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RESUMO

Caron, Tassiana Maylla Fontoura. Efeitos das variaveis ambientais na estrutura florestal ao
longo de um gradiente sucessional em propriedades ribeirinhas na Amazonia oriental, Brasil.
Macapd, 2020. Dissertacdo (Mestre em Biodiversidade Tropical) — Programa de Pos-
graduacdo em Biodiversidade Tropical — Pré-Reitoria de Pesquisa e Pds-Graduacdo -

Universidade Federal do Amapa.

A restauracdo de florestas tropicais degradadas € uma prioridade para garantir que as metas de
desenvolvimento sustentavel sejam cumpridas. Estudos anteriores sugerem que as florestas
amazonicas de rebrota podem levar décadas para se recuperar, mas fatores como a
proximidade com florestas antigas podem acelerar trajetdrias de sucessdo de rebrota. Aqui,
usamos dados de campo coletados em 15 propriedades de pequenos agricultores da Amazonia
para examinar as relacdes entre estrutura florestal, diversidade de mamiferos, tipo de rebrota,
idade de rebrota, topografia e hidrografia. A estrutura da floresta foi quantificada juntamente
com a diversidade de mamiferos em 30 parcelas pareadas de controle de rebrota. O estagio de
rebrota florestal foi classificado em trés grupos: floresta secundéria de regeneracao tardia,
floresta secundéria de regeneracdo precoce e pastagem abandonada A area basal nas parcelas
de rebrota permaneceu menos da metade da registrada nas parcelas de controle, mesmo ap06s
20 a 25 anos. Embora a area basal tenha aumentado em sequéncia desde a pastagem, em
parcelas precoces e até tardias, houve um declinio significativo na area basal das parcelas de
controle tardias associadas a um declinio na proporcao de arvores grandes. Também houve
suporte contrastante para diferentes hipoteses ndo mutuamente exclusivas, com propor¢do de
arvores pequenas (DAP <20 cm) mais fortemente relacionada a topografia (altitude e
inclinacdo), enquanto a proporg¢do de arvores grandes (DAP> 60 cm) relacionada a classe de
rebrota, diversidade de mamiferos e tempo. Essas descobertas apoiam os esforcos crescentes
para conservar ativamente arvores grandes, a fim de evitar a sucessdo retrogressiva das

florestas degradadas da Amazénia.



Palavras-chave: Floresta amazoOnica; area basal; biodiversidade; resiliéncia ecoldgica;
restauracdo florestal; histérico de uso da terra; regeneracdo natural; florestas de rebrota;

sucessao; floresta tropical umida.

ABSTRACT

Caron, Tassiana Maylla Fontoura. Effects of environmental variables in the forest structure
along a successional gradient in riverside properties in eastern Amazonia, Brazil. Macapa,
2020. Dissertacdo (Mestre em Biodiversidade Tropical) — Programa de Pds-graduacdo em
Biodiversidade Tropical — Pro-Reitoria de Pesquisa e Pds-Graduacdo - Universidade Federal

do Amapa.

The restoration of degraded tropical forests is a priority to ensure sustainable development
goals are met. Previous studies suggest that Amazonian regrowth forests can take decades to
recover, yet factors such as proximity to old-growth forest may accelerate trajectories of
regrowth succession. Here we use field data collected across 15 lowland Amazon smallholder
properties to examine the relationships between forest structure, mammal diversity, regrowth
type, regrowth age, topography and hydrography. Forest structure was quantified together
with mammal diversity in 30 paired regrowth-control plots. Forest regrowth stage was
classified into three groups: late second-regrowth forest, early second-regrowth forest and
abandoned pasture. Basal area in regrowth plots remained less than half that recorded in
control plots even after 20-25 years. Although basal area did increase in sequence from
pasture, early to late-regrowth plots, there was a significant decline in basal area of late-
regrowth control plots associated with a decline in the proportion of large trees. There was
also contrasting support for different non-mutually exclusive hypotheses, with proportion of
small trees (DBH < 20 cm) most strongly supported by topography (altitude and slope)
whereas the proportion of large trees (DBH > 60 cm) supported by regrowth class, mammal
diversity and time. These findings support calls for increased efforts to actively conserve large

trees to avoid retrogressive succession of degraded Amazon forests.

Keywords: Amazon forest; basal area; biodiversity; ecological resilience; forest restoration;

land use history; natural regeneration; regrowth forests; succession; tropical wet forest.
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1. INTRODUCAO GERAL

Florestas tropicais saudaveis fornecem bens e servigos as populacdes humanas e
perdas florestais na Amaz6nia comprometem 0s principais servicos ecossistémicos que ela
oferece como 0 armazenamento de carbono na biomassa e nos solos, a regulagdo do balanco
hidrico e do fluxo dos rios, a modulagdo dos padrdes climaticos regionais e a melhoria das
doencas infecciosas (Folley et al. 2007). Os tropicos apresentam uma maior perda de floresta
com uma razdo maior de perda/ganho e uma tendéncia estatisticamente significativa na perda
anual de florestas, com um aumento estimado de perda de 2101 km 2 / ano (Hansen et al.
2013) . A taxa consolidada gerada pelo Projeto de Monitoramento do Desmatamento na
Amazonia Legal por Satélite (PRODES), do Instituto Nacional de Pesquisas Espaciais
(INPE), apontou o resultado de 6.947 km? de corte raso no periodo de agosto de 2016 a julho
de 2017 (INPE, 2018).

Estudos de longo prazo revelaram que a estrutura e a dindmica de muitas florestas
tropicais estdo mudando, mas as causas e consequiéncias dessas mudangas permanecem em
debate, ao investigar as mudangas na composi¢cdo, aumentamos ndo apenas nossa
compreensdo da ecologia das florestas tropicais e suas respostas a disturbios em larga escala,
mas também nossa capacidade de prever como a mudanca global futura tera impacto em
alguns dos servicos criticos fornecidos por esses importantes ecossistemas (Feeley et al.
2019). A perda florestal na Amazénia leva também a perda dos servi¢os ambientais que tem
um valor maior que 0s usos pouco sustentaveis que susbstituem a floresta, o valor de cada
hectare de floresta em pé pode ser até duas ordens de magnitudes maior que o ganho da venda
de madeira e de carne de gado (Fearnside. 2006).

Mais da metade das florestas do mundo sofrem interferéncias antropicas e entender
COMOo 0S ecossistemas se recuperam apos essas perturbacdes € importante para a manutencao
dos servigos ecossistémicos (Lohbeck et al. 2015). Além de servigos ambientais, florestas
tropicais como a Amazonia tem um valor de utilidade tradicional e a sua perda também
compromete a sociobiodiversidade ao eliminar culturas indigenas e extrativistas (Fearnside
2006 ).

Varios sdo as causas do desmatamento na Amazodnia, entre elas destacam-se a

pecuéria, abertura de estradas oficiais e ndo oficiais, exploracdo de madeira e atividades
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agricolas (Jusys 2016). Segundo Fearnside (2006) os atores que impulsionam o desmatamento
variam em diferentes regifes e ao longo do tempo, em geral, grandes e médios fazendeiros
respondem por boa parte do desmatamento, mas em alguns lugares, pequenos produtores

podem atuar como forgas importantes nos lugares onde estdo concentrados.

Florestas ribeirinhas s&o particularmente ameacadas e sofrem perdas devido
principalmente a conversdo da cobertura florestal em pastagens comprometendo a
manutencdo dos fluxos hidricos (Nunes et al. 2019). A taxa de crescimento de florestas
secundarias € lenta, principalmente por que a maioria das areas abandonadas sdo compostas
de antigas pastagens de solos compactados com perdas de nutrientes (Fearnside. 2006). A
recuperacdo de areas degradas € necessaria para resgatar o valor da floresta em pé e a
Amazonia oferece uma excelente oportunidade de recuperacdo devido ao seu potencial

natural para a regeneracdo (Rocha et al. 2016).

A restauracdo dos ecossistemas florestais apds perturbacdes como o uso do solo
envolve principalmente estratégias de restauragdo passiva como a regeneracdo natural, no
entanto, os resultados ecoldgicos desse tipo de restauracdo ainda é incerto (Brancalion et al.
2016). Diversos fatores influenciam na restauracdo e € necessario investigar melhor a
influencia desses fatores (Rocha et al. 2016). A regeneracdo natural sem interferéncia humana
é amplamente aplicada no bioma Amazonia por possuir baixo custo e maior probabilidade de

sucesso devido ao seu potencial de recuperacdo (Brancalion et al. 2016).

Durante a recuperacdo, o ecossistema passa por diferentes fases de sucessdo ecoldgica
onde as taxas dos processos ecossistémicos mudam durante cada fase e um fator forte para
explicar estes processos € a biomassa acima do solo (Lohbeck et al. 2015). Um forte fator que
explica os padrdes espaciais de biomassa acima do solo compreende variaveis de suporte
como estrutura e composicdo da loresta (Baraloto et al. 2011). H&4 uma forte relacdo entre a
biomassa e varidveis utilizadas em equacfes alomeétricas como didmetro, altura e peso
especifico de madeira (Chave et al. 2005), além de densidade de haste e area basal ( Chave et
al. 2004 ). Alem disso, producgdo e biomassa nas florestas esta relacionado com varios outros

fatores, por exemplo densidade e riqueza de vertebrados (Sobral et al. 2017).

Caracteristicas ambientais como por exemplo a disponibilidade de luz propiciam o
crescimento de espécies e podem aumentar a area basal (Silva et al. 1995), a biomassa esta
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intimamente ligada a &rea basal e em florestas tropicais tanto fatores climéaticos quanto

edaficos sdo fortes preditores para 0 aumento ou diminuicao dessa biomassa (Slik et al. 2010).

A Floresta Amazonica abriga uma rica variedade de espécies vegetais e animais sendo
uma das biorregides mais importantes do planeta (Foley et al. 2007). Possui diferentes
ecossistemas que embora muito importantes, ainda sdo pouco amostrados e compreendidos,
dentre eles, temos as florestas de terra firme que sdo os mais complexos, seguidos das
florestas de varzea (Myster 2016). A Amazbdnia € uma regido com muitas incertezas nas
estimativas de biomassa pela dificil amostragem, assim, técnicas de sensoriamento remoto sdo
muito utilizadas para fornecer estas estimativas, no entanto, imagens de satélite subestimam
siatematicamente areas de florestas ribeirinhas (Nunes et al. 2019). E indispensavel a anélise
de dados coletados em campo para se obter uma compreensdo mais exata da estrutura

florestal.

Diante da necessidade de entender os padrdes de estrutura florestal em florestas de
terra firme na Amaz6nia, este estudo objetiva identificar como fatores bioticos e abiodticos
podem explicar as diferencas estruturais nas vegetacdes de areas em regenaracao natural em
diferentes gradientes sucessionais e quais destes fatores se mostram mais determinates neste

processo.
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2. HIPOTESES

o Fatotres abidticos relacionados a topografia, como altitude e inclinacdo do terreno,
podem explicar padr@es na sucessdo ecoldgica por implulsionar e modular a distribui¢do de
espécies, além de estarem realcionadas a disponibilidade de agua no solo e mortalidade de
arvores.

o Fatores relacionados a hidrografia do local, como indice topogréafico de umidade
(TWI) e proximidade de drenagem podem afetar a estrutura da floresta por estarem associados
ao controle de umidade no solo.

o A classe de rebrota (floresta secundaria de regeneracéo tardia, floresta secundaria de
regeneracdo precoce e pastagem abandonada) é fator determinante da estrutura florestal, pois
a histodria do uso da terra tem uma forte influéncia nas taxas de recuperagéo da floresta.

o O tempo é uma das principais variaveis determinantes para a recuperacao da estrutura
florestal nas pequenas propriedades. Quanto maior o tempo de abandono da cultura de uso da
terra, maior a &rea basal.

o Abundancia relativa em species de mamiferos de médio e grande porte podem explicar
variacdo na estrutura florestal ao longo de um gradiente sucessional em propriedades
ribeirinhas A diversidade de mamiferos esta positivamente relacionada a biomassa das arvores

e a concentracdo de carbono no solo.
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3. OBJETIVOS

3. 1. GERAL

Identificar padrdes que expliqguem como a estrutura florestal se recupera naturalmente

em propriedades ribeirinhas.

3. 2. ESPECIFICOS

e Caracterizar a vegetacdo das propriedades para avaliar as comunidades vegetais do
ponto vista estrutural.

e Estabelecer relagdo entre as varidveis ambientais bidticas e abiotica e area basal.

e Identificar as variaveis mais determinantes para a regeneracdo natural do ecossistema

nas areas estudadas.
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Abstract

Degraded Amazonian forests can take decades to recover and the ecological results of natural
regeneration are still uncertain. Here we use field data collected across 15 lowland Amazon
smallholder properties to examine the relationships between forest structure, mammal
diversity, regrowth type, regrowth age, topography and hydrography. Forest structure was
quantified together with mammal diversity in 30 paired regrowth-control plots. Forest
regrowth stage was classified into three groups: late second-regrowth, early second-regrowth
and abandoned pasture. Basal area in regrowth plots remained less than half that recorded in
control plots even after 20-25 years. Although basal area did increase in sequence from
pasture, early to late-regrowth plots, there was a significant decline in basal area of late-
regrowth control plots associated with a decline in the proportion of large trees. There was
also contrasting support for different non-mutually exclusive hypotheses, with proportion of
small trees (DBH <20cm) most strongly supported by topography (altitude and slope)
whereas the proportion of large trees (DBH >60cm) supported by plot type and regrowth
class. These findings support calls for increased efforts to actively conserve large trees to

avoid retrogressive succession of degraded Amazon forests.
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Introduction

Healthy tropical forests provide goods and services to human populations. Yet tropical forests
show worrying rates of forest loss with an elevated loss / gain ratio and a statistically
significant trend in annual forest loss of 2101 km?/year . One option to revert tropical forest
loss is the restoration of degraded forests and deforested landscapes 23. Although the post-
disturbance restoration of forest ecosystems often involves passive restoration strategies (i.e.

natural regeneration), the ecological results of this type of restoration are still uncertain 2,

Continuing widespread forest losses across Amazonia compromises vital ecosystem
services such as carbon storage, regulation of hydrological cycles and climate patterns .
Riverside forests are particularly threatened and suffer losses due to the conversion of forest
cover to pastures, compromising the maintenance of water flows 8. The recovery of degraded
areas is necessary to recuperate the standing forest value and the Amazon offers an excellent
recovery opportunity due to its natural potential for regeneration >%°. Yet, the regrowth rate of
degraded Amazon forests can be slow, as abandoned areas are typically on compacted poor
quality soils 2 and due to the high structural and biological diversity of the original

forests®e,

The diversity of Amazon forests means it is hard to separate the complex interactions
driving recruitment and recovery patterns 23'41° yet previous studies show that different
animal groups can generate important impacts. The recovery of faunal diversity and
associated ecosystem services (e.g. seed dispersal) are essential for natural regeneration
processes in degraded forests 1. For example, seeds can be preyed upon by both vertebrates
and invertebrates 81 which may play key roles in limiting germination and subsequent

recruitment. Indeed, exclosure experiments have demonstrated the impact of vertebrates on
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seed and seedling survival, showing how this group contributes to the community structure of

tropical forest trees 20-22,

Amazon mammals are important component of forest diversity 2>2% including carbon 24
and biomass cycles 2°. Mammals can also play an important role in the successional trajectory
and recovery of degraded areas as dispersers and predators of both seeds and seedlings 8.
Mid- and large-bodied mammals (weight> 1 kg) can disperse a large numbers of seeds over
long distances 826, For example, lowland tapirs can travel over 4 kilometers in a day %’ and
disperse seeds of more than 70 tree species 2. The loss of mid- to large-bodied mammals may
release some plant species from herbivory and increase their dominance, which subsequently

decreases tropical forest biodiversity?®=°,

Given the need to understand the patterns of forest structure in Amazonian forests, here
we aim to identify how biotic and abiotic factors (Table 1) can explain patterns in forest

structure across a successional gradient.



Table 1. Explanatory variables.
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Workin . I . Supportin
g . Variables Source Description/Ecological relevance PP g
Hypothesis/Model references
. Categorical factor with two levels: control and regrowth. Included in all
Plot type In situ.
models.
Altitude is a driver and modulator of species distribution patterns from
Topography Altitude SRTM-DEM microhabitat to biogeographic scales. Altitude not only affects soil, water
availability, climate and a myriad of other abiotic and biotic variables 10,13,31,82
Slope SRTM-DEM Slope affects soil, water availability and tree mortality rates.
Topographic wetness index accounts for the topographic control of water
Hydrography TWI SRTM-DEM pographic w ndex accou 1€ fopograpnic. controf of water: 33
movement in sloped landscapes and the associated control on soil moisture.
Combination of water gravitational potential (Height above the nearest
Drainage proximity =~ SRTM-DEM drainage (HAND)) and soil drainage (Horizontal distance from nearest 34-36
drainage (HDND)).
Land-use history has a strong influence on rates of forest recovery. Categorical
Regrowth class Regrowth class In situ: interview factor with three levels of regrowth class derived from the land-use history: late
second-regrowth forest, early second-regrowth and pasture.
) ) o ) 10,37-39
Time Years since last use  In situ: interview
Years since initial o _ Time is a major determinant of forest succession.
. In situ: interview
clearing
Mammals Species richness In situ: camera-trap images
24,25,40,41

Functional diversity

In situ:

camera-trap images

Mammal diversity is positively related to tree biomass.
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Table 2. Summary of survey locations. Characteristics of 15 sites used to study forest
structure. Values are means with ranges in parentheses.

Distance Forest cover (%) Treg /:’ A Large ;[/rre]e BA
Regrowth Sites/  Size (m*/ha) (m*/ha)
class. Plots  (ha) ~River ™ Town Reg. Cont. Reg. Cont.
1km  5km
(m)  (km)
58 288.15 404 91.5 97.4 17.6 35.8 1.5 11.4
Late 5/10 (2.0~ (110- (35.0- (87.4— (96.4- (11.5- (21.7- (0.0- (0.0-
12.0) 554) 450 954) 985) 253) 47.4) 71.7) 22.3)
2.4 348.5 38.2 90.7 97.2 111 49.3 0.0 20.8
Early  5/10 (1.0- (150- (30.0- (87.1- (96.4- (47— (346- (0.0 (0.0-
45) 554) 437)  96.0) 98.4) 19.2) 765) 0.0) 44.2)
8.7 266.8 32.8 88.8 96.9 5.8 47.1 0.0 24.0
Pasture  5/10 (6.8- (170- (26.8- (85.7- (955- (0.0- (32.6- (0.0- (12.0-
9.9) 461) 40.8) 91.1) 985) 159) 64.8) 0.0) 41.2)
5.6 301.1 37.1 90.4 97.2 115 44.1 0.5 18.8
Totals  15/30 (1.0- (110- (26.8- (85.7- (955- (0.0- (21.7- (0.0 (0.0-
12.0) 554) 45.0)  96.0) 985) 253) 76.4) 7.7) 44.2)
Results

Variation in stand structure variables

1.0+

Scaled structure attribute value

0.54

0.04

-0.5 4

T
Pasture

Ea|r\y Laltle
Regrowth plot

T
Control

Structure
attribute

BA
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large trees
== Trees
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Figure 1: Forest structure changes across a lowland forest regrowth gradient. Showing mean values of
five forest structure attributes recorded in 30 plots (15 control and 15 regrowth). Regrowth plot shows
differences between control, late second-regrowth, early second-regrowth and pasture plots. Values
are scaled (centered and scaled by the standard deviation) to enable simultaneous visual comparison of
the different attributes. The lines are from LOESS smoothing as guides to aid visual interpretation.
There were clear differences in forest structure between control and regrowth plots
(Figure 1). On average control plots had increased basal area and increased proportion of
large trees (Figure 1). In contrast regrowth plots tended to have increased proportion of small
trees (<20 cm DBH). The number and basal area of living trees tended to increase with
altitude and this relationship was stronger in regrowth areas (Figure 2). The relationship with
altitude was strongly affected by low lying (90 masl) pasture plots with no trees that generated

significant leverage on the linear relationship (Figure 2).
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Figure 2: Forest structure along a lowland Amazon regrowth gradient. Showing trends in (a) number
of trees (> 10 cm DBH) per ha, (b) proportion of small trees (10 — 20 cm DBH), (c) proportion of large
(> 60 cm DBH) trees, (d) basal area and (e) basal area of large (>60 cm DBH) tree in 30 plots (15
control and 15 regrowth). Lines and shaded areas are mean values and 95% confidence intervals from
linear models illustrating trends in basal area with increasing altitude (masl). Points with different
shapes represent different regrowth classes.

Basal area ranged from 0 to 76.4 m?ha across the 30 survey plots (Table 2), with

control plots showing an average fourfold increase in basal area compared with regrowth plots



24

(mean basal area 44.1 and 11.5 m?ha, control and regrowth respectively, Figure 2). The
patterns in plot basal area also differed between regrowth classes (Figure 3, Supplementary
Table S1). There was a significant interaction between plot type (control/regrowth) and
regrowth stage, with basal area increasing across pasture, early and late regrowth plots but
control plots showing the opposite trend, with basal area decreasing significantly in late-

regrowth control plots (Figure 3).
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Figure 3: Basal area changes across a lowland forest regrowth gradient. The basal area of all (a and ¢)
and large (b and d) living trees were recorded in 30 plots (15 control and 15 regrowth). Regrowth class
shows differences between late second-regrowth, early second-regrowth and pasture plots contrasted
with control forest plots. Top row shows Generalized Linear Model (GLM) predictions (mean and
95% confidence intervals) for basal area of (a) all and (b) large trees. Bottom row is the associated
Forest-plot of the most parsimonious GLMs testing for interactions between regrowth class, plot type
and years since last use in the basal area of (c) all and (d) large trees. Forest-plots show coefficient
estimates and standard errors.

There was a highly significant positive linear relationship between overall basal area

and large tree basal area (F12s = 127.5, R? = 0.82, P < 0.0001). The basal area of large trees
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decreased significantly in regrowth compared with control plots (Figure 3). On average large
trees accounted for 42% of the basal area in control plots compared with only 4% in regrowth
plots (Table 2). Indeed a single large tree (>60 cm DBH) was recorded only once in a late-
regrowth plot. This relationship was also reflected in the decline in basal area of late-regrowth
control plots (Figure 3), which was associated with a decline on the proportion of large trees

that accounted for a reduced 31% of the basal area in late-regrowth control plots (Table 2).

Relationships between forest structure, mammal diversity and environmental variables

Mammal diversity varied considerably across the survey plots (Figure 4). There
appeared to be a tendency for basal area to increase with mammal diversity in Late-regrowth
plots, yet basal area was only weakly associated with mammal diversity within the different
regrowth classes (Figure 4). Indeed, the diversity of mammals was found to be only weakly

informative for explaining the basal area of trees across the 30 sample plots (Table 3).
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Figure 4. Mammal diversity and basal area across a lowland forest regrowth gradient. The basal area
of (a) all and (b) large living trees were recorded together with the diversity (species richness and
functional dispersion) of terrestrial mammals in 30 plots (15 control and 15 regrowth). Lines and
shaded areas are mean values and 95% confidence intervals from linear models illustrating trends in
basal area with increasing mammal diversity. Points with different shapes represent different regrowth
plot types.

Comparison of the models representing the alternative hypothesizes showed that plot
type (control v regrowth) and topography were the most important first ranked variables for
the five forest structure attributes (Table 3). The most simple model including only plot type
explained more than 50% of model deviance for all forest structure attributes except for the
number of trees (DBH>10 cm). Plot type and regrowth class were both included in the 95%
confidence set of models for the basal area of large trees (Table 3). In contrast Topography
was the most important (first ranked) model for the number of trees, proportion of small trees
and tree basal area (Table 3). Mammal diversity, Time and Hydrography models were not
well supported and were not included in the 95% confidence set of models for any of the

forest structure attributes (Table 3).
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Table 3. Summary of the Generalized Linear Models created to explain forest structure in 30

plots (15 control and 15 regrowth). Models ordered by decreasing AIC (Akaike Information

Criterion) values.

Forest structure  Model®> Dev.Exp Loglik BIC AIC AAIC  W;AICP
Trees
Topography 60.5 -100.6 2319 2193 0.0 0.91
Regrowth class 49.8 -105.1 2341 2243 5.0 0.07
Mammals 51.3 -104.7 240.0 2273 8.1 0.02
Hydrography 45.8 -106.3 243.1 230.5 11.3 0.00
Time 42.9 -107.0 244.7 2321 12.8 0.00
Plot 6.5 -114.4  239.1 2349 15.6 0.00
Proportion small trees
Topography 75.2 -64.3 155.7 1445 0.0 0.96
Hydrography 70.4 -67.5 162.2 151.0 6.5 0.04
Mammals 66.4 -70.2 167.6 156.4 11.9 0.00
Time 65.1 -71.0 169.3 158.1 13.6 0.00
Plot 53.7 -78.7 164.3 161.5 17.0 0.00
Regrowth class 55.4 -77.6 175.6 167.2 22.7 0.00
Proportion large trees
Plot 54.9 -30.5 67.8 65.0 0.0 0.88
Regrowth class 60.6 -28.9 78.2 69.8 4.8 0.08
Mammals 62.9 -28.3 83.7 72.5 2.8 0.02
Time 62.8 -28.3 83.8 72.5 2.8 0.02
Topography 54.7 -30.6 88.5 77.3 7.5 0.00
Hydrography 52.8 -31.1 89.5 78.3 8.5 0.00
BA all trees
Topography 80.7 -100.9 232.3 2204 0.0 0.89
Regrowth class 72.9 -105.8 2354 2256 5.2 0.06
Plot 62.9 -110.4 231.0 226.8 6.4 0.04
Mammals 71.7 -106.4 243.4  230.8 10.4 0.01
Time 69.3 -107.6 2458 2332 12.8 0.00
Hydrography 66.0 -109.1 248.8 236.2 15.9 0.00
BA large trees
Plot 58.3 -61.5 133.1 1289 0.0 0.87
Regrowth class 67.1 -59.9 1435 133.7 4.8 0.08
Hydrography 70.9 -59.0 148.7 136.1 7.1 0.02
Mammals 70.4 -59.2 148.9 136.3 7.4 0.02
Time 65.7 -60.1 150.9 138.3 9.4 0.01
Topography 60.8 -61.0 152.7 140.1 11.2 0.00




28

@ Models used to explain forest structure. All models contained plot type (control/regrowth) as
categorical factor. Variables and associated estimates in the different models can be found as
Supplementary Information Table S2 online.

® Akaike weights (W) from largest to smallest.

Discussion

We integrate field and remotely sensed data to establish support for multiple non-mutually
exclusive hypotheses explaining patterns in forest structure across a lowland Amazon
regrowth gradient. We establish that different hypotheses are supported for different structure
attributes. Here we discuss these findings in terms of prospects for the passive restoration of
degraded Amazon forests.

The mean basal area value from our 15 control plots (44.1 m?/ha ) was close to the mean
from 42 Guyana Shield forest plots (43.4 m?/ha, range 10 — 65 m?/ha) in French Guiana 3.
The results from Molto, et al. 3 were obtained from an extensive survey of 0.5 — 1 ha plots.
Although our plot size was smaller compared to Molto, et al. 3, the similarity in mean values
suggests that our plots do provide a representative sample of forest structure in the regrowth
areas. The basal areas obtained from our regrowth plots followed a similar trajectory to those
reported from abandoned pasture in Costa Rica 1°, where the most recently abandoned pasture
plots (<14 year) had mean basal area of 13.5 m?ha, with basal area increasing to 26.1 m?ha
after 21 — 30 year °.compared with 11.1 and 17.6 m?/ha respectively in our Early (1-5 year)
and Late (20 — 25 year) regrowth plots. This also follows a similar pattern to values reported
from 370 successional forest plots in the Brazilian Amazon, with basal area values typically <
10 m?/ha in early stages (< 5 year) and reaching 25 m?/ha after 15 years *2.

Although results from lowland forest sites in Costa Rica suggest rapid recovery of

pasture areas ° this could be related to the substantially lower basal area in the seven old
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growth reference plots (26.1 m?ha, range 19.3 — 32.2 m?/ha) compared with those in our
study area. Our results are similar to those reported from the central Amazon, where 25 y of
regrowth restored half of the mature-forest biomass 3. A recent analysis of 45 Neotropical
secondary forest study sites found that secondary forests in the lowland tropics reach 90
percent of old growth biomass in a median time of 66 yr 3. Our findings do suggest nuanced
difference in successional trajectories. Basal area increased rapidly in early regrowth stages
and this could be explained by the less intensive land use (i.e. lack of pasture) and the
proximity to large areas of intact forest. In contrast basal area of late-regrowth areas was less
than those reported from other areas %2, This could be related to soil productivity, as
previous studies show that highly diverse Guyana Shield wet forests can take longer to
establish 3. With basal area of control plots dominated by large trees it seems likely that
many decades will be necessary for forest structure (total basal area, proportion of large trees)
to return to pre-disturbance values.

The success of active and passive restoration can depend on ecological conditions .
We found topography was the most informative model for explaining patterns in number of
tress, tree basal area and proportion of small trees (Table 3, Figure 2). Differences in altitude
and slope have been shown to affect floristic structure of tropical forests from local to
regional scales 3138394446 Indeed, even relatively small variations in topography can generate
changes in local-scale soil chemistry, hydrology and microclimate 47, The effects of
topography do not operate in isolation from hydrology and the increased numbers of small
trees and tree biomass with increasing altitude (Figure 3) agree with previous studies that
show trees grow more slowly in more low lying (and often more waterlogged) terrain 8.

We found a weak association between mammal diversity and regrowth forest structure.

Previous studies in a nearby protected area show that this group of mammals (mid— to large—
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bodied Artiodactyla, Perissodactyla and Rodentia) are more strongly associated with factors
such as access to water *® and altitude “4%°. A recent study also showed that mammal
abundances were more strongly associated with phenology (fruit fall) than basal area along 10
km in forests of the western Guyana Shied *°. Additionally, regrowth class was found to be
the primary driver of mammal species encountered independent of forest cover °. For
example the number of species detected in control and regrowth plots (all with forest cover
>87%) varied between 1 and 6 (Figure 4). Mid- to large-bodied seed dispersers are a critical
component of Amazon forests 20252 and are also widespread and ubiquitous across myriad
Amazonian forest types 53%°. The eight species are therefore not strictly dependent on the
quality of forest habitat compared with other more specialist groups such as primates °¢. The
lack of a strong relationship between diversity of these eight mammal seed dispersers and
forest structure attributes (i.e. overall basal area and proportion of small trees) is therefore to
be expected.

More than 20 years of research shows that myriad edge effects permeate up to 150 m
into Amazon forests 5758, Therefore the natural regeneration and/or restoration of regrowth
habitats in Amazon small-holder properties (typically < 100 ha) that are largely covered by
such distances will depend strongly on the ecological responses of species to habitat edges °.
Previous studies show that edge effects increase mortality of large trees, which in turn has
major impacts on forest ecosystems °. Tabarelli, et al. ®* and Santos, et al. %2 raised the
hypothesis that edge-effects can drive tree communities through a process of “retrogressive
succession” and toward an early successional state that may persist indefinitely. This early
successional state can be characterized by functional differences with larger slower-growing
tree species with high wood density tending to decline whereas faster-growing tree and liana

species with lower wood density increasing.
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Our findings provide an early warning that even under a best case scenario there is potential
for “retrogressive succession”. We found not only a lack of large trees in regrowth plots but
also that large tree basal declined in older late-regrowth control plots. We suggest that this
decline in large tress may be the primary driver of differences between regrowth and old
growth forest and as such represent an unquantified component of resilience and time to
recovery of Neotropical secondary forests. We also suggest that the continued presence of
mid- and large bodied mammal seed dispersers in the study area are likely to be vital in order

to avoid such “retrogressive succession”.

Methods

Ethics Statement

Fieldwork and data collection was conducted under research permit numbers SISBIO 40355—
1, 47859-1 and 47859-2 to DN, issued by the Brazilian Ministério do Meio Ambiente
(“MMA”). Data collection used non-invasive, remotely activated camera traps and did not
involve direct contact or interaction with animals, thus no ethical approval was required.
Interviews with local residents were approved by Brazilian Ministério do Meio Ambiente
(SISBIO permits 45034-1, 45034-2, 45034-3) and the Ethics Committee in Research from the
Federal University of Amapa (UNIFAP) (CAAE 42064815.5.0000.0003, Permit number

1.013.843).
Study area

Our study took place in 15 areas of regrowth on small holder properties in the center of the
State of Amapa (Figure 5). The regional climate is classified by Koppen-Geiger as Am
(Equatorial monsoon) 3, with annual rainfall greater than 2500 mm 8. The driest months are

September to November (total monthly rainfall < 150 mm) and the wettest months from
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February to April (total monthly rainfall > 300 mm) . The State of Amapa has the lowest
deforestation rate in Brazil and > 70% of the Amapa receives some form of legal protection.
There is no large scale agricultural developments or monocultures along the waterways and
properties retain typically small (< 1000 ha) areas of opened land, which are cleared for small
scale family agriculture, which focuses on acai, small scale production of fruits and
vegetables for sustenance and limited commercial sale of regional produce (e.g. manioc flour)
in local markets. There are some 54 properties upstream of the nearest town (Porto Grande ).
There has never been any expansive clearcutting in the region and there are no monocultures
(e.g. soy) or cattle production. All sites were at least 26 km from the nearest town by river,
and all sites are surrounded by matrix of continuous closed canopy forest cover (Table 2).

Pesticides and/or herbicides had never been used at any of the sites.
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Fig. 5. Map of the study area in the eastern Amazon. Showing the location of 15 study sites,
grouped into three regrowth stages in the small holder properties close to rivers (solid blue lines):
late second-regrowth forest (LSF, triangles), early second-regrowth forest (ESF, squares) and
pasture (PA, circles).

The 15 small-holder properties were selected based on differences in land-use histories and
forest succession/regeneration stage. All sites were close (110 — 554m, Table 2) to 100 — 200
m wide rivers that are navigable by motorized boats, but due to riverbank formation the sites
are never flooded. These 15 sites were grouped into three regrowth classes based on the land-
use history: late second-regrowth forest (N = 5, most recent human disturbance between 20
and 25 years), early second-regrowth (N = 5, most recent human disturbance between 1 and 5
years), and pasture (N = 5, recently cleared and abandoned pasture areas dominated by
grasses/herbs but that had never been used to raise livestock, with the most recent disturbance
between 1 and 17 years). Each of the 15 regrowth sites was paired with a nearby (60 to 150
m) control site i.e. 20 — 30 m tall terra-firme forest site without a history of mechanized
timber extraction. To reduce the possible confounding influence of edge effects that are
known to strongly influence the distribution of trees in Neotropical forests, all regrowth and

control sites were established at a standardized distance (approximately 30 m) from the

nearest control-regrowth habitat edge.

Forest structure

Data were collected from May to August 2016. Forest structure data (i.e., number of
trees and basal area) were obtained from plots measuring 50 x 10 m (500 m?), at each of the
30 points, totaling 1.5 hectare. This plot size was selected as it has been widely used to
examine structural changes in tropical forests 37285266 and several of the regrowth areas were
too small (Table 2) to enable the establishment of larger spatially independent plots. We
obtained five measures (responses) to characterize the forest structure in each plot. These

were selected based on previous studies that show their appropriateness to distinguish
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attributes of regrowth/successional stages related to biodiversity of Amazon forests 3426768
The number of all trees > 10 cm DBH (diameter at breast height at a standard 1.3 m above
ground, or above tallest root buttress) was used to quantify the number of trees per area in
each plot (m?). This count included all trees which had at least half of their basal trunk inside
the plot. The proportion of small (10 — 20 cm DBH) trees was calculated to represent the
expected increase of younger trees in regrowth areas. The proportion of large (>60 cm DBH)
trees was calculated as this is known as an important characteristic of mature/late succession
areas > We also calculated the basal area of all and large trees as this is known to be
strongly correlated with tree biomass . For example basal area and biomass were > 99%

correlated in 23 plots from lowland Costa Rica °.
Explanatory variables

We investigated predictions from multiple non-mutually exclusive hypotheses to
explain patterns in basal area (Table 1). A total of 10 variables were used to form models to
represent 5 working hypotheses (topography, hydrography, regrowth class, time and mammal
diversity) that based on the findings from previous studies were likely to explain the observed
patterns 101324363770 ‘\we chose to work with mainstream, widely available environmental
variables. Four of these (the topographic and hydrographic model variables) were computed
from remotely sensed digital terrain model (SRTM-DTM): altitude (masl), slope, TWI
(Topographic wetness index), DND (Distance to Network Drainage) calculated from the
interaction between HAND (Height above network drainage) and HDND (Horizontal distance
to network drainage). The time model included years since the regrowth site was opened and
years since last use, both of which were obtained from interviews with local landowners.

Mammal functional diversity was obtained from a camera-trap survey conducted at the

same time (May to September 2016) and in the same plots as forest structure was sampled 5.
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Camera traps equipped with infrared triggers (Bushnell Trophy Cam, 8MP, Overland Park,
KS, USA) were installed in each of the 30 plots following standardized protocols #¢4°7*, This
camera trap survey [full details provide in 1] including a sampling effort of 827 camera-trap
days (450 and 377 camera-trap days, control and regrowth sites respectively) was used to
estimate functional diversity of eight terrestrial mammal seed dispersers (Cuniculus paca,
Dasyprocta leporina, Myoprocta acouchy, Mazama americana, M. nemorivaga, Pecari

tajacu, Tayassu pecari and Tapirus terrestris).

Data analysis

Tree Basal Area in each plot was obtained as the sum of the basal area value for each
individual tree derived from the DBH of each tree following the formula BA (basal area in
m?)= 0.00007854 X DBH? (constant obtained by solving the following equation to obtain BA
in m? from the DBH measured in cm 7):

AT x (DBH /2)?
N 10000

We calculated basal area of all and large (>60cm DBH) living trees 576870 We also calculated
the proportion of small stems (10 — 20 cm DBH trees) as this has been shown to be an

important measure of stand structure in forest regrowth areas 317,

To represent diversity of terrestrial mammal seed dispersers we calculated a richness
and functional diversity (FD) value for each of the 30 plots ®!. Richness was calculated as the
observed number of species (hereafter “species richness”) at each plot. Although there are
many diversity metrics, we chose species richness as it is widely used and clearly
interpretable 7273 and with relatively few (eight) species and 30 plots there were strong

correlations between species richness values and alternative diversity metrics such as Shannon
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and Simpson diversity (Spearman rho > 0.89). We used Functional Dispersion (FDis) ' as an
index of functional diversity as it is not strongly influenced by outliers, accounts for relative
abundances, is unaffected by species richness and can be calculated from any
distance/dissimilarity measure ““’®. Functional Dispersion was estimated with the dbFD

function ™ using default settings.

To examine patterns in forest structure attributes we used Generalized Linear Models.
We used an information theoretic model averaging framework 7® to examine the support for
five models representing the five non-mutually exclusive hypotheses — topography,
hydrography, regrowth class, time and mammal diversity (see Table 1 for variable description
and ecological relevance). We evaluated models based on their information content, as
measured by AIC — Akaike Information Criterion. The relative importance of the models was
measured by the models Akaike weights (Burnham & Anderson 2002 pp. 75-77, 167-172),
which is a scaled measure of the likelihood ratio that ranges between 0 (least important) and 1
(most important). None of the unexplained variation (model residuals) was related to the
geographic distance among plots so we did not need to control for spatial dependence. All
analysis were conducted using the R language and environment for statistical computing 7,
with base functions and functions available in the following packages: vegan "8, ggplot2 ',

MuMIn & and tweedie 8.

Data Availability Statement

The raw forest structure and environmental data used in the analysis of this study have been

deposited in the OSF - Center for Open Science at DOI: 10.17605/0OSF.I0O/MC27U.
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6. CONCLUSOES

o Nossos estudos mostram que embora a estrutura da floresta tenha se recuperado
gradativamente, houve um declinio de area basal em areas de floresta secundaria de
regeneracdo tardia associado a um declinio na proporcédo de arvores grandes.

o A presenca de arvores pequenas estd mais fortemente associada a condicdes
ambientais como topografia e hidrografia enquanto a proporc¢édo de arvores grandes estdo mais
fortemente associadas classe de rebrota.

o Nossos estudos sugerem que ha potencial para uma sucessao retrogressiva devido ao
declinio da proporc¢do de arvores grandes que se mostrou principal fator de diferenca entre as
areas de rebrota e controle.

o Sugerimos que a presenca de mamiferos dispersores de sementes, assim como a
preservacdo de arvores de grande porte podem ser fatores vitais para a recuperacdo da

estrutura florestal de areas abandonadas.
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