UNIVERSIDADE FEDERAL DE OURO PRETO €
INSTITUTE OF EXACT AND BIOLOGICAL SCIENCES v AL IR
DEPARTMENT OF BIODIVERSITY, EVOLUTION |
AND ENVIRONMENT

MUHSIN HASSAN KAFINGA

Reforestation of riparian fragments and it’s influence on the forest structure and carbon
sequestration. A case study of Brazilian Cerrado at Hydroelectric Power Plant (UHE) of
Volta Grande, in the municipality of Conceicédo das Alagoas in Minas Gerais, Brazil.

Ouro Preto - MG
March 01, 2023



@@ -

UNIVERSIDADE FEDERAL DE OURO PRETO w\ ECOLOGIA
INSTITUTE OF EXACT AND BIOLOGICAL SCIENCES T
DEPARTMENT OF BIODIVERSITY, EVOLUTION
AND ENVIRONMENT

TOPIC: “Reforestation of riparian fragments and its influence on the forest structure and
carbon sequestration”. A case study of Brazilian Cerrado at Hydroelectric Power Plant

(UHE) of Volta Grande, in the municipality of Concei¢do das Alagoas in Minas Gerais,
Brazil.

Master's dissertation presented to the Federal University of Ouro Preto as part of the

requirements for the Postgraduate Program in Ecology of Tropical Biomes.

Author: Muhsin Hassan Kafinga
Advisor: Profa. Dra. Yasmine Antonini
Co-advisor: Profa. Dra. Alessandra Rodrigues Kozovits

Co-advisor: Profa. Dra. Maria Cristina T.B. Messias

Ouro Preto
March 01, 2023



SISBIN - SISTEMA DE BIBLIOTECAS E INFORMACAO

K11lr Kafinga, Muhsin Hassan.

Reforestation of riparian fragments and its influence on the forest
structure and carbon sequestration. [manuscrito] / Muhsin Hassan
Kafinga. - 2023.

84 f.: il.: color., graf., tab., mapa. (Série: n/a)

Orientadora: Profa. Dra. Yasmine Antonini.

Coorientadores: Profa. Dra. Alessandra Kozovits Rodrigues, Profa. Dra.
Maria Cristina Teixeira B Messias.

Dissertagdo (Mestrado Académico). Universidade Federal de Ouro
Preto. Departamento de Biodiversidade, Evolugdo e Meio Ambiente.
Programa de Pés-Graduacdo em Ecologia de Biomas Tropicais.

Area de Concentracdo: Evolucdo e Funcionamento de Ecossistemas.

ISBN: n/a.

ISSN: n/a.

1. Carbon stocks. 2. Litter. 3. Forest structure. |. Antonini, Yasmine. Il.
Rodrigues, Alessandra Kozovits. lll. Teixeira B Messias, Maria Cristina. IV.
Universidade Federal de Ouro Preto. V. Titulo.

CDU 574

Bibliotecario(a) Responsavel: Luciana De Oliveira - CRB 2630




MINISTERIO DA EDUCACAO
UNIVERSIDADE FEDERAL DE OURO PRETO
REITORIA
INSTITUTO DE CIENCIAS EXATAS E BIOLOGICAS
PROGRAMA DE POS-GRADUACAO EM ECOLOGIA DE
BIOMAS TROPICAIS

FOLHA DE APROVACAO

Muhsin Hassan Kafinga

Reforestation of Riparian Fragments and its Influence on the Forest Structure and Carbon Sequestration

Dissertagdo apresentada ao Programa de Pdés-graduagdo em Ecologia de Biomas Tropicais da Universidade Federal
de Ouro Preto como requisito parcial para obtenc¢do do titulo de Mestre em Ecologia de Biomas Tropicais

Aprovada em 01 de margo de 2023

Membros da banca

Dra. Yasmine Antonini Itabaiana - Orientadora - Universidade Federal de Ouro Preto
Dr. Carlos Victor Mendonga Filho - Universidade Federal do Vale do Jequitinhonha e Mucuri
Dr. Alexandre de Siqueira Pinto - Universidade Federal de Minas Gerais

Profa. Dra. Yasmine Antonini Itabaiana, orientadora do trabalho, aprovou a verséo final e autorizou seu depdsito no Repositdrio Institucional
da UFOP em XX/XX/XXXX

il
Sell o
ass Iﬁ:]II_JIJ
eletrdnica

Documento assinado eletronicamente por Yasmine Antonini Itabaiana, PROFESSOR DE MAGISTERIO SUPERIOR, em

29/06/2023, as 16:42, conforme horario oficial de Brasilia, com fundamento no art. 62, § 12, do Decreto n2 8.539, de 8 de
outubro de 2015.

Referéncia: Caso responda este documento, indicar expressamente o Processo n? 23109.008484/2023-27 SEI n2 0549991

R. Diogo de Vasconcelos, 122, - Bairro Pilar Ouro Preto/MG, CEP 35402-163
Telefone: (31)3559-1747 - www.ufop.br


http://www.planalto.gov.br/ccivil_03/_Ato2015-2018/2015/Decreto/D8539.htm
http://sei.ufop.br/sei/controlador_externo.php?acao=documento_conferir&id_orgao_acesso_externo=0

AKNOWLEDGEMENTS
| wish to extend my sincere gratitude to Almighty ALLAH (S.W.T) who has given me
the ability to write this project. I wish to acknowledge this project to my parents for their
overwhelming and uncountable support | received from them, their encouragement and love
| received to overcome this important stage in my life. and | pray to Almighty ALLAH

(S.\W.T) to reward them with Jannatul Firdausi, ameen.
To my seven (7) brothers, for their advice and show of love and constant support to me in all |

achieved in my life.

To my loving wife, for the sacrifices she made to me. The constant caring, love, support,
encouragement and prayers she has shown to me all the time. May Almighty Allah reward her

abundantly, ameen.

To Yasmine, who coordinated the project, her support, guidance and her ability to enable the

success of several dissertations under her supervision and mentorship.

To Alessandra Kozovits and Maria Cristina, their precise guidance and learning during my stay

in Brazil will not go unnoticed.
To all my teachers and staff in UFOP, thank you so much for the support and love for me.

To the DRI team and my teacher-turned Brother Almiro Ebani, for their efforts in making life

easier for me during my stay in Brazil

To FARA/TetFund and KUST Wudil Memorandum of Understanding, for finding me worthy of

a scholarship for my masters degree program study in Ouro Preto, Brazil

To my able Mentor and Father Professor Aminu Umar Fagge, for his unconditional mentorship,

support, love and many advices given to me throughout our stay.

Lastly, to all my friends and to everyone who somehow participated in another important stage

of my life.



TABLE OF CONTENTS (SUMMARY)

General Introduction (Chapter 1 and Chapter 2) ........cooeiiiiiiiiiiiie e 01
R O eNCES . oo 09
Chapter 1: New riparian forest fragments increase carbon stocks baseline ................... 14
RO 11 (0o (1ot 170 o NN 16
Objectives and Hypothesis ......oouiiiiiii e et e 18
2.0 Materials and MethOds ... ..ot 19
B B 116 2 (T 19
2.2 Establishment of plots for sampling .............coooiiiiiiiiiii e 23
2.3 Carbon StOCKS 1N trE€ DIOMIASS . ... .unn e e 24
2.4 SO1L CarbOn STOCK .. .eeetiiit it 25
2.5 LItter carbOmn StOCK ..ottt 25
2.6 StatiStical ANALYSIS .. ..eiuiiti i 26
Si0 RESUIES ..t 27
3.1 Carbon StOCK INTre8 DIOMIESS ... .viinet e, 27
3.2 Litter carbon StOCK ...ooviiiiiii i 29
3.3 S011 CarbON StOCK .. .vviiiiit e 30
4.0 DISCUSSION ...ttt e 34
5.0 Conclusion and RECOMMENTALIONS ........oiiniiit i e 39
] (] (= (o= 40

Chapter 2: Does the size of restoration riparian forest influence the recovery of diversity

and structure? A case study in Brazilian Cerrado ...............coooiiiiiiiiiiii 48
L0 INErOAUCTION ..ottt e e e e et ane e 50
Objective and HYPOTNESIS .. ...vineie e e 54
2. 0 Materials and Methods ..........oooiiiii e 55
B B 116 A (T 55
2.2 SaMPUNG AESIN ...t 56
B B 24107 ) 0] 0 1S 111X S7
2.4 Phytosociological PArameters ..........oueeuiintientet ettt et e eeaaas 58
2.5 StatiStical ANALYSIS .. ..outitiit i 58
B0 RESUIS ..t 59
R B o O NN 1 -1 ) T PP 60
3.2.1 Forest structure of the riparian Stripes .............ouiiiiiniiii e 61
3.2.2 Forest structure and Age of the riparian Stripes ..........c.evveieiriiiiiieiieiiieeieineeennnn 63
3.2.3 Forest structure and Width of the riparian Stripes .............cooeoiiiiiiiiiiiiiiiiniin., 65
4.0 DISCUSSION ...ttt e e e e e e et e ettt 66
5.0 Conclusion and RecomMmENdatioNS ..........c.iieieiniitit e 71
RETETEICES ...ttt 72



INDEX

Chapter 1: New riparian forest fragments increase carbon stocks baseline .................. 14
Figure 1: Location of UHE Volta Grande. Image: use and occupation represented by a 6 km buffer
around the reservoir. Highlight for the location of the study areas (Noboro, Santa Barbara, Figueira and
DOIA) .ottt 19

Figure 2: Average monthly rainfall in the years 1994-2014 of the study area. Source: UHE Porto
Colombia (Furnas Centrais Elétricas S/A). Gray bars represent the rainy season and white bars the dry
7T 10 2o 20

Table 1: Characteristics of the studied riparian forest areas located around the Volta Grande HPP
with Age and width of the planted fragments, location in relation to the reservoir, management
after planting, main land use of surroundings and inside the fragment (Forest protection),
0e0graphiC CO-OIAINALES ... .ottt ittt et 21

Table 2: Percentage of successional groups in the different areas studied (Noboro, Santa Barbara,
Figueira and Delta) ........c.oiuiiiiiii i e 24

Figure 3: Carbon stocks (Mg.ha) in tree biomass in the planted riparian areas (Santa Barbara —
SB, Delta — DE, Noboro — NO and Figueira — FI) which differ in age (10 and 20 years) and
planting width (30 and 100m) around the Volta Grande State Hydroelectric Power Plant, Minas
Gerais, Brazil. The solid lines within the box plots represent the median ........................... 27

Figure 4: Carbon stocks (Mg.ha) in tree biomass in the planted riparian areas which differ in
age (graph on the left) or in planting width (on the right) around the Volta Grande State
Hydroelectric Power Plant, Minas Gerais, Brazil. The solid lines within the box plots represent
the MEAIAN ... e e 28

Figure 5: Litter carbon stocks (Mg. hal) in four reforested areas (Delta — DE, Figueira — FI,
Noboro — NO and Santa Barbara — SB) around the Volta Grande State Hydroelectric Power
Plant, Minas Gerais, Brazil. Different letters denote significant differences at the 0.10 level in the
POSE-NOC TUKEY ESTS .. ettt ettt et ettt et ettt ettt et e e e aeaaaas 29

Figure 6: Litter Carbon Stock in relation to a) Fragment age (years); b) Fragment width (m) in
four riparian forest fragments around the Volta Grande State Hydroelectric Power Plant, MG,
Brazil. Different letters denote significant differences at the 0.10 level ........................... 30

Figure 7: Mean soil carbon stock (0-30cm depth) in four different reforested fragments (Delta —
DE, Figueira — FI, Noboro — NO and Santa Barbara — SB) and in sugar cane areas around the
Volta Grande State Hydroelectric Power Plant, Minas Gerais, Brazil .............................. 31

Figure 8: Total soil carbon concentration (mg.kg?, top chart) and soil C stock (0-30 cm depth,
bottom chart) in relation to age (years) of the four reforested riparian fragments (10-years old:
Santa Barbara and Delta; 20-years old: Noboro and Figueira) around the Volta Grande State
Hydroelectric Power Plant, Minas Gerais, Brazil ..................ccoooiiiiiiiiiiii, 32



Figure 9: Average soil carbon stock at different depths in four reforested fragments (Noboro,
Santa Barbara, Figueira and Delta) around the Volta Grande State Hydroelectric Power Plant,
Minas Gerais, Brazil ... ...ttt 33

Chapter 2: Does the size of restoration riparian forest influence the recovery of diversity
and structure? A case study in Brazilian Cerrado ..............cooviiiiiiiiiiii e, 48

Figure 1: Average monthly rainfall is between 1994 -2012 in the study area. Source: UHE Porto
Colombia (Furnas Centrais Elétricas S/A). Gray bars represent the rainy season and white bars
the ALY SEASOM ... .uitit et 55

Figure 2: Location of UHE Volta Grande. Image: use and occupation represented by a 6 km
buffer around the reservoir. Highlight for the location of the study areas (Nativa, Noboro, Santa
Barbara, Figueiraand Delta) ...........ooiiiiiiii e 56

Table 1: Characteristics of the secondary and riparian forest areas located around the Volta
Grande Hydroelectric Power Plant (location, age and width and landscape matrix of the
140 3011 P S7

Table 2: Parameters of the structure of the forest fragments (mean + standard deviation) around
the Volta Grande Hydroelectric Power Plant near the MG427 km 40 Highway, between the
municipalities of Concei¢do das Alagoas (MG) and Miguelopolis (SP), Brazil ................... 59

Figure 3: PCA analysis showing the summary of the relationship between the explanatory
variables and the response variables ...........c.ooiiiiiiiiiii e 60

Figure 4: Response variables (Tree high, Density, DBH, Canopy cover, Shannon index and
Landscape Heterogeneity Index) against restoration sites (Delta, Figueira, Nativa, Noboro and
SaNta BArDAra) ..o 62

Figure 5: Response variables (Density, DBH, Canopy cover, Shannon index and Landscape
Heterogeneity Index) against Age of sites (10,20 and 30) .........covviiriiiiiiiiiiiiieeenens 64

Figure 6: Response variables (Tree high, Density, DBH and Shannon index) against Width of the
SIteS (30, 200 @NA 400) ...ueueitit ettt e e 65



ABSTRACT

In recent decades, the role played by planted forests in carbon sequestration has been an
essential ecosystem service for maintaining the quality of life on the planet. In this study we
compared the carbon stocks in soil, litter and aboveground tree biomass in four riparian
reforested strips in the surroundings of the State Hydroelectric Power Plant (UHE) of Volta
Grande at Minas Gerais, Brazil. The objectives are 1) to evaluate if and how much these new
riparian stripes were able to change C stocks in comparison with baseline of neighboring
sugarcane with reference areas and 2) to determine if the forest structure of restored strips of
riparian forest, of the Volta Grande Reservoir, will change in terms of age and width since
restoration. For this we asked the hypothesis that 1) older and narrower strips will present
higher C stocks than younger and larger ones and 2) the structure of the vegetation will be
different regarding age and size of the riparian stripes. The planted forest strips ranged from 30
to 100 m wide and 10 to 20 years old. Despite this, no significant differences (p < 0.5) were
found in C stocks among areas. Carbon stock in trees was 86tMgC.haton average. Litter carbon
stocks varied from 4.15 to 6.59 MgC.ha*and in the soil (0-30 cm), the values were about 31
MgC.ha?. Litter carbon stock was only significantly higher in narrower strips at (p<0.1)
probably due to an edge effect. The new riparian reforested areas increased C stocks by 40% in
the first decade compared to the baseline of the agricultural surrounding environments. This
result corroborates other studies and encourages the restoration of riparian zones as an efficient
and rapid mechanism for C sequestration, in addition to countless other ecosystem services.

The work was carried out in four actively restored sites and one passively restored riparian
stripes, around the Volta Grande Hydroelectric Reservoir (UHE-Volta Grande). We found that
the five studied areas different regarding the structure of the restored riparian stripes while the
PCA axes explained 63% of the variation with 26.48% in axes one and 37.11 in axes two are
influenced by the age and width of the riparian strips. Based on the result obtained, the forest
structure of the riparian stripes influenced the response variables at different rates and also the
forest structures are influenced by the age and width of the riparian strips.

Riparian buffer restorations are used as management tools to produce favorable water quality
impacts, moreover among the many benefits riparian buffers may provide, their application as
instruments for water quality restoration rests on a relatively firm foundation of research.

Vi



GENERAL INTRODUCTION

Restoration is an assisted recovery process of an ecosystem that has been degraded,
damaged or destroyed (Wikipedia, 2022). Restoration of degraded landscapes can contribute to
improving ecological integrity, which will provide many additional benefits to biodiversity and
human well-being (IUCN, 2016). As a result, 56 countries have pledged to restore 168.4 million
ha of deforested and degraded land through the Bonn Challenge, which will sequester an
estimated 15.7 Gt CO2 and generate $48.4 billion USD in economic activity (IUCN, 2018).
Primary productivity, biomass, and soil carbon inputs are positively associated with warm, wet
climates, and are limited in warm, dry climates, while warm temperatures are also associated
with higher rates of decomposition and reduced soil carbon storage (Naiman et al., 2010; Sutfin

etal., 2016).

Restoration projects that support economic development and creation of sustainable
livelihoods protect biodiversity, because unemployment is often associated with forest
degradation and overexploitation (Cao et al., 2017). Thus, restoration is likely to often be a very
effective method to mitigate the impacts of human activity on both biodiversity (Qin et al.,

2016), and to recover degraded ecosystems (Srivastava &Giri, 2020).

Land use and land cover shape both above ground and soil carbon stock (Laganiere et al.,
2010). Riparian forest restoration can provide a huge amount of carbon storage benefit, in both
the biomass and soil. The extent of this accumulation depends on the environmental features

(soil, climate, degradation level) and restoration design (Laganiére et al., 2010).



Riparian forests and floodplain areas have been referred to as important carbon sinks, and
thus are crucial systems to mitigate the effects of climate change and to provide a regulation
ecosystem service. Some of the ecosystem services provided by the riparian forest restoration
include carbon sequestration, improvement of ecological integrity, conservation of biodiversity
and also improvement of human well-being. Litter produced by the trees helps in nutrient cycling
into the soil. Also, another factor which is very important is the bio-indicators which help in
screening the health of natural ecosystem in the environment. Carbon uptake by forests reduces
the rate at which carbon accumulates in the atmosphere and thus reduces the rate at which
climate change occurs. Riparian ecosystems around the world have been severely degraded by
anthropogenic activity including altered flows from dams, leaves, and water diversions, and
conversion of riparian forests to urban and agricultural development (Nilsson & Berggren, 2000;
Perry et al., 2012; Zedler& Kercher, 2005). These activities have resulted in the loss of

ecological integrity and numerous ecosystem services.

Forests are the most important part when it comes to carbon dioxide sequestration from
the atmosphere sequestering much better carbon in an annual basis than other land-use. Carbon

stocks are broadly described as live tree biomass or deadwood (Antonini et al. 2016).

Reforestation of disturbed areas can enhance numerous carbon (C)-based ecosystem
services and functions. These include, among other ecosystem services, mitigation of
atmospheric CO2 and climate change by sequestering C into woody biomass where it can be
stored for long timescales. Thus, efficacy of carbon sequestration and their contribution on

different reforestation system are reviewed in the first chapter.



There has been a widespread interest in quantifying carbon storage as a useful and
monetizable co-benefit of riparian restoration, which could contribute to funding that would help
increase the pace and scale of riparian forest restoration (Daigneault et al., 2017; Matzek,
Puleston, & Gunn, 2015), and in turn, help reach global forest landscape restoration goals

(IUCN, 2018).

Native tree plantations were shown to be more effective in accumulating aboveground
and soil carbon stocks than natural forest re-growth during the first 50 years, but their higher
implementation (tree plantations: US$2,788 vs. natural forest regrowth: US$1,250) and land
opportunity (tree plantations: US$324 per year vs. natural forest regrowth: US$106 per year;
Molin et al, 2018) costs make them less cost-effective for carbon farming. It is important to note
that some researches usually assessed high-diversity plantations of native tree species rather than
monoculture tree plantations, to which natural forest re-growth has often been compared (Lewis
et al, 2019). In addition, tree plantations were fertilized, weeded, and planted at a regular
spacing, which produces an efficient occupation of the deforested area by trees and enhance their
growth, resulting in a higher accumulation of biomass per unit area (Brancalion, Meli, et al.,
2019). It was reported by (Mora et al. 2018) that variations in soil properties among study plots
may have obscured the relationship between soil carbon stocks and restored forest age at
landscape level. By providing estimates of average carbon stocks in riparian forest biomass and
soil, and demonstrating the rapid rate at which riparian forests can sequester carbon, our results
suggest that investing in riparian forest restoration can be a valuable global strategy for
contributing to urgent climate change mitigation goals as well as long-term biodiversity

conservation and ecosystem services.



Carbon markets first emerged in response to the 1994 Kyoto Protocol (UNFCCC, 2008) which
was adopted in December 1997, and began to be enforced in February 2005. The Kyoto Protocol
spells out the international need to reduce greenhouse gas (GHG) emissions, namely decrease
carbon dioxide (CO2), methane (CH4), nitrous oxide (N20), hydro fluorocarbons (HFCs),

perfluorocarbons (PFCs), and sulfur hexafluoride (SF6) (UNFCCC, 2021).

Despite the issues with the Kyoto Protocol, which primarily focused on emissions reductions and
did not address land-use changes, it put carbon markets on the global stage (The Nature

Conservancy, 2018).

The Nature Conservancy outlines in their 2018 report international soil carbon sequestration
projects and their potential market value. Markets are shifting thanks to technological advances
that allow for soil carbon monitoring in the agricultural sector. Previously, the Kyoto Protocol
excluded land-uses changes from the international carbon trading possibly due to the difficulties

of measuring carbon on the landscape (The Nature Conservancy, 2018).

Recently, riparian areas have been identified as areas where large-scale carbon
sequestration and storage occurs (Doetterl et al, 2016; Dybala et al, 2019; Maraseni& Mitchell,

2016; Matzek et al, 2018).

Besides carbon stock, riparian forests can provide other ecosystem functions. Forest structure
usually refers to the way in which the attributes of trees are distributed within a forest ecosystem.
Trees are usually long-lived, with different strategies to propagate, grow and die. The
production and dispersal of seeds and the associated processes of germination, seedling
establishment and survival are important factors of plant population dynamics and structuring.

Trees compete for essential resources, and tree growth and mortality are also important



structuring processes. In a forest ecosystem, diversity does, however, not only refer to species
richness, but to a range of phenomena that determine the heterogeneity within a community of
trees, including the diversity of tree sizes. Tree growth and the interactions between trees

depend, to a large degree, on the structure of the forest (Harper, 1997).

Structure and diversity are important features which characterize a forest ecosystem. Complex
spatial structures are more difficult to describe than simple ones based on frequency
distributions. Greater inhomogeneity of species and size within close-range neighborhoods
indicates greater structural diversity. The evaluation of forest structure thus informs us about the
distribution of tree attributes, including the spatial distribution of tree species and their
dimensions, crown lengths and leaf areas. The structure of a forest is the result of natural
processes and human disturbance. Important natural processes are species-specific tree growth,
mortality and recruitment and natural disturbances such as fire, wind or snow damage. In
addition, human disturbance in the form of clearfellings, plantings or selective tree removal has a
major structuring effect. The condition of the majority of forest ecosystems today is the result of

human use (Kareiva et al, 2007).

The degradation or invasion of natural ecosystems often results in the formation of so-called
novel ecosystems with new species combinations and the potential for change in ecosystem
functioning. These ecosystems are the result of deliberate or inadvertent human activity. As more
of the Earth’s land surface becomes transformed by human use, novel ecosystems are increasing
in importance. Natural ecosystems are disappearing or are being modified by human use. Thus,
forest structure is not only the outcome of natural processes, but is determined to a considerable

extent by silviculture (Hobbs et al, 2006).



Forest landscapes are an essential part of development and climate change action,
contributing to the livelihoods of 1.3 billion people as well as the health of our planet. But forests
are under threat. The demand to use land for agriculture drives deforestation. Transportation,
energy infrastructure, mining and wood-based energy also affect forest cover. More than 100
countries have recognized the need for stronger forest protection and have included actions
related to land-use change and forests in their Nationally Determined Contributions (NDCs).
Enhanced efforts to preserve forests and restore degraded lands can help address an expected
global gap in emission reductions. Trees growing in crop fields help to reduce soil erosion, and
can serve as sources of fertilizer, while reducing water and heat stress affecting crops. Trees can
also increase households’ food security by providing food and fodder when crops become
unavailable, and increase people’s coping capacity by providing assets that can be harvested in

times of need (World Bank, 2017).

Forests are more biologically diverse than any other land-based ecosystem. Conserving and
sustainably using our forests protects more than two-thirds of all land-based animal and plant
species. Biodiversity underpins the health and vitality of forests and is the basis for a wide range
of ecosystem services necessary for people’s livelihoods and well-being. Biodiversity of
degraded forests can often be successfully restored if the factors that lead to forest degradation
can be effectively controlled. More than 1.6 billion people depend on forests for their
livelihoods; forests are home to an estimated 300 million people around the world. Forest
biodiversity is being lost at an alarming rate: up to 100 animal and plant species are lost every
day in tropical forests (FAO, 2010). Forests are amazingly rich in biodiversity. It is estimated
that two thirds of all land-based species live in forests, or depend on them for their survival.

Presently, around 1.75 million species of plants, animals and fungi are known to science.



However, it is estimated that there could be up to 100 million species, most of them in tropical
rainforests. Forest biodiversity sustains human well-being through a multitude of ecosystem

services (FAQ, 2010).

Forest management is the deliberate application of a system of management into the
conservation, nurturing, harvesting and renewal of forest resources. It is essential for providing
sustainable flow of forest resources to industry or other consumers. Without management, forest
resources will be completely depleted. WRI (2000) reposed that forests must be regulated by a

management plan, but procedures and regulation of these plans remained undefined.

Riparian buffer restorations are used as management tools to produce favorable water
quality impacts, moreover among the many benefits riparian buffers may provide, their
application as instruments for water quality restoration rests on a relatively firm foundation of

research.

The idea to restore the riparian forest in the banks of Volta Grande Reservoir comes into
being in the year 1990 due to an agreement between Federal University of Lavras and Hydro-
electric Energy Company in Minas Gerais, Brazil (CEMIG). Some of the challenges encountered
include seed production and acquisition, participation of land owners in restoring the riparian
forest and also fire and cattle grazing. But most of the problems were arrested by the help of the
laboratories in CEMIG, organization of lectures and press conference to the land owners. It was
reported earlier that most of the problems face by the riparian forest in the riparian forest of the
Volta Grande reservoir includes high agricultural activity, and also the human and livestock

activity (JR Silveira, 2016).



As this area used to be occupied by Agricultural and livestock activities and also having a
sugarcane plantation initially. We used the sugarcane area to serve as the baseline or the land use
of our research. Sugarcane plantation helps these areas to increase or accumulate at a faster rate

more carbon in the soil.

In this way, the goal of this dissertation was to evaluate and to compare the Carbon stock

and structure of reforested riparian areas with different ages and planted under different widths.

So, in Chapter 1; we compared the carbon stocks in a chronosequence of reforested areas
with different planting strips widths, added to a sugarcane plantation and a reference area. We

hypothesized that;

a) Carbon stocks (tree biomass, litter and in soil) are influenced by different restored

riparian forest ages and width

b) Carbon stocks is higher in reforested patches than in sugarcane plantation

And in Chapter 2; we evaluated if the forest structure of these reforestations changed along the

time (reforestation age) and under the different width. We hypothesized that;

a. Older and wider reforestation areas will present higher tree richness, tree abundance, tree

density and above ground biomass as well as higher tree richness.
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ABSTRACT

In recent decades, the role played by planted forests in carbon sequestration and storage has been
recognized as an essential ecosystem service for maintaining the quality of life on the planet.
Although it is already known that restoration of riparian forests potentially accelerates C
sequestration compared to upland plantations, the models still deal with many uncertainties, a
reflection of the insufficient database, especially in the tropics. In this study we compared the
carbon stocks in soil, litter and aboveground tree biomass in four riparian reforested strips in the
surroundings of the State Hydroelectric Power Plant (UHE) of Volta Grande in Minas Gerais,
Brazil. The planted forest strips ranged from 30 to 100 m wide and 10 to 20 years old. Despite
this, no significant differences (p < 0.5) were found in C stocks among areas. Carbon stock in
trees was 86tMgC.ha™on average. Litter carbon stocks varied from 4.15 to 6.59 MgC.ha™and in
the soil (0-30 cm), the values were about 31 MgC.ha™. Litter carbon stock was only significantly
higher in narrower strips at (p<0.1) probably due to an edge effect. Our results suggest that
factors such as the management and protection of the reforested area, use of the area for
recreational activities and the surrounding landscape seem to exert a strong influence on the
quality of the reforested fragments, adding variability to the sampled data, what may overcome
the effects of age and width of planting strips on the C sequestration. Regardless, the reforested
areas in the new riparian zones created on the banks of the dam increased C stocks by 40% in the
first decade compared to the baseline of the agricultural surrounding environments. This result
corroborates other studies and encourages the restoration of riparian zones as an efficient and

rapid mechanism for C sequestration, in addition to countless other ecosystem services.

Key words: C stocks, forest plantation, effect of surrounding matrix, litter
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1. INTRODUCTION

Global efforts to mitigate climate change seem to be generating positive results since
the annual rate of increase in greenhouse gas emissions (GGE) fell from an average of 2.1%
between 2000 and 2009 to 1.3% between 2010 and 2019. However, the increase of about 59
giga-tons of CO»-equivalent in that last decade and projections for the near future demonstrate
that the worldwide national climate commitments may be not feasible or even sufficient to
guarantee the level required for the 1.5°C threshold by 2030, as established by the Paris
Agreement (IPCC 2022).

Regarding strategies involving ecosystem-based adaptation measures, there is room for
improving ecological restoration methods for the purpose of sequestering carbon in trees and
soils, especially in tropical developing countries. Accurate information on how much and how
quickly carbon can be stored in both vegetation and soil under different managements and
environmental conditions, cost-effectiveness ratios and adaptation to climate change scenarios
are more than ever highly demanded (Koch & Kaplan 2022, Zanini et al. 2021, Brancalion et al.
2020, Philipson et al. 2020, Dybala et al. 2018) to reduce the uncertainties of the models and
increasing confidence in resulting patterns. All that needs must be reflected in a significant
increase in research funding in this sector, which may not occur on the scale required in socially
and economically vulnerable countries (IPCC 2022, WRI Brasil, 2022).

Among several vegetation types under restoration, riparian forests have been identified
as the ecosystems with the greatest potential for increasing carbon sequestration in the short-term
(Brancalion et al. 2020, Matzek et al. 2020). Dybala et al. (2018) found that the establishment of
riparian forest may more than triple the carbon stock baseline of unforested soils. Moreover,

actively planting substantially speeds up the biomass carbon accumulation in the first ten years
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through at least two times faster growth rates than those of naturally regenerating riparian
forests. Despite occupying only 1% of the global area, if entirely covered by forests, with the
expansion of restoration activities, it could represent 3 to 7% of the current global C stock in
vegetation, helping countries move closer and faster to C reduction targets desired for the next
decades (Dybala et al. 2018). Such estimates, however, still carry a great degree of uncertainty
due to the small database available, especially for some ecosystems, and discrepancies in the
methods of data collection and interpretation for both unmanaged primary and natural or planted
secondary forests (Gundersen et al. 2021, Lewis et al. 2019, Dybala et al. 2018, Luyssaert et al.
2008). Regionally, the effects of forest restoration on C stocks are expected to vary widely in
response to the complex interplay of factors that affect C sequestration such as climate,
inundation regimes, initial soil conditions, types of management and protection of areas,
biodiversity, age and size of fragments, surrounding landscapes features (Koch & Kaplan 2022,
Zanini et al. 2021, Brancalion et al. 2020, Matzek et al. 2020, Dybala et al. 2018, Robinson et al.
2015, Holl & Aide 2011, Wilson et al. 2011). Research approaches that try to encompass part of
this complexity demand more time and amount of financial resources, which partly explains the
low percentage of studies that present data on carbon sequestration in soil and vegetation in
restored forests, especially in countries with high diversity of environmental conditions and that
are economically more vulnerable (Guerra et al. 2020, Dybala et al. 2018, Ruiz-Jaen& Aide
2005). Indeed, financial constraints can be an obstacle to filling knowledge gaps and promoting
practices that accelerate forest restoration in developing countries (IPCC 2022, Philipson et al.
2020, Brancalion et al. 2020). The cost-effectiveness relationship involved in active and passive
restoration projects is a relevant point that needs further maturation and must be evaluated on a

case-by-case basis (Philipson et al. 2020, Brancalion et al. 2020). When considering the short-
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term benefits, such as the potential for rapid accumulation of C, and the long-term ones, such as
the conservation of biodiversity and restoration of valuable ecosystem services for the human
societies, the installation cost of planted riparian forests might be offset (Philipson et al. 2020,
Brancalion et al. 2020, Dybala et al. 2018).
. The installation of riparian forests in topographical zones originally occupied by
another type of vegetation, an action forced by the creation of hydroelectric reservoirs,
offers an interesting opportunity to study. Around the Volta Grande hydroelectric dam,
Brazil, the planting of discontinuous forest strips with 30 and 100m wide and 10 to 20 year-
old on areas that were cultivated with sugar cane has shown to be very effective for creating
structural and functional heterogeneity, allowing the recolonization of invertebrate and
vertebrate fauna, native plant species recruitment, increasing complexity of biotic
interactions, soil erosion control and an option for leisure for local populations (Antonini et
al. 2022, Londe et al. 2021, Silva et al. 2021, Londe et al. 2020, Araujo et al. 2018, Corréa et
al. 2017). Increased availability of light to plants along edges allows more plants to be
supported (greater diversity) and increases productivity. The region is located in the Cerrado
biome, a hotspot highly fragmented mainly by agro-pastoral activities. The objective of this
chapter was to evaluate if and how much of those new riparian forest were already able to
change C stocks in comparison with the baseline of neighboring sugarcane areas with
reference areas and how the age and width of the planting strips affect such performance.
We hypothesize that (1) older and narrower fragments (with greater edge effect) will present
higher C stocks than the younger and larger ones and that (2) even the very young reforested
areas (10 years-old) will already be able to increase carbon stocks in the soil in relation to

the levels of the surrounding sugarcane areas. Our results may confirm that the planting of
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riparian forests can play a relevant role in accelerating carbon sequestration, helping the
country towards compliance with the signed agreements.
2 MATERIALS AND METHODS
2.1 Study Area
The study was carried out in an area of remaining riparian forest around the Volta Grande
Hydroelectric Power Plant (UHE) located on the Grande river near the MG427 km 40 Highway,
between the municipalities of Conceicdo das Alagoas (Minas Gerais state) and Miguelopolis

(Séo Paulo state) (Figure 1).
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Figure 1: Location of UHE Volta Grande. Image: use and occupation represented by a 6 km buffer around

the reservoir. Highlight for the location of the study areas (Noboro, Santa Barbara, Figueira and Delta).
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The climate of the region is classified by Kdppen as Kwa, with an average annual temperature
between 22°C and 24°C. The average annual precipitation over the last 20 years encompassing
the study period is close to 1500 mm, with a well-defined dry season, comprising the months

from April to September and a rainy season from October to March (Figure 2).
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Figure 2: Average monthly rainfall in the years 1994-2014 of the study area. Source: UHE Porto
Colombia (Furnas Centrais Elétricas S/A). Gray bars represent the rainy season and white bars the dry
season.

The predominant soil type in the region is eutrophic purple latosols (Filardi et al, 2007; Ferreira,
2009). Most of the original riparian vegetation was lost by flooding events or removal promoted
by the construction of the reservoir. After the construction of the reservoir, a process of recovery
through the planting of seedlings of the new riparian areas began in the year 1991. There was no
sugarcane plantation during seedling plantings but initially the area was used to be a sugarcane
plantation. The area consists of Agricultural and livestock activities aimed, among other
objectives, to reduce erosion. For the present study four reforestation areas were selected. These

areas had different ages and widths (Table 1, Figure 1).
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Tablel: Characteristics of the studied riparian forest areas located around the Volta Grande HPP.

Age and width of the planted fragments, location in relation to the reservoir, management after

planting, main land use of surroundings and inside the fragment (Forest protection), geographic

co-ordinates. Use and occupation maps and further details on reforestation is founded in

Antonini & Martins (2016)

. Age-of Width Location Forest Forest Landscape Coordinates
Site planting Matri
(years)  (m) Management  protection atrix (UTM)
Santa 10 20 Reservoir ,\:‘(t) malnag[ment Protected Susarcane 29K - 798082
Barbara shore atter planting g [ 7775015
Presence of huts
23K - 208838
Delt 10 100 Reservoir o Manegement i, Ondtﬂe shore, /
elta eservoir . ) and houses in
shore after planting shore the upland 2787209
fishing Sugarcane
spots
Noboro 20 30 Reservoir Weed control Protected Rubber tree and 22/|;7_68800022794
shore and seedling sugarcane
replanting
L 23K - 205429
Figueira 20 100 A lake No magement Sugarcane
’ J Protected g [ 7786874

separates the
forest from
the shore

after planting
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Among the reforestation areas, two fragments had a width of 30 m (Noboro and Santa Barbara),
while the other two had a width of 100 m (Figueira and Delta) and at the beginning of this study
the areas had planting ages of 10 and 20 years. The planting of trees in the fragments followed
the availability of seedlings in the nurseries of the HPP at the time (1994 to 2004), with around
35 species being planted in each area, from seeds obtained in nearby forest remnants. The
seedlings, which were approximately 10 months old at the time of planting, were installed along
the banks of the reservoir (in the case of Delta, a lake separates the banks of the reservoir, where
fishing huts for recreational use are installed, and the forested fragment) with a spacing of 3x2m
(Martins and Antonini, 2016).

The forest fragment in Delta is the only one where trails can be seen within it. The trails connect
upland residences, the lake, and the huts on the banks of the reservoir. In the other forested
fragments, the free movements of people were, in general, not observed. Noboro has the highest
level of forest protection, as the fragment is separated from agricultural areas and upland roads
by commercial rubber plantations. Noboro also seems to be the only area whose landowners
claim to have weeded grasses and planted seedlings of native species and exotic fruit trees in the
first years after reforestation.

In 2014, the species with the highest stem diameter at breast height (DBH) found in
these areas were: Clitoria fairchildiana, Anadenanthera peregrina, Syzygium jambolanum,
Acacia mangium, Parapeptadenia rigidis, Ficus sp, Guazumaulmifolia, Machaerium opacum,
Acacia auriculiformis and Hymenaea stignocarpa (Antonini& Martins 2016, restoration and

forest conservation rillaries in reservoirs hydroelectric Part 1, Chapter 1).
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2.2 Establishment of plots for sampling

In all study sites, four blocks perpendicular to the river were settled, within which three plots of

10 x 10 meters were demarcated (for phytosociology studies and litter collection), totaling 12

plots of 100m? per site. The plots were parallel and the distance between them varied from zero

meters in the 30 m wide fragments to 15m in the 100 m wide fragments. For the collection of soil

used in the determination of carbon content and apparent density, three plots of 1 x 10 meters

were allocated from the 10 x 10 meters plot. These plots were isolated with four wooden stakes

and ropes, preventing the entry of people, in order to avoid soil compaction.
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2.3. Carbon stocks in the tree biomass

All individuals within the plots with circumference at breast height (BAH) equal to or greater

than 10 cm were measured. The height of the individuals was estimated with the aid of a pole

graduated in meters and they were also identified at species level when possible. The inventoried

tree species were classified by functional groups (pioneer, early secondary, late secondary and

climatic) according to the methodology described by (Gandolfi et al, 1991 and Leitao Filho et al,

1993). The main characteristics for classification into succession groups were: growth, shade

tolerance, life span, onset of fruiting, main dispersal syndromes and species occurrence as shown

in Table 2).

Table 2: Percentage of successional groups in the different areas studied (Noboro, Santa Barbara,

Figueira and Delta) (Scolforo et al, 2008).

Classification Noboro Santa Figuera Delta
Barbara

Pioneer (%) 40,45 34,4 9,8 22,7
Pioneer tosecondary (%) 1,94 4,8 3,6 41,3
Secondary (%) 46,92 29,2 60,8 20,9
Secondarytoclimax (%o) 0,97 5,8 0,0 9,3
Undetermined (%) 6,15 11,0 11,9 0,4
Dead (%) 1,94 7,6 9,3 53
Exotic (%) 1,62 7,2 4,6 0,0

The height and basal area data of the individuals sampled were used to estimate the carbon stock

in the vegetation using allometric equations developed in a previous study carried out in the

watersheds of the Grande and Piracicaba rivers (Scolforo et al., 2008):
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Ln(BM) = -10.439791707 + 2.1182873001 x Ln(DAP) + 0.8339834928 x Ln(H)

Subsequently, the carbon stock in the biomass was estimated through the equation developed by
the same author:

Ln(C) = -12.73390371 + 2.7305080487 x Ln (DAP) + 0.5217505822 x Ln (H)

Where: DAP is the diameter at 1.30 m from the ground (cm) and H is the stem height (m).

2.4 Soil Carbon Stock

To evaluate the carbon stock in the soil, undisturbed samples were collected, using an Uhland-
type auger for collection, in plots of 1 x 10 meters, at depths of 0-5, 5-10, 10-20 and 20-30 cm,
totaling three samples per profile for each area according to the methodology suggested by
EMBRAPA (1997). The samples were analyzed at the Laboratory of Soil Analysis of the Federal
University of Vicosa, to determine the density of the soil and the carbon content (Walkley-
Black).

The calculation of soil carbon stock was estimated using the following expression:

Cac = (C x Ds x €)/10 Where;

Cac represents stored carbon (Mg ha-1); C indicates the C content (g kg-1) of the soil; Ds, the
density of the soil (Mg m-3) and e is the thickness of the layer under analysis in cm (Freixo et al.

2002).

2.5 Litter Carbon Stock
Litter collections to estimate the carbon stock in this compartment were carried out in February-
2015, when a square frame of 0.25 m? (0.50 x 0.50 cm) was randomly released in all the sample

plots of 10m x 10m. All material contained within the square frame were collected and weighed
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firstly to gain fresh weight. A sub-sample (100 g) of the material was taken from each sample,
identified and dried in a circulating oven (50°C, 72 hours) until constant weight and mass was
gained and then re-weighed to gain the dry weight. The relationship between moisture content

and the amount of carbon was then determined.

2.6 Statistical analysis

All statistical analysis were done using Generalized Linear Models (GLMs), SPSS
software and post-hoc Tukey tests. Generalized linear models (GLMs) were constructed to
compare the average carbon stock in the aboveground, litter and soil biomass of the studied
treatments (Noboro, Santa Barbara, Figueira and Delta).

We compare the restored areas also in relation to sugarcane plantation because
sugarcane plantation was the pioneer vegetation before the dam was constructed and the
forest was lost. Also, the sugarcane area serves as the baseline and thereby helps to
accumulate carbon in the soil at a much faster rate. Due to the nature and the variability of
data and the limitation of sample size, which is common in studies of ecosystem parameters
under field conditions, the acceptance level (P) was 0.1. This statistical approach increases
the power of the hypothesis tests and reduces the probability of making a type Il error
(Davidson & Hewitt 2014, Peterman 1990). It is also used to evaluate the effects of
explanatory variables (fragment age and width, soil depth of plants presented in each sample
unit) on the variation of carbon stocks in aerial biomass, litter and soil (response variables)
between treatments. All statistical analysis was performed using R software (R Development

Core Team, 2013).
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3 Results

3.1 Carbon Stock in the Biomass

The average C stocks (+ SD) in the aerial biomass found in Santa Barbara, Delta, Noboro and

Figueira were 79.3 (+ 79.0), 83.2 (+ 60.6), 109.3 (+ 91.1) and 75.1 (+ 80.0) Mg.ha%, respectively

(Figure 3), however, there was no differences observed between the treatments. The values of

stocks of C between plots of the same treatment showed great variation. The plot with the lowest

stock of C in the aerial biomass was found in Santa Barbara and Figueira (0.03 Mg.ha*) while

the plot with the highest value was found in Noboro (294.0 Mg.ha™?).
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Figure 3: Carbon stocks (Mg.ha!) in tree biomass in the planted riparian areas (Santa Barbara —
SB, Delta — DE, Noboro — NO and Figueira — FI) which differ in age (10 and 20 years) and
planting width (30 and 100m) around the Volta Grande State Hydroelectric Power Plant, Minas

Gerais, Brazil. The solid lines within the box plots represent the median.
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The variation of C stocks in the biomass was not significantly related to any of the parameters
surveyed (age and width of the fragment).Tests of data grouped only by age or by forest
fragment width also did not reveal significant differences in C stocks in the aerial biomass of the

trees (Figure 4).The lines of the plots are very weak
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Figure 4: Carbon stocks (Mg.ha) in tree biomass in the planted riparian areas which differ in
age (graph on the left) or in planting width (on the right) around the Volta Grande State

Hydroelectric Power Plant, Minas Gerais, Brazil. The solid lines within the box plots represent

the median.
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3.2 Litter Carbon Stock

The averages of carbon stocks in the litter varied between 3.4 and 11.0 Mg.ha. Significant
difference was found only between Delta and Santa Barbara, with the highest value found in Noboro
(Figure 5). When comparing C stocks in litter only by age or planting width, the narrowest forest

fragments presented the highest stocks, and there was no significant effect of planting age

(Figure 6).
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Figure 5: Litter carbon stocks (Mg. ha?) in four reforested areas (Delta — DE, Figueira — FI,
Noboro — NO and Santa Barbara — SB) around the Volta Grande State Hydroelectric Power
Plant, Minas Gerais, Brazil. Different letters denote significant differences at the 0.10 level in the

post-hoc Tukey tests.
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Figure 6: Litter Carbon Stock in relation to a) Fragment age (years); b) Fragment width (m) in
four riparian forest fragments around the Volta Grande State Hydroelectric Power Plant, MG,

Brazil. Different letters denote significant differences at the 0.10 level.

3.3 Soil Carbon Stock
The Soil carbon stock value at 0-30cm ranges from 26 Mg.ha to 32 Mg.ha! at the studied

sites. The general average of the values of the reforested fragments is about 40% higher than that
found for the sugarcane areas (Figure 7).

The age and width of the reforestation strips did not cause, so far, significant differences in
the stock of C in the soil (0-30 cm). However, in terms of carbon concentration (Total C) in this

layer, higher values were measured in the older reforested fragments (Figure 8).
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Figure 7: Mean soil carbon stock (0-30cm depth) in four different reforested fragments (Delta —
DE, Figueira — FI, Noboro — NO and Santa Barbara — SB) and in sugar cane areas around the
Volta Grande State Hydroelectric Power Plant, Minas Gerais, Brazil. The red line helps to
visualize that the average value of C stock in sugarcane areas is lower than the stocks in the

planted forest areas.
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Figure 8: Total soil carbon concentration (mg.kg™, top chart) and soil C stock (0-30 cm depth,
bottom chart) in relation to age (years) of the four reforested riparian fragments (10-years old:
Santa Barbara and Delta; 20-years old: Noboro and Figueira) around the Volta Grande State
Hydroelectric Power Plant, Minas Gerais, Brazil. Different letters indicate significant differences

among ages.
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The top 10 cm of soil store greater amounts of C than the lower layers (Figure 9).
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Figure 9: Average soil carbon stock at different depths in four reforested fragments (Noboro,
Santa Barbara, Figueira and Delta) around the Volta Grande State Hydroelectric Power Plant,

Minas Gerais, Brazil. Different letters indicate significant differences among depths.

33



4.0 Discussions

We hypothesize that (1) older and narrower fragments (with greater edge effect) will present
higher C stocks than the younger and larger ones and that (2) even the very young reforested
areas (10 years-old) will already be able to increase carbon stocks in the soil in relation to the
levels of the surrounding sugarcane areas, despite of its size.

To answer these questions, we begin with the hypothesis 1 discussed below.

Despite the higher values of carbon concentration in the soil found in the older (fig 8) reforested
areas (20 years) and the higher stocks of C in the litter in the narrower planting strips (fig 6),
which are in agreement with our first hypothesis, the synergy of these two factors, as expected to
be expressed by significantly higher overall C stocks in Noboro forest, was not observed. The
large variation among intra-site plots reflects the functional heterogeneity of these fragments of
new riparian forests undergoing the first two decades of restoration. In fact, the studied sites
varied in a combination of factors (see tables 1 and 2) capable of affecting carbon sequestration
and storage in different ways in riparian forests, creating a mosaic of conditions and possibilities
of compensatory or confounding effects with those of aging and width of the planted areas
(Dhiedt et al. 2021, Nunes et al. 2018, Culot et al. 2017, Magnago et al. 2017, Chaplin-Kramer et
al. 2015, Berenguer et al. 2014). Another consideration to be made is that if the different carbon
stocks evaluated in this study have the same sensitivity to the time scale (10 and 20 years of
planting) and to the small-scaled edge effect (30 and 100m planting width). It was also reported
by (William et al, 2019) that older forests continue to accumulate carbon in the soils. As trees get
older, they absorb more carbon every year, and because they are bigger, they store more carbon.
He adds that preserving existing mature forests will have an even more profound effect on

slowing global warming in the coming decades, since immature trees sequester far less CO2 than
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older ones. Functional groups of tree species distribution, as the proportion of pioneer trees, can

also influence the C sequestration as shown in table 2 (Forrester et al. 2017). Another
explanation for the patterns found in the accumulation of C in the aerial biomass in the studied
areas may be related to the edge effect, since in smaller fragments there is greater entry of light,
facilitating the establishment of pioneer species that normally have higher densities but a reduced
stock of carbon per hectare (Magnago et al. 2017). In fact, the highest percentages of pioneers
were found in the reforestations Noboro and Santa Barbara, which were 30m.

According to McKinley et al (2011), forests of different ages play different roles in removing
carbon from the atmosphere and storing it in the wood. Old forests accumulated more carbon
than younger or pioneer forests; however, young forests grow more rapidly, sequestering carbon
at a faster rate than older forests, but also showing faster turnover. Also, pioneers compete
greatly, they are very hyper active and carryout photosynthesis much often than older forest
thereby accumulating or increasing carbon stocks. By this; loss of leaves, reduction in root
strength, thin leaves and roots, tissues become less resistant to sun and rain. Thus, trees-sites of
different ages can stock almost equal amount of carbon overtime. Trees shed leaves when CO2
uptake is low to support photosynthesis. When photosynthesis is equal to respiration, plants
maintain its position. At light intensities below this point, more respiration occurs and at higher
light intensities, more photosynthesis occur and the trees becomes more active and productivity
increases. The photosynthetic compensation point is where light intensity is at the point where
the rate of photosynthesis is equal to the rate of respiration. For shade-adapted plants, the
compensation point is lower - their rate of photosynthesis will exceed the rate of respiration at
lower light intensities than the plants adapted to sun. Moreover, as reported by Ash & Helman

(1990), similarities in carbon biomass stock between age and width of restored forest can be
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attributed, in part, to differences in past logging activity and time since last disturbance.
Considering that all areas had the same past, they donated soil for the construction of the dam,
their different levels of protection after planting and management may have increased the
variation in carbon sequestration between areas, potentially explaining our results. The 20-year-
old Noboro fragment was the one that received management after the first planting and was more
protected against the entry of people, showing an average stock of aerial C that was twice as
large compared to younger fragments. In contrast, Delta had the highest levels of disturbance,
due to the continuous presence of people, in addition to being younger, a combination that led to
the lowest C stock value.

Other factors must still be considered. According to Dybala et al. (2018) and Melo &Durigan
(2006), narrow strips planted around reservoirs in soil conditions with high nutrient availability
may suffer less from competition for light and water. As a result, young planted forests can
exceed C stocks in relation to natural riparian forests or upland forests.

The differences we found in the litter stock were that areas of narrow width produce more litter
than those of higher width. This may be attributed to the higher amount of stand density found in
narrow width. Higher stand densities (e.g. trees per hectare) are associated with smaller size
due to increased competition for physical space or available resources such as light,
nutrients and water (Long et al, 2004). Also, tree height may be another factor according to a
similar report by Ruiz-Jaen & Potvin (2011) for natural tropical forests in Panama, and it is not
surprising considering that height is a good predictor of total biomass of the plants, which
directly influences the amount of C contained in both the above and below-ground portions of
the standing vegetation and incorporated into the soil as litter at aging. We found that soil carbon

concentration was higher in older ages of 20years than younger ages of 1Oyears and no
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difference in the stock. This was as a result of higher litter and organic matter decomposition in
the soil overtime. Soil organic matter (SOM) is formed from decomposing biomass and increases
the water holding capacity of the surface. Also, root and leaf litter production and the
accumulation of coarse woody debris might be highest in old-growth forests (Pregitzer and
Euskirchen, 2004).

The difference observed in litter stock at different widths can be explained, since the highest
productions were verified in the areas of greater widths (Martins, 2016), but we did find
significant differences, this shows a greater decomposition rates in the larger-width fragments.
Areas with higher width produce more litter decomposition comparing to those with lower width
because of the residency and transition period. It allows the area to rejuvenate itself and also
nutrients thereby allowing or helping in more new establishment and thus increase in
productivity in wider areas.

The 0-10 cm depths differed from the 10-20 and 20-30 layers, with the highest stocks being
verified at the lowest depths. This pattern was already expected, since the nutrient cycling
process predominates in the surface layers (Schumacher et al., 2003). Moreover, plots located
near the lake were also at a lower altitude (Sdmuel et al., 2011). Greater biomass productivity
and carbon inputs are expected to increase soil carbon stocks in older forest fragments. As the
litter is decomposed, some of the C is emitted as CO; into the atmosphere, and some is
incorporated into the soil, increasing stocks. This increase in stocks has been observed in
experiments in other countries, under various climate and soil conditions and this was similar to
reports found in Atlantic forest and Cerrado areas. Coelho et al. (2017) found that natural edges

of gallery forests have invariable number of individuals and basal area between natural and
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anthropogenic edges, revealing that natural edges are also prone to resource limitation and

stressful conditions (e.g. soil fertility, moisture and fire).

We expected soil carbon stock growth to be influenced by climate and previous work has
identified differences in the effects of land use and land cover change on soil carbon stock by
climate, soil depth and short-term decreases in soil carbon stocks have been attributed to soil
disturbances caused by planting (Laganiere et al., 2010). Further, biomass and soil carbon stocks
are expected to be larger in riparian forests in wide, complex floodplains with frequent
inundation (Sutfin et al., 2016).

The estimated values of C stock in the soil of the new riparian forests studied demonstrate that
even in their first decade of growth, such reforestations are capable of significantly increasing
the baseline of the surrounding agricultural areas, dominated by the cultivation of sugarcane. The
corroboration of our second hypothesis indicates that active restoration can be an essential tool to
accelerate carbon sequestration in tropical riparian environments. Although implantation and
maintenance costs are in general higher when compared to those of passive restoration the
relationship with the benefits may be more advantageous.

Similarly, Silva et al (2007) reports low carbon stocks in sugarcane areas. The cultivation of
sugarcane for nearly 50years following deforestation at the S& Martinho farm resulted in a
decrease in carbon stocks, compared to the soil under native or restored vegetation. Similarly, the
measured soil carbon stocks in areas with more than 50years of continuous sugarcane cropping
in Hawaii were 12-26% smaller than in adjacent native forest areas. Silva et al. (2007),
describing a sugarcane chronosequence study, observed a sharp decrease in soil carbon soon

after the deforestation and planting, followed by a slow recovery in the soil C concentration.
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5.0 Conclusions

The variations observed in the arboreal carbon in the reforested plots may be a warning about the
importance of applying appropriate techniques in forest recovery, since we found plots with
enormous Variation in carbon stocks. Trees compatible with other surveys in reforested tropical
areas, and good management can increase the carbon stock capacity of all areas.

In the present article we add more value to such fragments, demonstrating that they were able to
accumulate in their initial decade around 40% more C in the soil than the baseline of surrounding
agricultural areas. In addition to the soil, we present estimates of C stocks in litter and tree
aboveground biomass in fragments that differ in age, size and level of protection inserted in
matrices dominated by agricultural activities. We hope these will contribute to the databases and
discussions on the subject in Brazil and in the world, helping to define more efficient protocols,
support of money from rich countries and public policies that promote the restoration of riparian

forests.
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ABSTRACT

Riparian buffers safeguard the only remaining forest fragments in many agricultural landscapes
of the Brazilian Cerrado region. These linear landscape elements contribute to the conservation
of terrestrial and aquatic biodiversity in agricultural landscapes by providing shelter,
reproduction sites, food, and connectivity. Riparian buffer restorations are used as management
tools to produce favorable water quality impacts, moreover among the many benefits riparian
buffers may provide, their application as instruments for water quality restoration rests on a
relatively firm foundation of research. Thus, the objective of the study was to determine if the
forest structure of restored strips of riparian forest, of the VVolta Grande Reservoir, will change in
terms of age and width since restoration. For this we asked the hypothesis that the structure of
the vegetation will be different regarding age and size of the riparian stripes and is expected that
tree richness and abundance is higher in older riparian strips. Areas with high landscape
heterogeneity index composition are said to be more productive than areas with low
heterogeneity index composition. The work was carried out in four actively restored sites and
one passively restored riparian stripes, around the Volta Grande Hydroelectric Reservoir (UHE-
Volta Grande). We found that the five studied areas are different regarding the structure of the
restored riparian stripes while the PCA axes explained 63% of the variation with 26.48% in axes
one and 37.11 in axes two are influenced by the age and width of the riparian strips. Based on the
result obtained, the forest structure of the riparian stripes influenced the response variables (Tree
high, Density, DBH, Canopy cover, Shannon index and Landscape Heterogeneity Index) at
different rates and also the forest structures are influenced by the age and width of the riparian
strips. Lastly, it is very important to recovery reforested riparian strips and also by providing

proper monitoring and management of the area.
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1.0 Introduction

Riparian forest serves as physical barriers against transport of solid particles and substances into
water bodies thereby preventing silting and contamination. It helps to provide thermal, physical
and chemical balance of water bodies, quality water, source of food for animals, shelter and
reproductive place. It helps in nutrient cycling, flooding possibility, pollution and loss of
biodiversity (Echeverria et al. 2015). In agricultural landscapes, on the other hand, these zones
are often narrow strips, heavily modified due to physical modifications of the streams, including
widening and deepening of the stream channel and, furthermore, highly influenced by
agricultural practice, including drainage and application of fertilizers and pesticides. Thus, the
biodiversity value of the vegetation in buffer strips in agricultural areas is likely to vary with land

use intensity.

Restoring and maintaining intact and diverse riparian areas on the agricultural landscape are
critical to mitigate the effects of disturbance and ensure ecosystem functioning (Hale et al. 2018;
Hood and Naiman 2000; McDonald et al. 2008; Wilkerson et al. 2006). Assisted revegetation
can be an effective strategy to restore degraded riparian forest because it prevent the
establishment and spread of invasive plants and can strongly accelerate the secondary succession
creating conditions to new species to establish (Hale el at, 2018). Also, active habitat restoration
of native plant communities may be an essential tool in maintaining ecological integrity,
biodiversity, and ecosystem functioning. It is very important to restore degraded areas in order to
mitigate the extent of the ecological crisis that we are currently facing and protect the
biodiversity for future generations. Also, our food systems and the revival of forest and agrarian

crops depend on healthy soils.
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Ecological restoration is an alternative to return this historical trend and, also to promote a new
paradigm of socioeconomic development better integrated with nature (Echeveria et al. 2015).
The need for ecosystem restoration is clear. An estimated 25% of the world's land area is
degraded, threatening global sustainability. Deforestation, forest degradation, desertification, soil
erosion, loss of productivity potential, biodiversity loss, water shortage and soil pollution are

ongoing degradation processes.

Ecosystem restoration is defined as “a process of reversing the degradation of ecosystems, such
as landscapes, lakes and oceans to regain their ecological functionality; in other words, to
improve the productivity and capacity of ecosystems to meet the needs of the organism and also
human society. Worldwide, an estimated two billion ha of forests are degraded with roughly half
in tropical countries. Degradation of ecosystems is an ongoing process in Latin America (LA),
where land use and land cover changes due to the expansion of urban areas and agro-industrial

crops represent major threats (DeClerk et al. 2010).

During the restoration of forest, it is important to monitoring forest structure and functionality
(Barbosa 2000, FAO 2012). Forest structure usually refers to the way in which the attributes of
trees are distributed within a forest ecosystem. Trees are immobile, but they are living things
that propagate, grow and die. The production, dispersal of seeds and the associated processes
of germination, seedling establishment and survival are very important factors of plant

population dynamics and structuring (Barbosa 2000, FAO 2012).

Trees compete for essential resources, and tree growth and mortality are also important
structuring processes. Tree growth and the interactions between trees depend, to a large degree,

on the structure of the forest. Forest structure is comprised of numerous components representing
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the vertical and horizontal spatial arrangement of biomass which influence and maintain
favorable microclimatic conditions for biota (Ehbrecht et al 2017, Kovécs et al, 2017) as well as

provide niche space for dependent organisms (Sukma et al, 2019).

Forest structure can be divided into two main components: Structural attributes and Structural
complexity (McElhinny et al, 2005). Structural attributes capture the spatial heterogeneity within
a forest and describe the presence or abundance of individual attributes such as species diversity,
forest biomass, canopy cover, tree DBH, tree height, density, tree species and presence of
deadwood. In contrast, structural complexity can either be quantified as the overall number and
relative abundance of the different forest structural attributes or defined more holistically using

techniques that consider the stand as an entity (McElhinny et al, 2005).

Active forest restoration promotes greater recovery of canopy cover, tree density, tree height-
diameter ratio, tree diversity and native tree regeneration than spontaneous natural regeneration
in degraded tropical rainforest fragments. Increasing density is an effective strategy to increase

the basal area of a forest undergoing restoration in an area (Meli et al, 2017).

The availability of older trees and the nearness of healthy forest patches help in influencing
species regeneration in the restored sites. Also, fast regeneration of tree species in restored sites
depends on the density of older trees in the site. It is very important to have a narrow width
between areas to have a good seed dispersal means for effective restoration (Cole et al, 2013).
Seed dispersal is very important factor in forest recovery and restoration. It can be obtained
through abundance and richness of the restoration plants (White el al, 2004). Other important
restoration ecological indicators are seed rain; tree DBH and the canopy cover as well

(Brancalion et al, 2012).
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Canopy cover can facilitate rainforest recovery by creating favorable microhabitats for tree
regeneration as well as contributing to explaining patterns of seedling density, diversity, and
composition across plots. Restoration of canopy cover through tree planting can assist in
overcoming barriers to natural regeneration and catalyze recovery of degraded areas (Ashton et
al, 2014). The faster recovery in managed forests can most likely be attributed to canopy
openings in the absence of any human intervention (Novakova M.H et al, 2015). The number of
forest patches in abundance and variability within a forest cover may affect ecological

restoration process (Crouzeilles et al, 2019).

The age of the restoration area is also a variable that leads to significant changes in the
composition of plant species in the process of restoration and in vegetation structure (Crouzeilles
et al, 2016). Another variable that influences the success of restoration project is the width of the
restored strips which influence the nutrient cycling. Each stage of a forest, or “age class” as
foresters say, plays different major roles in restoration process of a forest. Restoration sites or
areas will green-up amazingly fast and the number of trees will actually increase due to the

presence of younger generations of trees (Osborne and Kovacic, 1993).

The forest is still there, but with fewer trees, or less species of trees, plants or animals, or some
of them affected by plagues. This degradation makes the forest less valuable and may lead

to deforestation.
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To know if active restoration was succeeded in recovering of forest structure, in this study we
evaluate if the forest structure of four planted riparian stripes will change in terms of age and

width since restoration, compared to a passive restored site (reference area i.e. Nativa).

For this we asked the hypothesis that the structure of the vegetation will be different regarding

age and size (width) of the riparian stripes and we expected that;

1. Diameter at Breast Height, Height, and Canopy cover will be higher in older riparian
stripes.

2. We expect that density will be higher in younger riparian stripes.

3. Tree richness and abundance is higher in older riparian strips and finally we expected that
areas with high landscape heterogeneity index composition are said to be more

productive than areas with low heterogeneity index composition.
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2 Methods

2.1 Study Area

The study was carried out in four actively restored sites and one passively restored, around the

Volta Grande Reservoir (UHE) located on the Grande, between the municipalities of Conceigédo

das Alagoas (MG) and Miguelopolis (SP) (Figure 1).

The climate of the region is classified by Kdppen as Kwa, with an average annual temperature

between 22°C and 24°C. The average annual precipitation over the last 18 years is close to 1500

mm, with a well-defined dry season, comprising the months from April to September and a rainy

season from October to March (Figure 2). The predominant soil type in the region is eutrophic

purple latosols (Filardi et al, 2007; Ferreira, 2009).

400 +
348.5
350 1 —
300 -
250 +
200 -
150 A

100 -

228.8

179.3

85.5

47.6

21.2 6.8

162.3

98.5
51.0

239.8

Average monthly precipitation (mm)

Jan

Fev

Mar

Abr

Mai

| O =

Jun Jul

Months

11.5 |_|
D T - - T - - T -

Ago Set Out Nov

Dez

Figure 1. Average monthly rainfall is between 1994 -2012 in the study area. Source: UHE Porto

Colombia (Furnas Centrais Elétricas S/A). Gray bars represent the rainy season and white bars

the dry season.
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Figure 2: Location of UHE Volta Grande. Image: use and occupation represented by a 6 km
buffer around the reservoir. Highlight for the location of the study areas (Nativa, Noboro, Santa
Barbara, Figueira and Delta).

2.2 Sample design

In each studied site (Table 1) four blocks were allocated, within which 3 plots of 10 x 10 meters
were delimited to study phytosociology. The Santa Barbara, Noboro, Figueira and Delta areas
were respectively 30, 30, 100 and 100 meters wide while the reference area (Nativa) was 400m
wide. The plots are parallel and the distance between them varies according to the width of the
forest evaluated: 5 m distance in areas of 30 m wide and 15 m in areas with 100 m wide.

Regarding the age of planting; Santa Barbara, Delta, Noboro and Figueira present 10, 10, 20 and
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20 years respectively. In each area, three plots of 1 x 10meters were marked and demarcated for

soil sample collection. The plots are parallel and the distance between them is 100 meters.

Table 1: Characteristics of the secondary and riparian forest areas located around the Volta

Grande Hydroelectric Power Plant (location, age and width and landscape matrix of the

fragments)
. L . Landscape Coordinates
Site Municipality Age (years)  width (m) Matrix (UTM)
Cerrado
. Conc. das Alagoas- 22K - 791531/
Nativa MG - 400 and 7783262
sugarcane
Rubber tree
Noboro Agua Comprida-MG 20 30 and 22K - 800294/
7768027
sugarcane
Santa . T 22K - 798082 /
Barbara Migueldpolis-SP 10 30 Sugarcane 7775015
L 23K - 205429 /
Figueira Igarapava-SP 20 100 Sugarcane 2786874
Delta Igarapava-SP 10 100 Sugarcane 23K - 208838 /

7787209

2.3 Canopy opening

The evaluation of the canopy opening (%) was performed with a digital camera, model
Panasonic Lumix DMC-LXS5, coupled to a Cal FC-E8 lens. To obtain the images, a tripod with a
platform at a height of 1.3 m and a compass for North orientation was used. For the analysis of
the hemispherical photographs, the program WinSCANOPY 2013a from Regent Instruments Inc
was used. The photos were taken in early September/2014 (end of the dry season) and early
March/2015 (end of the rainy season) in plots of 10 x 10 meters, with three photos per plot in
each area and season, totaling 72 photos per plot in the studied fragment.
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2.4 Phytosociological Parameters

Richness and abundance data were obtained through a floristic survey carried out in all 10 x 10
meters plots. Tree heights were measured by the use of hypsometer. The height is calculated
through the measurement of the other sides and an angle in the triangle composed by tree top,
bottom, and the viewer. The angles are measured using gravity sensor by distance between tree
and viewer was taken using measuring tape. A diameter tape is used to measure the tree DBH; it
is measured at 4.5 feet up the trunk of the tree from the ground, a thumbtack to mark the height
on the tree and put round the truck. The length of the string is measured to get the circumference
of the tree and finally converted to get the DBH. The identification of plants was carried out by

the project's phytosociology team, coordinated by Prof. Dr. Maria Cristina Teixeira Braga.

2.5 Statistical Analysis

A Generalized linear models (GLMs) were built to test whether explanatory variables
(independent) (Delta, Figueira, Nativa, Noboro and Santa Barbara) influence the response
variables (dependent) (Tree high, density, DBH, canopy cover, Shannon index and Landscape
Heterogeneity index) in each area of study. This model was also used to test whether the
response variables are influenced by the age and width of the fragments.

Another Generalized Linear Model (GLM) was carried out to test the principal component
analysis (PCA analysis) in order to reduce the dimension of such datasets, increase
interpretability and at the same time minimize information loss.

Contrast analysis was performed after building the models. All statistical analysis was performed

using R software (R Development Core Team, 2013).
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3.0 Results

We found the five studied areas are different regarding the structure of the restored riparian

stripes. The site with highest tree richness and abundance and density was in Nativa. The site

with highest tree high and DBH was in Delta. The site with highest Canopy cover was in Santa

Barbara. Lastly, the site that produces the highest LHI was in Noboro.

Table 2: Parameters of the structure of the forest fragments (mean + standard deviation)

around the Volta Grande Hydroelectric Power Plant near the MG427 km 40 Highway,

between the municipalities of Conceicédo das Alagoas (MG) and Miguel6polis (SP), Brazil

Parameters Nativa Santa Noboro Delta Figueira
Barbara

Tree High (m?) 9.68 +1.31 6.48 £ 0.30 8.42 £0.65 12.51+0.89 9.45 £+ 2.66

Tree Density (m?) 0.05 +0.01 0.02 +0.004 0.03+£0.004  0.01 +0.002 0.01 +0.003

Tree DBH (cm) 30.05+0.71 49.71£6.03  39.27+13.28 60.04+12.51 57.49+18.10

Tree Canopy cover 11.11+0.33 15.13+0.66 11.36+145 9.77+1.40 12.63£1.93

(%)

Tree Shannon index 3.01 + 0.04 2.76 £0.11 2.40+0.28 2.85+0.13 2.45 +0.09

(%)

Tree LHI (%) 0.92 +1.18 044+0 11810 0.82+0 0.94+1.18

Legend: DBH= Diameter at breast height, LHI= Landscape heterogeneity index.
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3.1 PCA ANALYSIS

We found that the five studied areas different regarding the structure of the restored riparian
stripes. The PCA axes explained 63% of the variation with 24.68% in axes one and 37.11 in axes
two (Figure 3a). Tree high and DBH was important to the separation of Delta and Figueira.
Canopy cover was important to Santa Barbara separation and the LHI and Shannon Diversity
Index was important to Nativa separation. Finally, tree density was important to separate Noboro

from the others stripes (Figure 3b).
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Figure 3. PCA analysis showing the summary of the relationship between the explanatory

variables and the response variables.
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3.2.1 FOREST STRUCTURE OF THE RIPARIAN STRIPES

Tree high was greater in wider reforest patches and the reference site. We found highest tree high
in Delta, compared to other areas. There’s no significant difference between Figueira and Nativa
while the lowest height was recorded in Santa Bérbara (Fig 4a). There was not a relationship of
tree density with age and width of the reforest strips. The reference site presented the highest tree
density, followed by Noboro compared to the other areas. There’s was not significant difference
of tree density among the other areas (Fig 4b). Tree diameter (DBH) was higher in the wider
reforest patches (Delta and Figueira) than the reference site. Delta, Figueira and Santa Bérbara
presented trees with higher DBH, with no significant difference among them while the lowest

DBH was recorded in Nativa (Fig 4c).

There was not relationship between canopy cover and age or width. Santa Barbara (the youngest
and narrower strip) presented the highest canopy cover, followed by Figueira (the older and
wider strip). No significant canopy cover difference was observed among other areas (Fig 4d).
The reference area (Nativa) presented the highest Shannon index, all the other patches were
different with no relationship with size or age, the lowest value was found in Noboro (Fig 4e).
We found highest LHI in Noboro and differ significantly when compared to other areas while the

lowest was recorded in Santa Barbara (Fig 4f).
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Figure 4: Response variables (Tree high, Density, DBH, Canopy cover, Shannon index and

Landscape Heterogeneity Index) against restoration sites (Delta, Figueira, Nativa, Noboro and

Santa Barbara). Alphabets indicate differences and similarities between areas.
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3.2.2 FOREST STRUCTURE AND AGE OF THE RIPARIAN STRIPES

We found highest Tree Density in Areas of 30 years when compared to other areas and no
significant between other ages (Fig 5a). We found highest Tree DBH in Areas of 10 and 20 years
while area of 30 years recorded the lowest DBH (Fig 5b). We found highest canopy cover in
Areas of 10 and 20 years while area of 30 years recorded the lowest canopy cover (Fig 5c).
There’s difference between areas of 10 and 30 years but no difference between areas of 20 and

30 years (Fig 5c).

We found highest Shannon index in Areas of 30 years when compared to other while the lowest
was recorded in 20 years (Fig 5d). We found highest LHI in Areas of 20 and 30 years when

compared to other areas while the lowest was recorded in 10 years (Fig 5e).
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Figure 5: Response variables (Density, DBH, Canopy cover, Shannon index and Landscape
Heterogeneity Index) against Age of sites (10, 20 and 30). Alphabets indicate differences and

similarities between areas.
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3.2.3 FOREST STRUCTURE AND WIDTH OF THE RIPARIAN STRIPES

We found highest tree high in wider areas (100m and 400m width) when compared to the 30m

width ones (Fig 6a). We found significantly highest Tree Density in Area of 400m width when

compared to other areas while area of 100m width recorded the lowest (Fig 6b).

We found significantly highest Tree DBH in Area of 100m width when compared to other areas

while area of 400m width recorded the lowest (Fig 6¢). We found significantly highest Shannon

index in Area of 400m width when compared to other areas (Fig 6d).
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Figure 6: Response variables (Tree high, Density, DBH and Shannon index) against Width of the

sites (30, 100 and 400). Alphabets indicate differences and similarities between areas.
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4.0 Discussions

Our findings indicate that structure features are good ecological indicators of forest
recover in a relatively short period of time (20 years). Several forest structure features can
recover in the first decade of restoration (Londe et al. 2020), even though some of them

presented lower values than the reference ecosystem.

Age and width influenced forest structure in several predictors. Similarly, the study areas were
isolated and surrounded by agricultural matrices, and the age and size of the nearest remnant of
native vegetation are relevant ecological filters influencing restoration success (Suganuma et al,
2018). Occurrence of exotic grasses in the understory of some restoration forests is due to the
older and larger forest. Thus, the presence of exotic grasses may be a strong impediment to
ecological restoration, as evidenced in previous studies (Londe et al. 2017). Increase in seed rain
abundance was associated with increasing forest age, probably because of the natural
development of the forests (Del Castillo and Rios 2008). Stand density and stand age had larger
effects on forest productivity. At low stand densities, the interactions among trees do not occur
or will be weak so that niche interrelation effects are not significant (Forrester & Bauhus, 2016).
As stand density increases, the interactions will be more intensive, trees occupy more space and
utilize more resources (such as light, water, and nutrients), possibly leading to an increase in

productivity and structure (Forrester & Bauhus, 2016).

Species richness and number of regenerating individuals and height of tree were better explained
by the increase of forest width. It is likely that by increasing the width of the restoration forests,
more individuals and species regeneration will be found in the areas. Therefore, it is advisable to
restore wider areas with good forest cover in the surroundings to recover various vegetation
attributes (Lomolino and Weiser 2001).
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We found that the stripes of restored riparian forest are different regarding forest structure.
Significant changes were detected in structural vegetation after an active restoration with
increased densities of trees; tree high and canopy cover with the time since restoration of the

restored riparian stripes.

We predict that tree high (as shown in fig 4) would be higher in the older forest with higher
width, in comparison with the other restored sites and that older sites will present higher tree
high. In fact, we found younger sites with different widths with taller trees. This may be
explained by the edge effects in which the higher recruitment rates in forest margins, which
suggest that the growth of young trees is directly linked to increased tree mortality and canopy
disturbance near forest edges. Young trees respond positively to lateral light penetration along
fragment margins (Lawrence et al, 1991). Also, the potential of pioneer species to allocate more
resources and energy to height instead of diameter growth and longer stripes showing low DBH
is another factor, thereby promoting fast soil coverage and canopy formation (Lawrence et al,

1991).

Forest ecosystems that have exhibited edge-related declines in biomass typically have either
large, tall stature trees (up to 50-60 m) or shallow roots, and these factors are commonly

associated with increased wind-induced tree mortality (Martin-Benito D et al, 2015).

We predict that canopy cover will be higher in the older forest with higher width in comparison
with the other sites. But, we found younger sites with different widths producing higher canopy
cover. These results imply that enrichment planting of late-successional, shade-tolerant species

can start as early as five years after the initial planting because they will not have to compete
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with herbaceous weeds. Also, it has indicated that seedling and tree mortality rate was higher in

older tree canopies (Dodd et al. 2005).

We predict that tree DBH will be higher in the older forest with higher width, in comparison with
the other restored sites and that older sites will present higher tree DBH. In fact, we found
younger sites with different widths producing higher tree DBH. This can be interpreted as an
indication of post-restoration disturbance. Smaller trees recover relatively faster while studies
measuring large trees only may not detect early successes as attributes of larger trees take longer
to recover. He concluded that the biodiversity and structural attributes in younger restoration
planting sites and regrowth forests increased over time towards those in the old-growth forest

(Greipsson, 2011).

We predict that tree density will be higher in younger forest sites when compared to older sites.
However, we found the highest density in older sites. This is related to the species type and also
a strong positive correlation existing between the density and age of forest. The greater density
was found to be higher in older areas and could be initially explained by better micro-site
conditions for seedling establishment combined with a higher seed deposition over time. In older
sites, the present seedling bank may be a result of the accumulated seed deposition of the last
years or even decades, because shade-tolerant species may survive as seedlings in the forest
understory for long periods, until small gaps are opened to favor their growth (Kitajima &
Fenner 2000). In addition, older sites may have more trees producing seeds, which may have an
important contribution to seed rain abundance in landscapes with dispersal limitation (Rodrigues
et al. 2011). According to a report by (Chazdon; 2008), high woody species density was recorded
in older areas. This is because of the open space, which provides favorable conditions for the

regeneration of light-demanding species and means there is no competition for light due to upper

68


https://onlinelibrary.wiley.com/doi/full/10.1111/rec.12290#rec12290-bib-0042

strata vegetation; thus, scrub vegetation starts to grow and as a result, the number of stems

increases in numbers.

Also, we expected richness and abundance to be higher in older restored site; in comparison with
the other restored areas. The result we found agrees with our hypothesis and we found higher
richness and abundance in older sites. As expected, the number of tree species increases with
increasing ages of the species. According to Hubbell (2001), there is a relationship between area
size and species number. His theoretical three-phase-curve of species diversity shows that at the
local level the number of species increases rapidly with increasing area, age and width. At the
regional level, the cumulative increase in the number of species is not influenced so much by the
relative species frequency, but more by the balance between species formation, spatial
distribution and extinction. The continental and intercontinental bio-geographic scale produces
spatially segregated evolutionary developments. Younger restored areas or sites are often
relatively small and isolated, which makes them especially sensitive to problems associated with
habitat fragmentation. Habitat fragmentation occurs when continuous areas of habitat become
disconnected by natural or human causes (for example, building roads through a forest).
Fragmentation generally leads to small, isolated patches of hospitable habitat. Pioneer habitats
support fewer species and smaller populations, which are at greater risk of inbreeding and local
extinction. Fragmentation may also intensify negative edge effects on younger generations. For
instance, invasive weeds are more abundant along forest edges, so younger forests with narrow
width are more likely to be invaded (Palmer et al 2005). Higher numbers of individuals are
expected in the older forest (Munro et al, 2009). This size class can represent an intermediate

layer between canopy and shrubs. Hence, this layer may reflect increased structural complexity
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of the natural forest. Although structural complexity may increase with age of planting (Munro et

al. 2009), it is likely that this change may take much longer in restoration sites.

The species richness and number of regenerating individuals were better explained by the
increase of forest width. For tree species richness, it was verified that the total number of trees
and the richness of climax species are higher in wider forests (Metzger etal. 1997),

corroborating with our results.

Disturbances are environmental changes that alter ecosystem structure and function. Common
disturbances include logging, damming rivers, intense grazing, hurricanes, floods, and fires.
Ecosystem restoration is defined as “a process of reversing the degradation of ecosystems, such
as landscapes, lakes and oceans to regain their ecological functionality; in other words, to
improve the productivity and capacity of ecosystems to meet the needs of society. Worldwide, an
estimated 2 billion ha of forests are degraded with roughly half in tropical countries (FAO,
2010). Plants of the riparian forest have numerous morphological, physiological and

reproductive adaptations for life in variable environments.

Specific adaptations include those related to flooding, sediment deposition and physical abrasion.
Riparian forest serves as physical barriers against transport of solid particles and substances into
water bodies thereby preventing silting and contamination. It helps to provide thermal, physical
and chemical balance of water bodies, quality water, source of food for animals, shelter and
reproductive place. It helps in nutrient cycling, flooding possibility, pollution and loss of

biodiversity.

Riparian zones are very important in ecology, environmental resource management and civil

engineering because of their role in soil conservation, their habitat biodiversity, and the influence
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they have on fauna and aquatic ecosystems, including grasslands, woodlands, wetlands, or even
non-vegetative areas. In some regions, the terms riparian woodland, riparian forest, riparian

buffer zone, riparian corridor, and riparian strip are used to characterize a riparian zone.

Invasive species may impose additional constrains to the establishment of native species in areas

undergoing restoration with more opened canopy, and future studies on this issue are needed.

In the State of Minas Gerais, the situation is not different from that found in the rest of the
country, with human activities being the main factor in the loss of riparian forest. This type of
forest formation, in general, constitutes the main barrier for pollutants that would be carried into
the watercourse, influencing the quantity and quality of water, and, consequently, the aquatic
fauna and the availability of fishing resources (Martins et al, 2007). The forest also plays other
relevant roles for human societies, such as offering a place for recreation, meditation, fruits,
fibers, construction material and medicinal products, in addition to cycling water and nutrients,

including carbon, an important greenhouse gas (Millennium Ecosystem Assessment, 2005).

5.0 Conclusions

Monitoring the efficiency of forest restoration processes is important to ensure
environmental integrity and the important ecological services provided by riparian forests. We
found that some structure attributes can be recovered in the first decade of forest restoration.
Other ecological indicators, however, may require more time (over than two decades) to recover.
These early ecological attributes can be used to monitor and evaluate the efficiency of

reforestation process in the early stages.

Moreover, we found that the increase of reforest strip width promotes the recovery of
more ecological indicators.
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