0.78 and decomposition rate

0.80, leading a net negative balance. In the last millennia NPP and decomposition presented a positive balance, with values

0.68 and 0.59 respectively (Table 2). Variations in both fluxes was driven mainly by the WT dynamics (see Appendix A Figure

B1).220

At VEN-02 site the average NPP and decomposition fluxes (kg C m−2 y−1) over the entire simulation resulted in a net

positive balance, with an NPP of approximately 0.80 and decomposition rate 0.75 (Table 2). The OP period exhibited higher

productivity (NPP of 1.01) than the PS period (NPP of 0.70).

Productivity rate at both sites varied depending on the ecosystem type and plant functional component. Across the entire

simulation total NPP was 7.0 Mg C ha−1 y−1 for NYO-03 and 8.0 Mg C ha−1 y−1 for VEN-02 (2). At the end of the225

simulation the total peat carbon stocks was 1,799.4 Mg C ha−1 at NYO-03, accumulated over 6,175 years, and 563.1 Mg C

ha−1 at VEN-02, accumulated over 1,129 years. The productivity by EcoTy (Total NPP Mg C ha−1) indicated that OP was
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the most productive ecosystem, followed by SFF and PS, and finally PF as the least productive. In terms of component, leaves

represent the main input to NPP, followed by roots, particularly palms and grass fine roots (Appendix B Table B1).

3.3 Sensitivity analysis230

In general, the NYO-03 site exhibited more sensitivity than the VEN-02 site (Appendix B Figure B3). The parameters which

most influenced final peat depth and carbon accumulation were NPP and initial decomposition rate (K) (see Figure 4).

When NPP was increased by 25%, final peat depth rose by 79% at NYO-03 and 48% at VEN-02. Conversely, a 25% decrease

in NPP reduced final peat depth by 49% at NYO-03 and 30% at VEN-02. When K was increased by 25%, final peat depth

decreased by 30% at both sites. However, when K was reduced by 25%, final peat depth increased by 77% at NYO-03 and235

71% at VEN-02.

In terms of P, a ±25% change did not produce major alterations in final peat depth or carbon accumulation compared with the

other parameters at either site. Nevertheless, the NYO-03 site showed a more noticeable response, particularly under decreased

precipitation. However, further decreases in P (beyond 30%) produced a dramatic response.

At NYO-03, increasing precipitation by 30%, 35%, 40%, or 45% practically produced no alterations in final peat depth or240

height. For example, when precipitation was increased 45% result in a very slight increase in peat depth from 4.56 to 4.61

m. In contrast, decreasing precipitation beyond 30% led to reductions in final peat depth with an exponential decline. The

maximum precipitation reduction of 45% resulted in 52% decrease in peat depth. For the VEN-02 site, a similar pattern was

observed in response to changes in precipitation. The maximum alteration was a 32% decrease in peat depth under a 45% in

precipitation reduction. This analysis highlights a clear distinction in sensitivity to precipitation changes, particularly decreases,245

with the NYO-03 site being more sensitive to reduced precipitation than VEN-02 site (Appendix B Figure B6). A more detailed

description by parameter and EcoTy are provided in the Appendix B Text B1.

4 DISCUSSION

4.1 NPP and WT

Several studies have evidenced a quadratic relationship (hump-shaped) between WT and NPP. In general, productivity de-250

creases when the WT is either too shallow or too deep (Hirano et al., 2012; Mezbahuddin et al., 2014; Sousa et al., 2022).

Thus, high productivity is typically achieved under intermediate WT conditions. In our model a quadratic relationship was

incorporated into the monthly NPP calculations by EcoTy. However, the PF ecosystem exhibited a delayed response to changes

in monthly WT variability, with an estimated lag of approximately three months. Souza et al. (2022) report the same lag for

other forests on Amazon. In contrast, PS, OP, and SFF respond more rapidly. The delayed response in the PF vegetation could255

be associated with the stability of the ecosystem. PF may buffer WT fluctuations, with its hummock topography, delaying

impacts on productivity. The lag between NPP and WT in PF appears plausible with its ecological characteristics; however,

11

https://doi.org/10.5194/egusphere-2026-2272
Preprint. Discussion started: 29 April 2026
c© Author(s) 2026. CC BY 4.0 License.



Figure 4. Model sensitivity analysis for NYO-03 (left side) and VEN-02 (right side). The simulated age-depth curve is compared with the

core reference curve (line in orange colour). The gray rectangular shaded patch indicates the hiatus during the middle Holocene. The yellow

line is the simulation base. The blue line is the +25% change and the green line is the -25% change for each parameter. The a, c, e plots

corresponds to peat depth and the b, d, f plots to peat height. The sensitivity to changes in Net primary productivity (NPP) is shown in plots

a and b, for decomposition (K) is shown in the plots c and d, and for precipitation is shown in plots e and f.
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due to the limited time series available, this conclusion remains speculative and should be validated with additional data or a

more robust NPP-WT model (physical instead of statistical).

All ecosystems present in the Peruvian Amazon exhibit high productivity rates (Draper et al., 2018; Honorio Coronado et al.,260

2021). In the simulation, OP and SFF showed the highest productivity, followed by PS and PF. In our simulation OP was assum-

ing grasses which can support faster productivity than trees or palms (As Morison et al. (2000) showed grasses present higher

photosynthetic efficiency). The results highlighted that roots, especially those associated with palms and grasses (fine roots)

contributed to high NPP in PS and OP respectively. The lowest productivity in the simulation was the PF ecosystem, which is

consistent with prevailing understanding of PF being the most stable ecosystem in terms of WT fluctuation (Flores Llampazo265

et al., 2022), having more acidic and nutrient-poor conditions, and being dominated by thin-stemmed wood (Honorio Coronado

et al., 2021).

The simulation estimated a relatively similar mean productivity of 6.7 and 8.0 Mg C ha−1 y−1 for NYO-03 and VEN-02

respectively. The difference could be associated not only with the litter inputs but also with site age, successional history, and

water table dynamics. Average NPP by EcoTy showed that PF (5.8 Mg C ha−1 y−1) exhibited lower NPP than PS (7.0 Mg C270

ha−1 y−1), congruent with (Dargie et al., 2024)’s study that reveals the same pattern (7.34 ± 0.84 Mg C ha−1 y−1 for PF; 9.83

± 1.43 Mg C ha−1 y−1 for PS). This supports the fact that even with a simple NPP model the overall productivity trend in both

ecosystems is being captured.

Higher NPP in PS may be linked to the contribution of fine roots. Previous studies have shown that soil organic carbon

increases with diversity of fine roots (Chen et al., 2023) and Dargie et al. (2024) also highlighted the important contribution of275

this component into total NPP. Although the model does not incorporate chemical traits of the different compounds, the even

root addition and the higher initial NPP values, could be key factors driving the higher productivity simulated for PS relative

to the other ecosystems.

4.2 WT, peat and carbon accumulation rates

Even with a simplified representation of the WT, the simulation maintains a conservative range of fluctuation representative280

of each EcoTy, similar to the pattern of WT fluctuation reported by Flores Llampazo et al. (2022) in the same EcoTy. WT

fluctuations and river migration are crucial factors of ecosystems dynamic in the Amazon. As Swindles et al. (2017) suggested

long-term shifts among EcoTy are a common process that results in both gains and losses of net peat, particularly during

drought events or transitions between ecosystems. In our simulation of the NYO-03 site, peat and carbon losses, reflected

in negative accumulation rates, occurred during transition periods, but, the fastest peat gains occur also in transitions. Our285

simulation suggests that the rate of peat accumulation depends on the specific ecosystem transition and stable period.

At NYO-03 the loss transition period occurred from PS to SFF (4,147 to 4,917 cal. yr BP), with peat and carbon rates

of -0.28 mm y−1 and -4.71 g C m−2 y−1 respectively; resulting in a reduction of 0.2 m in peat height. The loss could be

associated with changes in WT variability. This transition implies a drop in mean WT, leading the model to simulate aerobic

conditions and thereby accelerating the decomposition. As long-term decomposition experiments highlight the importance of290

waterlogged conditions for peat formation and carbon stocks (Perryman et al., 2026). This result is consistent with the onset of
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a hiatus in the reference curve from the core, and with negative peat accumulation rates reported by Swindles et al. (2017) for

another peatland in Peruvian Amazon during approximately the same time.

Under the SFF ecosystem (1,646-4,174 cal. yr BP), the simulation suggests a hiatus in peat accumulation, consistent with

prevailing understanding that SFF are rarely peat-forming (Honorio Coronado et al., 2021; Flores Llampazo et al., 2022).295

Nevertheless, the peat accumulation rate is not zero, but on average remains very low (0.06 mm y−1). This pattern is associated

with the shift from a typical peat-forming conditions (PS) to a rare or non-peatland forming system (SFF), that in the model

is driven mainly by the deeper WT in the SFF ecosystem. As Garcin et al. (2022) suggests, once conditions stabilise again

(in this case, after the transition from PS to SFF), peat accumulation can resume; however, the conditions within SFF are

not sufficiently favourable to sustain high peat accumulation rates. Remarkably, this period coincides closely with the “ghost300

interval” reported by Garcin et al. (2022) and Young et al. (2021), in which massive peat loss in the Congo was primarily

attributed to a dry period between 5,000 and 2,000 cal. yr BP. While, the absence of peat accumulation in our case (our “ghost

interval”) could also be linked to drier conditions, the results of our sensitivity analysis, combined with the predominance of

high precipitation in the Amazon ( 3,000 mm y−1) and the strong influence of river migration in the Eastern Amazon, provide

evidence to cast doubt on the drought-only hypothesis. Although we do not completely dismiss the drought hypothesis, our305

model results, together with the ecological history of the Amazon, point to local factors as key drivers of natural peat loss and

accumulation processes. Another important point is that, unlike the Congo ghost interval where peatlands became a source

of carbon, in our simulation the SFF remained a carbon sink. This is likely due to the consistently high precipitation in the

Amazon, which maintains a relatively high WT even during the SFF period, preventing extensive peat decomposition.

In the next transition period the peat accumulation rate increases to 0.3 mm y−1 (1,436-1,646 cal yr BP), however, the310

carbon accumulation rate becomes negative (-15.5 g C m−2 y−1). This suggests that even with a positive peat accumulation,

the transition period (non-stable conditions) leads to carbon loss likely resulting from a negative Net Carbon Balance (NCB;

see Figure 5) (Frolking et al., 2014). As demonstrated by Young et al. (2021), even when peat is gained, the decomposition of

older peat can continue, producing a delayed effect that drives a negative carbon balance. In our simulation after nearly 3,000

years under SFF conditions (deeper WT), the transition from this ecosystem to PS resulted in a loss of carbon. Even under315

wetting conditions, the addition of new peat (positive peat accumulation rate) could lead to an overall lower bulk density due

to the input of fresh peat, however cannot offset the carbon loss (negative carbon accumulation rate). At the subsequent stable

PS period (216-1,436 cal. yr BP), both peat and carbon accumulation rates become positive again (2.3 mm y−1 and 96.2 g C

m−2 y−1 respectively), indicating a recovery of the ecosystem.

In this simulation the highest accumulation rates were observed during transitions from PS to PF (166-216 cal. yr BP; 11.3320

mm y−1). This occurred likely due to less peat being decomposed (more superficial WT position) allowing the newly deposited

material to accumulate more rapidly, and temporarily boosting the peat accumulation rate until the new stable period is reached

(as Kurnianto et al. (2014) described lack of time and conditions for decomposition could increase peat accumulation rate).

The final period of the NYO-03 simulation from the present to 166 cal. yr BP, represents the current PF EcoTy with a peat

accumulation rate of 1.3 mm y−1.325
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Figure 5. Net carbon balance (NCB). Simulated net carbon accumulation rate for NYO-03 (a) and for VEN-02 (b). The colour shadow areas

represent the different EcoTy that were simulated across each site. The light-red corresponds to Pole Forest (PF), the light yellow corresponds

to Palm Swamp (PS), the blue corresponds to Seasonal Flooded Forest (SFF), and the light-green corresponds to Open Peatland (OP). The

white space between colours correspond to transition periods between two EcoTy

For VEN-02 simulation, the single transition period from OP to PS (589-946 cal. yr BP) resulted in average in a positive

peat and carbon accumulation rate (0.1 mm y−1 and 27.2 g C m−2 y−1, respectively). This is likely because the OP ecosystem

has the highest peat accumulation rate and WT remains the same during the entire simulation. Thus, the transition to PS still

maintains favourable conditions for peat accumulation. The stable subsequent period PS (0-589 cal. yr BP) exhibited positive

peat and carbon accumulation rates (0.5 mm y−1 and 24.3 g C m−2 y−1).330

All peat and carbon accumulation rates obtained in both simulations during stable periods (excluding SFF and transition

periods) ranged from 0.5 to 4.5 mm y−1 and 24.33 to 177 g C m−2 y−1 respectively, and are comparable with ranges reported

for the PMFB. Lawson et al. (2026) reported 0.21 to 2.58 mm y−1, while Lähteenoja et al. (2009) reported a historical yearly

rate of peat accumulation of 0.94 ± 0.99 to 4.88 ± 1.65 mm and 26-195 g C m−2. Wang et al. (2018) reported average SOC

accumulation rates of 55.98 g C m−2 y−1 (range 29-85) with higher rates in PS and OP (64 and 29 g C m−2 y−1, respectively).335

Controversially, Lähteenoja et al. (2009) reported a PF (San Jorge) as having one of the highest average carbon accumulation

rate (85 g C m−2 y−1) compared with OP and PS. And Swindles et al. (2017) reported a high carbon accumulation rate in

another PF (Aucayacu; 71 g C m−2 y−1).

In our simulation, consistent with Lähteenoja et al. (2009) and Swindles et al. (2017), the PF ecosystem exhibited relatively

high carbon accumulation rates along with OP, at 56.8 and 177.2 g C m−2 y−1, respectively, although OP is the ecosystem340

with the greatest uncertainty in the simulation. This was followed by PS with 53.2 g C m−2 y−1 (range 24-96) (Appendix B
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Figure B2). Overall, the average carbon accumulation rate across all EcoTy was 72.7 g C m−2 y−1, remaining within the range

reported by Wang et al. (2018) for the peatlands in the PMFB.

It is important to highlight that, even when comparing our results with other studies, these rates are derived from different

types of measurements or approaches. For example, Lähteenoja et al. (2009) reports apparent carbon accumulation rate (ACAR)345

values based on radiocarbon dating, while Wang et al. (2018) present averages from simulations across several sites in PMFB.

As Young et al. (2021) concluded, the ACAR and the Net Carbon Balance (NCB) exhibit opposite behaviours in long-term

analyses, leading to mismatches in the estimated magnitude of NCB. The same distinction applies to peat accumulation rates;

however, when considering the full history of a peatland, it is possible to compare some of these rates on average Frolking

et al. (2014).350

In comparison with other simulations for tropical peatlands worldwide, Peruvian Peatlands appear to exhibit similar or higher

carbon accumulation rates (Table 3). This may be attributed to the Peruvian Amazon being one of the wettest environments,

with higher precipitation Garcin et al. (2022); Lavado Casimiro et al. (2012), which maintains a favourable WT dynamic for

peat accumulation process Evans et al. (2014); Hergoualc’h et al. (2020).

4.3 Sensitivity analysis355

Between the two simulated sites, the NYO-03 (PF) is more sensitive than VEN-02 (PS), particularly with respect to changes

in the initial NPP and decomposition rates. Other studies have highlighted the vulnerability of rainwater-fed ecosystems as

NYO-03, particularly to drainage and hydrological disturbances Draper et al. (2018); Flores Llampazo et al. (2022); Hono-

rio Coronado et al. (2021).

The ±25% change in precipitation did not result in substantial differences in final peat depth or total carbon. This is likely360

explained by the high precipitation levels in the Peruvian Amazon. Peat accumulation, therefore, appears to be more strongly

influenced by local ecological factors such as river migration, sedimentation, and topography configuration Roucoux et al.

(2013); Wang et al. (2022); Lawson et al. (2026). VEN-02 seems less sensitive than NYO-03 to precipitation variation, possibly

because VEN-02 is more strongly influenced by river dynamics, whereas NYO-03 is classified as a rain-fed ecosystem.

From an ecosystem perspective, PF and OP appear to be the most sensitive EcoTy (Appendix B Figure B4). PF is gener-365

ally more stable in terms of hydrology, more isolated in both topographic and hydrological connectivity, and characterised by

thinner-stemmed vegetation. In contrast, OP is associated with non-vascular vegetation and exposed to wider WT fluctuations.

These factors likely explain the high sensitivity observed in both ecosystems in the simulation Bourgeau-Chavez et al. (2021);

Flores Llampazo et al. (2022); Honorio Coronado et al. (2021); Lähteenoja et al. (2011). In the Peruvian Amazon, the peat ac-

cumulation appears to be strongly influenced by productivity and decomposition rates, which may be altered by local activities370

such as palm harvesting Hergoualc’h et al. (2017); Hidalgo Pizango et al. (2022).

When the precipitation was altered by +30 to +45% the changes in final peat depth were minor (Appendix B Figure B5).

Although our simulation was not sensitive to an increase in precipitation, Flores Llampazo et al. (2022) highlight the conse-

quences of extreme flooding events in all EcoTy. The lack of sensitivity in our model may be related to the simplified model

used to recreate WT fluctuations, which constrains water dynamics to belowground, and does not include inundation associ-375
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ated with river floodplains. In contrast, decreases in precipitation (drought events) produced substantial changes in both sites,

particularly in NYO-03.

Bottino et al. (2024) warned that land-use and climate change could reduce annual precipitation by up to 44% if the Amazon

transitions into savanna, while Hajdu et al. (2025) emphasised the risk of “savannisation” of the Amazon under the current

deforestation rate. Both studies suggest that the future precipitation reduction, combined with a longer dry season and more380

extreme drought events in Amazonia, would be a critical scenario particularly for PF ecosystems, where a 45% decrease

in precipitation resulted in more than 50% reduction in final peat depth (Appendix B Figure B6). Further evidence of PF

vulnerability comes from the study by dos Reis et al. (2021), which reported that in the Amazon, the thickest-stemmed trees

are the most resistant to drought periods. Since PF are characterised by a thinner-stemmed forest, they are expected to be more

sensitive.385

Garcin et al. (2022) highlighted that the current precipitation in central Congo ( 1,400 mm y−1) could be approaching

drought threshold that limits peat accumulation. In the western Amazon a 45% reduction corresponds to roughly 1,650 mm

y−1, both precipitations appear similar in terms of critical threshold for detrimental effects on peat accumulation. Furthermore,

this reduction in precipitation also falls within the established critical threshold and safe boundary for Amazon resilience

reported by Flores et al. (2024).390

4.4 Model limitations:

In this study, its application to the Peruvian Amazon required incorporating a period-based approach supported by palaeoeco-

logical analysis. Simulating by periods, which represent the site’s evolution as a dynamic ecosystem, provides flexibility by

allowing the use of different parameters set for each EcoTy. However, this approach relies on the assumption that present-day

EcoTy shares similar parameters with those that existed in the past. Furthermore, we assume the timing of shifts between395

EcoTy based on the pollen matrix. What caused these EcoTy transitions? In our model the shifts are forcing as the climate data.

Incorporating dynamic shifts within HPMTrop would require substantial model development, guided by the hypothesis that

the EcoTy shifts in Peruvian Amazon peatlands, at least during the Holocene, appear to be more strongly influenced with local

factors such as river migration more than climatic drivers. This pattern may be different from that observed in other tropical

peatlands (e.g., Congo Basin) or the northern peatlands. Additionally, improved regional climate reconstructions are needed,400

including the climatic variability across different time scales.

Several parameters in HPMtrop applied to the Peruvian Amazon were obtained by EcoTy, defined as a range of plausible

values within each ecosystem. The initial values were derived from literature and from linear and non-linear models using

published data. Among the ecosystems, OP had the least information available for parametrisation; therefore, its values were

tuned, while maintaining ranges between SFF and PS, which are the most closely related ecosystems to OP within Peruvian405

peatlands. Despite the limitations and simplicity of the models used to represent physical processes in the Peruvian Amazon,

the integration of peat core information, pollen analysis and model simulation, provided valuable insights into how peat ac-

cumulation dynamics occur in this region. Such integration helps in understanding tipping points, such as the shift between
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ecosystem types, which are often associated with changes in water table fluctuations and vegetation dominance, determining

differences in peat accumulation rates and whether ecosystems function as carbon sinks or sources.410

Precipitation is the driver variable in the model; however, when increased the response by site and EcoTy did not show

substantial changes. This may be explained by two main factors: first, the high levels of precipitation in the western Amazonian

( 3,000 mm y−1), and second Holocene-scale precipitation reconstructions are weak and uncertain along with the limited

evapotranspiration, which was simplified to a fixed scalar of 100 mm per month. Although this value of evapotranspiration

is supported by several studies as an average for tropical forest, it remains a key parameter that should be improved and415

incorporated as a variable.

Transition periods were represented as linear, gradual changes between EcoTy, which constituted a limitation. This simplifi-

cation produces chaotic outputs during transition periods, resulting in some cases in outliers. Transition periods require specific

verification and validation. However, even palaecological approaches have limitations in identifying the exact timing of shifts

between ecosystems.420

The simulations in all cases showed substantial increase in final peat depth when either NPP was increased or base de-

composition rate was decreased. This response likely reflects a structural bias in the model rather than an inherent ecological

sensitivity, as HPMTrop is highly responsive to those initial values. A further remaining questions and points of discussion are

described in the Appendix B Text B2.

5 Conclusions425

HPMtrop_EcoTy produces a remarkably good age-depth profile compared with the reference cruves from the cores. This does

not necessarily mean the model is fully correct, since parameter tuning was involved, but it does indicate that the model provides

a plausible hypothesis for the development of these peat deposits. The model could also reveal the consequences for the net

carbon balance, which would include long intervals of net carbon loss in the two different EcoTy in the Peruvian Amazon.

It is worth noting that transitions between EcoTy lead to either an increase or decrease in peat and carbon accumulation430

rates. Transitions from wetter to drier conditions (e.g., PS to SFF), resulted in a negative transition characterised by peat and

carbon loss. After an extensive period of deep-water table (SFF), the transition back to a peat-forming ecosystem (PS) resulted

in a positive peat accumulation rate but a negative carbon accumulation rate, indicating that even under wetting conditions,

the decomposition of older peat can continue, producing a delayed effect that drives a negative carbon balance. The most

sensitive ecosystem was the Pole Forest (NYO-03 site) and Open peatlands, where changes in either NPP or decomposition435

rate generated a more pronounced effect on final peat and carbon accumulation than changes in precipitation. The processes

that drive peat accumulation in Peruvian Amazon peatlands appear to be more dependent on local ecological factors, such as

river migration, which may trigger the shift between EcoTy, and may be different to the other tropical peatlands such as in the

Congo basin where the precipitation was more important.
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Table 3. Simulated carbon accumulation rates for the Peruvian Amazon compared with other tropical peatlands worldwide. The carbon

accumulation rates are expressed in g C m−2 y−1.

Tropical peatland Carbon accumulation rate Model Study

Congo 25 Digibog_Congo Young et al. (2021)

Southeast Asia 30 HPMTrop Kurnianto et al. (2014)

Peruvian Amazon (NYO-03) 49.9 HPMTrop_EcoTy This study

Peruvian Amazon (VEN-02) 29.1 HPMTrop_EcoTy This study

Note: Net primary productivity (NPP) simulated output for different plant components and ecosystem types (EcoTy). PF: Pole Forest; PS: Palm Swamp;

SFF: Seasonal Flooded Forest; OP: Open Peatland. AG: aboveground; BG: belowground. For SFF, the PalmsAG and PalmsBG components are not

considered within the model (0). For OP, only grass components are considered, with aboveground represented by leaves and belowground by roots.
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Code and data availability. The data, sources and the code used in this study are stored in public repository: Puerta, Y. T., et al. (2026).440

Zenodo with doi: 10.5281/zenodo.18713887 (https://shorturl.at/dgBoZ). The original paper that described the model is Frolking et al. (2010).

Appendix A: Parameters

A1 Bias correction of precipitation forcing

To reduce the systematic bias in the precipitation values used as forcing in the HPMTrop model, a bias correction was applied

using observed precipitation data from ground stations Bagazan, Santa Rita and Nauta from de Meteorología e Hidrología del445

Perú (SENAMHI). Approximately 10 years of stations record was used to calculate a mean monthly precipitation for each

month (January to December). Monthly bias-correction factor was calculated as the ration between the observed mean monthly

precipitation and the corresponding mean monthly precipitation simulated by CCSM3. As a result one bias-correction factor

for each month was obtained and applied multiplicatively to the entire precipitation time series used as forcing in the model.

Each month value was scaled by the corresponding bias-correction factor. The bias-corrected precipitation time series preserve450

the long-term temporal variability and the trends of the original precipitation time series simulated by CCSM3 TraCE-21ka but

with adjusted of seasonal precipitation mean values closer to the observed precipitation.

Pcorrected(t) = Psimulated(t) × P̄observed(m)

P̄simulated(m)

Where P is the precipitation (mm), t is the time step, m is the month (1 to 12), P̄observed(m) is the mean observed precipitation

for month m, and P̄simulated(m) is the mean precipitation for month m simulated by CCSM3.455
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Table A1. NPP by plant component and EcoTy

EcoTy Component NPP (kg m−2 month−1) Source

PF Leaves 0.080 Dargie et al. (2024)

PF Stem 0.014 Dargie et al. (2024)

PF Root 0.003 Dargie et al. (2024)

PF PalmsAG 0.017 Dargie et al. (2024)

PF PalmsBG 0.014 Dargie et al. (2024)

PS Leaves 0.014 Dargie et al. (2024)

PS Stem 0.003 Dargie et al. (2024)

PS Root 0.001 Dargie et al. (2024)

PS PalmsAG 0.066 Dargie et al. (2024)

PS PalmsBG 0.082 Dargie et al. (2024)

SFF Leaves 0.111 del Aguila-Pasquel et al. (2013)

SFF Stem 0.046 del Aguila-Pasquel et al. (2013)

SFF Root 0.068 del Aguila-Pasquel et al. (2013)

SFF PalmsAG NA

SFF PalmsBG NA

OP Leaves 0.105 Basuki et al. (2021)

OP Stem NA

OP Root 0.087 Basuki et al. (2021)

OP PalmsAG NA

OP PalmsBG NA

Net primary productivity (NPP) values obtained from the literature for each ecosystem type (EcoTy) used within the model. PF: Pole Forest;

PS: Palm Swamp; SFF: Seasonal Flooded Forest; OP: Open Peatland. AG: aboveground; BG: belowground. For SFF, the PalmsAG and

PalmsBG components are not considered within the model (NA). For OP, only grass components are considered, with aboveground

represented by leaves and belowground by roots.
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Table A2. Decomposition values by EcoTy

EcoTy Component K (month−1) Source

PF Leaves 0.064 Hergoualc’h et al. (2023)

PF Stem 0.011 Dargie et al. (2024)

PF Root 0.030 Dezzeo et al. (2021)

PF PalmsAG 0.134 Dargie et al. (2024)

PF PalmsBG 0.016 Dargie et al. (2024)

PS Leaves 0.064 Hergoualc’h et al. (2023)

PS Stem 0.011 Dargie et al. (2024)

PS Root 0.030 Dezzeo et al. (2021)

PS PalmsAG 0.145 Dargie et al. (2024)

PS PalmsBG 0.020 Dargie et al. (2024)

SFF Leaves 0.180 Capps et al. (2011)

SFF Stem 0.050 Martins et al. (2023)

SFF Root 0.115 Violita et al. (2016)

SFF PalmsAG NA

SFF PalmsBG NA

OP Leaves 0.033 Wright et al. (2013)

OP Stem NA

OP Root 0.073 Snyder and Rejmánková (2015)

OP PalmsAG NA

OP PalmsBG NA

Exponential decomposition values (k) for different plant components and ecosystem types (EcoTy) used within the model. PF: Pole Forest;

PS: Palm Swamp; SFF: Seasonal Flooded Forest; OP: Open Peatland. AG: aboveground; BG: belowground. For SFF, the PalmsAG and

PalmsBG components are not considered within the model (NA). For OP, only grass components are considered, with aboveground

represented by leaves and belowground by roots.
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Figure A1. Evolution of the simulation for the Nueva York site (NYO-03) under scenarios in which new ecosystem types (EcoTy) were

introduced during specific time intervals. The yellow line represents the site core, and the orange line represents the simulated curve. (a)

Simulation considering only Pole Forest (PF) for approximately 6,000 years BP. (b) Simulation in which Palm Swamp (PS) is included

during the first 4,000 years of the simulation (between 6,000 and 2,000 years BP), followed by PF during the last 2,000 years. (c) Simulation

in which the first ∼1,000 years correspond to PS, the following ∼2,500 years (approximately between 4,000 and 1,600 years BP) correspond

to Seasonal Flooded Forest (SFF), and PS and PF dominate during the last 2,000 years BP, with PF introduced only during the last 166 years

BP.
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Figure A2. Evolution of the simulation for the Veinte de Enero site (VEN-02) under scenarios in which new ecosystem types (EcoTy) were

introduced during specific time intervals. The yellow line represents the site core, and the orange line represents the simulated curve. (a)

Simulation considering only Palm Swamp (PS) ecosystem during the entire 1,129 years of the simulation. (b) Simulation in which the first

half of the time correspond to open peatlands (OP) ecosystem, and the other half of the simulation to PS ecosystem.
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Figure A3. Pollen diagram summarising the pollen data used to define the time intervals selected from the NYO-03 site for simulations with

the corresponding ecosystem types (EcoTy). Data from Åkesson et al., in prep.. Colours indicate the different EcoTy as follows: pale red,

Pole Forest (PF); pale yellow, Palm Swamp (PS); and pale blue, Seasonal Flooded Forest (SFF).
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Figure A4. Pollen diagram summarising the pollen data used to define the time intervals selected from the VEN-02 site for simulations with

the corresponding ecosystem types (EcoTy). Data from Akesson in prep. Colours indicate the different EcoTy as follows: pale yellow, Palm

Swamp (PS) and pale green, open peatlands (OP).
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Figure A5. Bulk density (BD) values for different ecosystem types (EcoTys) used within the model. PF: Pole Forest; PS: Palm Swamp; SFF:

Seasonal Flooded Forest; OP: Open Peatland. The bar plot shows basic statistics, including minimum BD (min), maximum BD (max), delta

BD (Delta), and mean BD (mean). These BD values were calculated from a database compiled from different sources reporting BD values

in Peruvian peatlands Lähteenoja et al. (2009, 2011); Kelly; Honorio Coronado et al. (2021).
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Figure A6. Water-filled pore space model developed to obtain soil properties, including minimum, optimum, and maximum saturation rates,

and field capacity, used as parameters within the model for each ecosystem type (EcoTy). The values used to construct the curves were

obtained from literature sources reporting soil properties in Peruvian peatlands (Hergoualc’h et al. (2023, 2020); Fonseca et al. (2019);

Bruno et al. (2006); Hodnett et al. (1995); Moyano et al. (2013)). (a) Pole Forest (PF). (b) Palm Swamp (PS). (c) Seasonal Flooded Forest

(SFF). (d) Open Peatland (OP).
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Figure A7. Water table (WT) values simulated by the model for each ecosystem type (EcoTy). PF: Pole Forest; PS: Palm Swamp; SFF:

Seasonal Flooded Forest; OP: Open Peatland. The plots show WT simulations for the Nueva York-03 (NYO-03) and Veinte de Enero-02

(VEN-02) sites. (a) NYO-03 WT reconstruction for the entire simulation period. (b) VEN-02 WT reconstruction for the entire simulation

period. (c) Seasonal Flooded Forest (SFF)

30

https://doi.org/10.5194/egusphere-2026-2272
Preprint. Discussion started: 29 April 2026
c© Author(s) 2026. CC BY 4.0 License.



Figure A8. HPMTrop_EcoTy applied for Peruvian peatland sites in Amazonia. Conceptual representation of the main process in HPMTrop

model to drive the peat accumulation dynamics. These processes are mediated by ecosystem type (EcoTy), meaning the model takes into

account the ecological history and ecosystem-specific parameters to represent peat accumulation over time at a given site. Carbon (C). A net

primary productivity (NPP) model. Initial decomposition values (Ko) for each plant component. Bulk density (ρ)

Appendix B: Results and discussion

B1 Sensitivity analysis by EcoTy

The ecosystems show greater sensitivity response to increases or decreases NPP. PF and OP exhibited the largest changes in

peat height across the entire simulation. At the VEN-02 site in the base simulation, peat height for OP reached 0.8 m ( 946

y BP). When NPP was increased and decrease by 25% peat height changed 77% and 44% respectively during the OP period.460

At NYO-03 site, during the PF period (0-166 cal. yr BP) peat height reached 4.6 m in the base simulation. When NPP was

increased by 25%, peat height increased by 75%, while when NPP was decreased by 25%, peat height reduced by 48%. After
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PF and OP, the next ecosystem with high sensitivity to changes in productivity was PS, showing 53% increase with higher

NPP and 39% decrease with lower NPP; while SFF was the least sensitive.

K: Similar to NPP, changes in initial decomposition values produced strong responses at both sites and across EcoTy. The465

OP period at VEN-02 site showed the greatest sensitivity, when decomposition rate was increased by 25%, peat height

decreased by 38%, whereas and a 25% reduction in k resulted in an increase in peat height of about 100%. At NYO-03,

the PF showed an increase of more than 70% in peat height when k was decreased, and decrease of more than 30% when

k was increased. The PS ecosystem produced an increased of approximately 75% in peat height at NYO-03 and more

than 40% at VEN-02 under a 25% reduction in K. When k increase 25%, peat height decreased by 37% at NYO-03 and470

25% at VEN-02. SFF was the least sensitive.

P: When precipitation was altered by ±25%, the resulting changes were not substantial. In fact, it was the least sensitive

parameter across both sites and all EcoTy. Despite that, PF and OP showed relatively greater sensitivity, particularly under

reduced precipitation. A possible explanation for the overall low sensitivity is the high precipitation in the region ( 2900

mm y−1). However, a general trend can be identified, all ecosystems were more sensitive to decrease in precipitation475

than to increase. For this reason, a more detailed sensitivity exploration of precipitation sensitivity was conducted to

identify potential tipping points.

B2 Remaining questions and future research:

After adapting, applying HPMTrop, and reviewing long-term peat accumulation models such as DIGIbog and Mpeat, a re-

flection arises: although mathematical models and specific constraints could be good enough to gain insights about Amazon480

tropical peatlands, they should be regarded primarily as a first step. For instance, in Amazon peatlands, an appropriate model

should incorporate river migration dynamics, a crucial factor influencing peat accumulation processes. Similarly, integrating

palaeoecological knowledge would improve understanding of how peat accumulation has occurred over time. Peatland mod-

elling is inherently interdisciplinary, offering a holistic framework that helps place each ecological piece into the large puzzle of

peat formation processes. However, significant data gaps remain, particularly regarding reliable parameterisation to represent485

the complex physical process governing the Amazon Tropical peatland.

Even with the same ecosystem classification (e.g., PS, PF), applying fixed parameters may not adequately represent con-

ditions at a specific site. Peatland ecosystem evolution depends strongly on in situ factors, which can vary considerably even

among sites classified as the same ecosystem type. Peatland formation can be understood as a state-dependent system influ-

enced by both past and present conditions, and it is possible for the same ecosystem type to develop alternative stable states490

under a set of environmental conditions. For example, soil properties may be shaped by localised processes such as deposition,

erosion, water table dynamics, river migration and plant response (Beisner). Even similar ecosystems (or the same ecosystem

type) may exhibit emerging properties as a result of local and endogenic processes and site-specific perturbations. This means

that the site retains a distinctive character, shaped by the historical trajectory of evolution, a process that is neither linear nor
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standardised. In this sense, a peatland site may be thought of as a “fingerprint”, reflecting the diverse configuration of driving495

factors such as sediment deposition and river migration that converge to produce a specific state (Lähteenoja et al. (2011)).

Under the hypothesis that the natural shifts between EcoTy leads to loss or gain of carbon, it is natural that these ecosystems

can act as either a carbon sink or source. What happens with this carbon when the ecosystem is acting as a carbon source, is it

released directly into the atmosphere (CO2, CH4), or is the primary pathway through dissolved organic carbon (DOC)? This

question should be addressed in a complex dynamic model (ORCHIDEE or JULES) different to HPMtrop that only simulates500

peat mass balance. River water sampling could provide valuable clues to address this question. As a potential hypothesis, we

suggest that most of the carbon is likely lost through lateral fluxes, since water table fluctuation could transport this carbon

into the rivers (Dean et al. (2025)). For example, one of the rivers associated with our ombrotrophic site (NYO-03: PF) is

the Tigre River, a black water tributary of the Marañón River. This could be an indication of a nutrient limited environment

and indeed this is confirmed by previous elemental analysis conducted at the site by Lähteenoja et al. (2011). Conversely, our505

minerotrophic site (VEN-02: PS) is associated with the Marañón River, a main tributary of the Amazon, with white water,

which could indicate higher nutrient conditions and higher relative pH.

While chemical factors are not directly represented in the model, they are indirectly accounted by each EcoTy through

the WT variation, the base decomposition rate parameter (K), and the soil properties parameters. For example, the minimum

decomposition rate for PF was the lowest value (slow ramp-up) consistent with more stable WT conditions and saturated soil.510

This ecosystem exhibits greater anaerobic tolerance (Similar to reported by Hergoualc’h et al. (2020) for Intact hummocks)

than PS or OP. On the other hand, PS has a low to moderate range of minimum decomposition rate, whereas OP and SFF

exhibit moderate to high values. SFF is characterised by relatively rapid oxygen depletion under saturated conditions and rapid

decomposition under drier conditions associated with its natural Flood-drought cycles (Cui et al. (2024); Cusack et al. (2023)).

Incorporate chemical components in a long-term peat modelling could enhance the estimation of parameters associated with515

soil properties.
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Table B1. Simulation NPP by plant component and EcoTy

EcoTy npp_Leaves npp_Wood npp_Roots npp_PalmsAG npp_PalmsBG Total_NPP

OP 5.55 0.00 4.58 0.00 0.00 10.19

PF 3.63 0.63 0.14 0.77 0.63 5.82

PS 0.59 0.13 0.04 2.80 3.48 7.03

SFF 4.43 1.81 2.69 0.00 0.00 8.94

Net primary productivity (NPP) simulated output for different plant components and ecosystem types (EcoTy). PF: Pole Forest; PS: Palm

Swamp; SFF: Seasonal Flooded Forest; OP: Open Peatland. AG: aboveground; BG: belowground. For SFF, the PalmsAG and PalmsBG

components are not considered within the model (0). For OP, only grass components are considered, with aboveground represented by

leaves and belowground by roots.
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Figure B1. Net Primary Productivity (tot NPP) and respiration (tot resp) simulations for the Nueva York (NYO-03) and Veinte de Enero

(VEN-02) sites, together with water table (WTD) simulations.(a) NYO-03 and (b) VEN-02 time series showing tot NPP in green, tot resp in

red, and WTD simulation in blue.
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Figure B2. Peat accumulation rate simulation output from the model by ecosystem type (EcoTy). PF: Pole Forest, PS: Palm Swamp, SFF:

Seasonal Flooded Forest, OP: Open peatland
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Figure B3. Sensitivity analysis for each site Nueva York (NYO-03) and Veinte de Enero (VEN-02) when parameters such as initial decom-

position rate (k), Net Primary Productivity(NPP), and precipitation (P) are varied by ±25%
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Figure B4. Sensitivity analysis by ecosystem type (EcoTy) when parameters such as initial decomposition rate (k), Net Primary Productiv-

ity(NPP), and precipitation (P) are varied by ±25%. PF: Pole Forest, PS: Palm Swamp, SFF: Seasonal Flooded Forest, OP: Open peatland
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Figure B5. Precipitation sensitivity analysis for the sites Nueva York-03 (NYO-03) and Veinte de Enero-02 (VEN-02). Precipitation was

varied from 30% to 45% in increments of 5% and the corresponding responses in peat depth and peat height were analysed. Plots (a) and (b)

corresponds to the variation response in the peat depth and peat height curves respectively at NYO-03. Plots (c) and (d) corresponds to the

variation response in the peat depth and peat height curves respectively at VEN-02
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Figure B6. response trend of peat depth at the sites Nueva York-03 (NYO-03) and Veinte de Enero-02 (VEN-02) under precipitation reduction

from 30% to 45% in increments of 5%
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