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RESUMO

SAFAR, Nathdlia Vieira Hissa, M.Sc. Universidade Federal de sdiconarco de
2018.Mudancas nos atributos do solo e vegetacao durante a sucesséao de florestas
de tabuleiro no Brasil. Orientador: Carlos Ernesto Goncalves Reynaud Schaefer.
Coorientador: Luiz Fernando Silva Magnago.

Disturbios antrépicos, como a fragmentacdo e o desmatantausam a perda de
biodiversidade e estoque de carbono, afetam a producédo de seegpdhasam
mudancas drasticas no microclima no chéo da floresta o qtee adindmica dos
nutrientes do solo, e consequentemente, afetam o funcionaroertossistema#\pos
uma floresta sofrer distirbio se inicia um processo de sucess@imdaria, que
envolve mudancgas nas comunidades de plantas e animais (pnesipabrtropodes),
no estoque de carbono, producéo de serapilheira e nas propriedsdés doMata
Atlantica brasileira € uma das florestas tropicais maersias e ameacadas do mundo,
e sua paisagem é composta principalmente por pequenos fragqmensasencontram
em algum estadio de regeneracdo devido a impactos humarszigmsEsses
fragmentos em regeneracdo desempenham um importante papeligagao do
carbono e na conservacao da biodiversidade. Para investigar as mudamggs da
sucessao e a resiliéncia de florestagabuleiro, nés estabelecemos trés objetivos
principais: (i) avaliar os efeitos do corte raso, com remogéd das arvores, nas
propriedades quimicas do solo e sua resiliéncia; (ii) avaliafeit®s da sucessédo na
riqueza e composicao de arvores e formigas, estoque de carboratniad do solo,
nos componentes do solo (C organicoAP* e soma de bases); e (iii)) o tempo que as
florestas de tabuleiro em regeneracdo levariam para atiegniveis de florestas
maduras préximas, para cada parametro. Este estudo foi conduzidorestagio
preservadas florestas em regeneracdo do norte do Espirito Santo, Brasiktiteyia

0 objetivo (i) analisamos e comparamos dados de solo (pH3*PKAIC&* + Mg??),
coletados em dois momentos (1978, 2017), de uma floresta madura (¢@ntnoia
floresta proxima que sofreu corte raso como parte de um experimdotagyderazo
realizado em 1980, na Reserva da Vale (Espirito Santo, Bragi§.d®agir os
florestas maduras e onze florestas em regeneracdo com diferentesdihidiesidas
nas regides Norte do Espirito Santo e Sul da Bahia, Bisihvaliar os efeitos do
corte raso nas propriedades do solo, nossos resultados ramostfae nao houve

diferencas significativas entre os tratamentos para nenhunoohp®oentes do solo
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(LMM; p>0.05). Sendo assim, ambas as florestas apresentaram a mesmaald@mi
solo ao longo dos 39 anos: aumento de pH (LMM; p<0.01) e dimowaiedl3*
trocavel ao longo dos anos (LMM; p<0.001), auséncia de mudancas niesdeivg

K* e C&* + Mg?* (LMM; p>0.05). Estes resultados sugerem que o P disponivel e as
bases trocaveis, ‘e C&* + Mg?*, sejam resistentes ao corte raso de arvores. Outros
estudos comparando estes resultados com a dindmicavdess&hs mesmas areas
ajudardo a esclarecer e entender o padréo encontrado. Alénadiasaliar os efeitos

da regeneragé&o nos atributos florestais, encontramos relagitesp@ significativas
(p<0.001) entre a idade do fragmento e a rigueza e composi¢ao arboreppaicao

de espécies de formigas e o estoque de carbono total e acgob,dsugerindo que
estes parametros podem ser usados como indicadores derag&apiorestal. No
entanto, ndo encontramos relacao entre as propriedades do setaeo da sucesséo
(p>0.05). Este estudo prevé que as florestas de tabuleiro em eg@g@névariam
cerca de 57-126 anos para recuperar a rigueza e composicao desekpéciores e
formigas, e levariam muito mais, cerca de 188 anos para recupstagae total de
carbono. Além disso, essas florestas estao potencialmgonessando 1.04 Mg C ha

L yri, portanto contribuindo com um importante servico ecossistémpie é o
sequestro d€0O.. Nossas descobertas sugerem que a rigueza de formigas e os solos
de florestais ombréfilas do norte do Espirito Santo podenesstentes distirbios
antropicos. Por fim, nossos resultados mostram que as flodestebuleiro sdo
resilientes, porém levariam aproximadamente de 50 a 200 anosqugerae 0 estado
original de biodiversidade e funcionamento ecossistémievidenciando a
necessidade imediata de desenvolver estratégias para selece&asaicé@m maior

potencial de regeneracdo natural.
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ABSTRACT

SAFAR, Nathdlia Vieira Hissa, M.Sc. Universidade Federal de Vigosa, M20dI3.
Changes in soil and vegetation attributes during lowland Atlantic foret
succession in Brazil Adviser: Carlos Ernesto Goncalves Reynaud Schaefer. Co-
adviser: Luiz Fernando Silva Magnago.

Human disturbances, such as fragmentation and clear-cut loggumsg the loss of
biodiversity and carbon stk, affect litter production, cause microclimatic changes
the forest floor, which affect soil nutrient dynamics, and conselyuaffect the
ecosystem functioning. After a disturbance the process afndary succession
begins, which involves changes in plant and animal comma(mainly arthropods)
carbon stok, litter production and soil properties. The Brazilian Atlantic foresine
of the most diverse and threatened tropical forest invtiréel, and its landscapes are
mainly composed by small fragments that are in some sthgecovery from past
human disturbance. These second-growth fragments have an impogantaaibon
mitigation and biodiversity conservation. To investigate ¢hanges during forest
succession and the resilience of lowland rain forests, wéliesied three main
objectives: (i) to assess the effects of whole-tree loggingstaclearance on soil
properties and their dynamics; (ii) to assess the effecttantl age on tree and ant
species richness and composition, aboveground andQgiabl, and soil nutrients
(organic C, P, A and sum of bases) and (iii) to estimate the time secondary lowland
forests take to reach the mature forests levels for each g@ranthis study was
conducted in old-growth and second-growth lowland rain forests fnorthen
Espirito Santo State, Brazil. To accomplish the objectiyewe analyzed and
compared soil datgpH, P,Al%*, K*, C&* + Mg?*), collected in two moments (1978,
2017), from an old-growth forest (control) and one adjacent forest thatleaasd as
part of a long-term experiment performed in 1980, at the Vale NaturakriRe
chronosequence approach with two old-growth and 11 secondkgfovdsts at
different ages, distributed in the northern Espirito Santosanthern Bahia States,
Brazil. When assessing the effects of forest clearance on spdries, we found no
significant differences between treatments for any soil compdh#tivl; p>0.05).
Thus, both forests showed the same soil dynamic along the 89 gkaterval
increasing pH (LMM; p<0.01), and decreasild* over the years (LMM; p<0.001),
and no changes in P,*KandC&* + Mg?* (LMM; p>0.05). This result suggest that
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available P, and exchangeable basgsd&* + Mg?* may be resistant to whole-tree
removal Further studies comparing our results regarding the effectsastidearance
on soil properties with the long-term tree dynamic of sinfdeested areas will help
to clarify and understand the pattern found. Moreover, whensiisgdbe effects of
forest regeneration on forest attributes, we found positive significelations
(p<0.001) between stand age and tree species richness and compotitspecaes
composition and carbon pool (total and aboveground), suggesting s th
parameters can be used as indicators of forest recovery. Howexegund no
relationship between soil properties and forest regeneration (p>0.05)stlidig
predicts that secondary lowland rain fosasbuld take several yea(57-126 yr) to
recover species richness and composition, and much longer, 188 yr to recover C pool
and that these forests are potentially sequestering 1.04 M&y€hahus contributing

to the important ecosystem serviceCdd, sequestration. Our findings suggest that ant
species richness and soils of lowland forests can beamsist human disturbances
Finally, our results indicate that lowland second-growtledts are resilient, but it
would take approximately 50 to 100 years to recover the origiatd of biodiversity
and ecosystem functioning, evidencing that we urgently need téogesteategies for

selecting areas with highest natural regeneration potential.



[. Introducéo Geral

As florestas tropicais estdo sujeitas a diversos disgid@ntropicos, como o
corte seletivo, desmatamento e a fragmentacdo (Malhi, &0dK4). Estes disturbios
causam a perda de biodiversidade (Laurance et al., 2002; Gibsp8@t & Newbold
et al., 2015)adiminuicdo dos estoques de biomassa e carbono das flgMatasago
et al., 2015; Baccini et al., 2017) e mudancas drasticas no micraotirchdo da
floresta que afetam as propriedades fisicas, quimicas e bisl@gicolo (Covington,
1981; Johnson et al., 1991; Dahlgren and Driscoll, 1994; Guariguata and @)sterta
2001). Por essas razdes, o desmatamento e a degradacdo das flopistés $40
especialmente danosas ao meio ambiente e ao funcionamersisténuso.

Apés um disturbio a floresta inicia um processo de regeneraté@@inaue
envolve mudancgas na estrutura e composicdo das comunidadessvéQevaira-
Filho et al., 1997; Liebsch et al., 2008; Magnago et al., 2011; Lasiy, €014), na
producéo de serapilheira (Lohbeck et al., 2015; Huang et al., 2017), nasdadesie
do solo (Covington, 1981; Reiners et al., 1994; Magnago et al., 2011; éewais
2014) que podem ser usadas como indicadores da qualidade do solo e do
funcionamento ecossistémico (Schoenholtz et al., 2000), e nasnidaches de
formigas (Dunn, 2004; Schmidt et al., 2013; Solar et al., 2016). Durante ad&ucess
secundaria a riqueza de espécies tende a aumentar (Lielzdc2608; Schmidt et
al., 2013), bem como o estoque de biomassa (Lohbeck et al., 2015pKlehdd.,
2016; Poorter et al., 2016), os nutrientes e a matéria organica dCsoelngton,
1981; Brown and Lugo, 1990; Lewis et al., 2014). As florestas em regens&gao
consideradas eficientes sumidouros de nutrientes e carbondo dewiseu alto
potencial de produtividade (Gower et al., 1996) e elas apresentamltartaxa de
producao de serapilheira (Brown and Lugo, 1990) que é a maior fontesfer&ania
de nutrientes para o solo (Capellesso et al.,, 2016) através da sugpdsicao e
lixiviagao.

A trajetoria de sucessao das florestas pode ser investifad@sade duas
abordagens: dinamica e cronossequéncias (Chadzon et al., 2007). A primésta cons
em monitorar a mesma area ao longo do tempo, e a segundaecensiordenar as
florestas em regeneracdo em uma ordem cronoldgica, florestagjestasferem
guanto ao tempo desde o disturbio ou abandono, mas que ocorrgmsdetsolos

similares e estao sujeitos a condicbes ambientaitasis (Chazdon, 2014). Ordenar



as florestas em regeneracdo em uma ordem cronolégica permiteapiegaac longo
de uma sequéncia sucessional, portanto essas abordagensaémilizabas em
estudos de mudancas temporais em comunidades vegetais (Latbaick2012;
Buzzard et al., 2016; Poorter et al., 2016; Rolim et al., 2017), comunidades\@dmo
(Schmidt et al., 2013), producéo de serapilheira (Huang et al., 2017) eprdadades
do solo (Feldpausch et al., 2010; Walker et al., 2010).

Além disso, essas abordagens podem ser usadas para se avalka de
recuperacao, ou resiliéncia, de atributos florestais, riqueza de espécidisladierdio
solo, por exemplo, apds um disturbio. Resiliéncia é a cagueide um ecossistema
de retornar a um estado semelhante ao original, antesistiohtb, onde sua
performance ndo é significativamente diferente daquela antiatistarbio, em
relacdo a composicao de espécies, estrutura florestal e furnpdsistémicas (Blanco
and Lal, 2008; Thompson et al., 2009). A taxa de recuperacéo e a majetéticessao
de uma floresta s&o influenciadas pelo clima (e.g. precipitac@mperatura),
propriedades do solo (e.g. capacidade de retencéo de agua, porositiadadde,
historico do uso da terra e a colonizacgdo inicial (Lal, 1997; Queta and Ostertag,
2001; Chazdon, 2014). No entanto, devido a combinacdo dos fatore®maeosi
acima e do nivel de degradacao, nem todos os ecosssstémcapazes de se recuperar
naturalmente quando o disturbio cessa (Blanco and Lal, 2008).

Em geral, pouco se sabe sobre a resiliéncia de florestas oasdbifobre os
efeitos de disturbios como o corte raso nas propriedades quidtcsslo e sua
resiliéncia, resisténcia ou sensibilidade a este tipo defuiist Portanto, objetivo geral
deste estudo foi entender a dindmica das propriedades ddcotmnponente arboreo,
do estoque de carbono e da mirmecofauna ao longo da sucesd@mda sua
fragilidade e resiliéncia. Para isso nés selecionamos flerestaroéfilas maduras e
em regeneracdo no norte do Espirito Santo, Brasil, que é unmagi@ss de Mata
Atlantica mais bem preservadas, abrigando uma alta riquezgpéeies e endemismo
(Ribeiro et al., 2009). Para uma melhor compreensdo dos objgtivpsstos, a
presente dissertacdo foi dividida em dois capitulos. No pdmeapitulo nés
investigamos os efeitos do corte raso, com remocéo totahd@es, nas propriedades
guimicas do solo e sua resiliéncia. No segundo capitultamad a resiliéncia da
riqueza e composicao de espécies de arvores e formigas, giseedéocarbono, e de
nutrientes solo, e estimamos o tempo que as florestasgameracao levariam para

atingir os niveis de florestas maduméximas Dessa forma, cada capitulo traz em



detalhes informacdes sobre cada area de estudo e metodolagadasgbara coleta,

processamento e andlise dos dados.
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l1l. CAPITULO |

37 YEARS OF FOREST SUCCESSION AFTER CLEAR-CUTTING A
LOWLAND ATLANTIC FOREST SHOWED LITTLE CHANGES ON SOIL
PROPERTIES

ABSTRACT - The Atlantic forest has only 7% of its original coverage due tog lon
history of disturbance, and it has an important role for bioslitye conservation.
Clear-cut forest logging can cause microclimatic charajdake forest floor, affect
ecosystem functions, forest productivity and, ultimately, dy@acity of a forest to
recover from it. Hence, it is important to understand how farestrance can affect
the content of nutrients that are important for primary prodtge and, hence, for
Atlantic forest to regenerate naturally. To assess thetknng{37-yr) effects of forest
clear-cut on soil properties, an experiment was performed inih980ich one area
of an old-growth forest was cleared wiitl tree logging removalwhereas an adjacent
forest area was left intact as control. We also aimeddertain ifthe studied nutrients
are sensible, resistant and/or resilient to whole-tree remidead we comparelata
from both areas collected two years before (1978) and 37 years (J¢7}ha
experiment, in order to assess changes in chemical soil pespgt, available P,
exchangeabledl®*, K*, Ca&* and Mg*) over the years. We found no significant
differences between treatments for any soil component (LMM; p>0.0%)nan
significant changes in P,*andC&"* + Mg** (LMM; p>0.05) levels over the years, in
any area. On the other hand, pH increased (LMM; p3@0d AF* decreasedver the
years (LMM; p<0.001) in both areas. Overall, we show that deforestation dtieema
lowland forest on very weathered soils do not cause signifepparent effects on
chemical soil properties after 37 of regeneration. Our study suggaests,tk and
Ca&* + Mg?* may be resistant to forest clearance. Further studiesazorgmur results
with the long-term tree dynamic of similar forested areas kélp to clarify and
understand the pattern found.

Keywords: clear-cut; secondary succession; nutrient dynamics; resilsoit
properties



1. Introduction

Human disturbances, such as forest clearing, contribute to faagstentation
and cause drastic changes in the physicochemical propertiesesf soil, affecting
soil quality and resilience (Lal and Cummings, 1979; Johnson et al., 88lgren
and Driscoll, 1994; Guariguata and Ostertag, 2001). Depending on thsitintend
frequency of the disturbance, soil properties may be affected lnasu@y, through
compaction, sealing, leaching, salinization, acidification anddbgartility, that can
lead to soil degradation (Oldeman, 1991; Lal, 3989am and Weil, 200Blanco and
Lal, 2009. In this case, forest productivity and ecosystem functionaféeeted and,
ultimately, the capacity of an ecosystem to recover after disturb@tebentan, 1991;
Lal, 1997; Wall, 2012; Chazdon, 2014

Following disturbance, forests begin a process of natural resgeare which
involves changes in plant community (e.g., Liebsch et al., 2008) and in gm@ipes
(Covington, 1981; Reiners et al., 1994; Lewis et al., 20IHe initial successional
vegetation helps to prevent nutrient losses by takingem$r from soil and storing
part of them into their biomass (Zuazo and Pleguezuelo,)2808ajor portion of
absorbed nutrients returns to soil mainly through the decotposif litter and
through leaching (Attiwill and Adams, 1993). Nutrients can alsomeo soil through
stemflow and throughfall (Parker, 1983), contributing to the nbtleaelopment of
forest floor. During secondary succession, the rate of litter praiutetindgo increase
while the turnover rates of nutrients decrease (Brown and Lugo, 1%88d#ing to the
accumulation of nutrients and organic matter in the forest #od soil (Covington,
1981; Brown and Lugo, 1990b). On the other hand, in preserved mature fohests,
only small-scale disturbances occur such as treefalls (Chazdon, 2@14dil usually
retains its natural properties (Osman, 2013).

The properties of forest soil determine the availability ofewand nutrients
root penetration, the amount of oxygen and other gase®isdh and affect the
growth and distribution of tree species (Osman, 2013). Hencerepitrties can be
used as indicators of soil quality and of ecosystem funagp(bchoenholtz et al.,
2000. The pH is an important component of soil solution, since itctféhe ion
exchange, and the mobilization and availability of nutrientsldats (Schoenholtz et
al., 2000 Osman, 2013; McCauley et al., 2017). Nutrients such as'PC#&* and
Mg?* are used to produce biomass (Vitousek, 1982), and these excharogsds,



together withAl®* are considered nutrients that might limit net primary prdadoct
(Vitousek and Sanford, 1986). Hence, as these soil chemical contpdinghplant
growth and distribution, they affect capacity afforest to regenerate naturally
(Laurance et al., 1998 oran et al., 2000; Osman, 2013; Chazdon, 2014).

Studies on the impacts of clear-cut logging on forest so#s, pinoperties and
dynamics are still scarce, but they are of key importancerderstanding the long-
term implications of forest disturbances on soil quality andstaregeneration, for
assessing the fragility and resilience of tropical saild for promoting sustainable
management of soil resourca@$ie Brazilian Atlantic Forest has lost about 88% of its
original cover over the last 500 yeadsie to exploitation, and the expansion of
agriculture and urban areas (SOS Mata Atlantica, 2017), dmas ian important role
for the conservation of biodiversifMyers et al., 2000). In this contextjs important
to understand how forest clearance can affect the long-term dyoeamitrients that
might limit primary productivity, and hence, affect the cayaaf the Atlantic forest
to regenerate naturally.

In this studywe investigate the long-teri{87-yr) effects of forest clearance on
soil pH, exchangeable cationslt, K*, C&* and Mg*) and available P. For thatew
compared soil data from an uncleared old-growth Atlantic fafesttrol) anda
second-growth Atlantic forest (e.g., forest that was clear-cdtleft to regenerate
naturally), collected in two moments: two years before (1978) an@&3 wafter the
cut (2017). Based on our findings, we also determine if the studitcnts are

sensible, resistant and/or resilient to whole-tree removal.
2. Methods
2.1. Study Area

The study was conductedithe Vale Natural Reserve (VNR) in northern Espirito
Santo State, Brazil (19° 9'13.75"S, 40° 4'17.69"W, Fig.S1is iE@serve has a total
area of ~22000 ha and is one of the largest fragments of AtlRotest Coastal
Tablelands, or lowland rain forest (IBGE, 2012). The climatéAi’ (tropical rain
forest) according to thikdppen system, and thainy season occurs between October
to March, with mean annual precipitation of 1250 mm, and meaximum
temperature about 33.5°C (Engel and Martins, 2005). The predominahymoilk
generally deep, acid, highly weathered and nutrient-p@dlow Argisol (Ultisols)
(Embrapa, 2006).



2.2.Experimental design

The experiment was performed in 1980 inside an old-growth foresbasdted
in establish five 100x50 m permanent plots (0.5 ha) (A-E) in twontesats: control
and clear-cut. The control consisted of five unmanaged pi@s pld-growth forest,
totalizing 2.5 ha that were left uncut. The clear-cut treatemmisted of clearing five
plots (2.5 ha) in an old-growth forest, cutting all trees, liana$ @imbers and
removing all tree trunks and branches, leaving only debris composed of thindsranch

and leaves on the forest soil. Thoeest was then left to regenerate naturally.
2.3. Soil sampling
Soils samples were taken 2as before(1978)and 37 gas (2017) after the

experiment. We collected randomly oo@mpound sample of five single samples in
each plot, within the depth of 0-20 cm; however, in 1978 the samplestaken from
the 0-40 cm depth. Hence, to correct the differences inentittontent between the
depths, we recalculated the nutrients content of the firtatioin (1978), based on
the nutrients proportion found in soil profiles from the study araat(s et al., 2004);
standardizing all samples at the depth of 0-20 cm. The 204dfied samples were
sent to the Soil Laboratory of the Federal University of ¥écdor chemical and
physical analysig¢texture) Soil chemical characteristics were obtained as follphs:
using on a 1:2.5 soil:deionized water ratio; exchangeabi® @’ and AF*, by

extraction with 1 mol L KCI; P andK* by extraction with Melich-1 (Embrapa, 1997)
2.4. Statistical analysis

To verify the effects of treatment and time on soil compon&msompared the
soil nutrients content from samples taken in 1978 and 201lfheimncleared old-
growth forest and in the cleared forest (second-growsihg Linear Mixed Model
(LMM), package‘lme4. Forest treatment and time were used as the explanatory
variables. As trajectory experiments show problems witke tdependence, each plot
was considered as the random factor. In order to determina wioidel were the most
important to explain changes in soil nutrient contents, wk a#l regression models
using the Akaike information criterion corrected for smathpkes (AICc). For that,
we used the R function ‘dredgé from package ‘MuMIn’ to create all possible
combinations of variables and rank the models based onARdéCc and AICc
weights. We only considered the models wvitiiCc < 2 as the best supported models.

All analyses were performed in the platform R, version 3.3.1 (R Core Team, 2016).



3. Resuts

The soil texture samples of 2017 from both areas, control and clear amgdsho
alow content of silt (~2%), clay (~ 11%), and fine sand (~14%), and a high coftent
coarse sand-(f 3), indicating that the natural soil of these areas varies from gandy
loamy sandy soil (Table S1). Overall, theé ¢ontent did not changél3* content
decreased and the pH increased over the years, regardless foresnteahereas
the contents of P and &a+ Mg?* showed a decrease in the control and an increase in
the clear-cut area after 39 years (Table 1).

Table 1: Analytical results of soil analyses for bodatments in a Lowland rain forest
at the Vale Natural ReserveES, Brazil.

Control Clear-cut

1978 2017 1978 2017

Mean ;S.D. Mean ; S.D. Mean ;S.D. Mean ;S.D‘
pH H0 472 0.22 5.02 0.39 472 0.31 5.11 0.36
P (mg/Kg) 220 1.35 1.82 0.48 1.32 0.49 1.98 0.87
Exchangeable soil componerftsnok/kg soil)
Al3* 0.34 0.22 0.08 0.13 0.29 0.14 0.04 0.05
Ca&* + Mg?* 2.24 0.99 1.46 0.75 1.56 0.91 1.66 0.71
K* 0.05 0.05 0.05 0.02 0.05 0.03 0.05 0.01

We present the best-supported linear mixed models for eachhsoiical
response variable, selected based on the AAICc (<2) (Table 2). Overall, we have found
no significant differences between treatments for any nut@ment, neither pH. The
content of A¥ decreased (LMM; F1s = 28.00, P < 0.001, Fig.1A) and the pH
increased (LMM; k18= 10.97, P < 0.01, Fig.1B) over the years. On the other hand,
despite the observed changes in all nutrients levels over the yearentbnt of P, K
and C&" + Mg?* did not change significantly over the years.

Table 2 Linear mixed model results for the impact of forest clearancéeimedon soil

properties in a mature and second-growth lowland forest (mortEspirito Santo
State, Brazil). Only models withAICc lower than 2 are shown.

Best Model Intercep! Treatment Year df logLik F AICc weight
Al~year+(1|rep) 0.32 -0.257* 4 13.23 28.0C -15.8 0.761
pH~year+(1|rep) 4.72 0.345* 4 -2.27 10.97 15.2 0.766
P+(1|rep)~null 1.83 3 -24.97 57.4 0.609
K+(1|rep)~null 0.05 3 42.89 -78.3 0.683
Ca_Mg+(1|rep)~nu 1.73 3 23.80 55.1 0.574
*=p<0.05
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Figure 1. Soil nutrient contentsA( Aluminium; B. pH HO) sampled in five 100 x 50 m plots in one
second-growth forest patch (treatment clear-cut) and one mfarest stand (control) in the Vale

Natural Reserve, northern Espirito Santo State, Brazil. The conteplrissented by the blue circle and
the clear-cut treatment by the red circle.

4. Discussion

Understanding the resistance and or resilience of soil propafteeslisturbance
in tropical forests is important due to the relation etlest productivity (REFS). Here
we are showing for the first time, using a robust and long-term data (afyeaB¥ of
cutting), that the local deforestation of a mature lowlamestoon nutrient-poor soils
caused no significant effects on chemical soil properties, after 37 yeargiof. We
found that the amounts of P Knd C&*+ Mg?*did not change over the years, whereas
the AI®* decreased and pH increased over the years in both areasedtits are
consistent with those reported in other studies elsewhere,asuthe increasing pH
(Allen, 1985; Reiners et al., 1994), decreagity (Silver et al., 1996), and no changes
in available P (Allen, 1985), exchangeablé(Rovington, 1981) an€&* + Mg?*
levels (Reiners et al., 19P4long forest regeneration. Hence, these results together
with those reported here suggest that B,&2* and Mg* levels can be resistant to
whole-tree removal.

The exchangeable bases'(IC&*, Mg?*) did not change along the years in the
control, probably because in preserved mature forests only-scade disturbances
occur, such as tree falls, causing little or no soil disturbai@eszdon, 2014). In the
cleared forest, an initial loss of nutrients probably occurreslithh leaching, due to
vegetation removal (Zuazo and Pleguezuelo, 2008). However, tiaeasi@blishment

of rapidly-growing species that quickly accumulates biomass evucial to prevent
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further nutrient losses (Zuazo and Pleguezuelo, 2008; Chazdon, ROZefy infertile
sandy soils like the one studied, a large part of the nutriecit & concentrated, not
in the mineral soil, but in the plants (Moran 2000). Besidesdéw®mposition of
easily decomposing early litterfall (Covington, 1981), produced thyy early
successional species, contribute to the input of organic maattienutrients on forest
soil. During the first 30-40 years following clear-cutting, occur aroagptial increase
of living biomass (Whittaker et al., 1974), the recovery of the biogedcheaycles,
due to the increasing capacity of an ecosystem to trap andutoihts (Odum, 1969)
increasing litter production and decreasing turnover rates of mistr{8rown and
Lugo, 1990a). Therefore, the initial nutrient loss in the cleéoezst was probably
balanced by inputs via the decompositioritbér, what may explain why K C&*,
Mg?* did not change after 37 years of cut. Moreover, although a considerabletamou
of P is release to the soil when a forest is cleared, thiable P pool is short lived
(Allen, 1985), so that this input is hardly detected, helping to explaynPnevels did
not change significantly over the years.

The increasing pH indicate that acidity decreased overdaes yin both areas
Although we did not compare the dynamics of soil organic m@t@Mm) in this study,
due to lack of information regarding organic matter in the firstpliagn (1978), it is
known that it can affect both pH and®Alevels. Hence, understanding how the SOM
affects these components may help to explain the dynammd f@everal studies have
showed that the amount &0OM increases during forest regeneration (Brown and
Lugo, 1990a; Reiners et al., 1994; Rhoades et al., 2000; Silver 20@0,, Lopez-
Ulloa et al., 2005; Marin-Spiotta et al., 2008; Lewis et al., 20IH¢ addition of
organic matter@M) decreases the soil solution acidity, probably due to the redéase
more organic anions during plant residues decay, causing an inanessié pH
(Ritchie and Dolling, 1985; Xu et al., 2006). This suggest that the incgealdimay
be attributed mostly t8§OM increment.

Exchangeable aluminium increased over the years in both Ateasgiven pH,
the addition of OM contributes to the formation of Al-organic teratomplexes
causing a reduction of aluminium in soil solution (Bloom et al., 1979; Vdoddswift,
1995), suggesting that Zldecreased due to an OM increment. On the other hand,
aluminium solubility is very sensitive to pH alterations, sa &i&" solubility greatly
decreases when pH reach values close to 5.2 (Walker et al., 199@nytweriation

in pH in the range of 5.2 will lead to an increase or decreasEoiMore specifically,
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pH influences the binding betwe&h®**and OM, which has a strong affinity for each
other (Bloom et al., 1979), in a way that higher pH values dectbasgluminium
capacity to bind to OM (Tipping, 2002), resultiiny precipitation of solubleAl3*
forms. Therefore, the reduction AF*in the present study over the years may be due

to increased pH, following the presadaccumulation 0SOM.
5. Conclusions

Deep weathered sandy soils of the Atlantic lowland rainstdnave very low
nutrient availability, which can limit the absorption aftments and the regeneration
of the second-growth forest. Further studies comparing our resuitsheitong-term
tree dynamic of the same forests, will provide a better uradetisty of the pattern
found. The low nutrient mobilization after the 37 years of ession suggests that a
whole-tree removal in these lowland forests does not result in lgygesiof nutrients
to the soil. Finally, in terms of nutrient supply, our long-teratadshowed that
deforestation of a mature lowland forest on nutrient-depletedcsailses no apparent
drastic effects on chemical soil properties after 37 years of negeme This suggests
the very low phosphorus, potassium, calcium and magnesium backgroundamdiow!

rain forest soils may be resistant to forest clearance.
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Table S1:Texture analysis of soil collected in 2017 in an old-growth s(aontrol)
and a second-growth patch (clear-cut) of a Lowland rain fateite Vale Natural
Reserve- ES.

Site Silt (%) Clay (%) Fine sand (%) Coarse sand (%) Soil type
Control

A 2.8 7.4 26 63.8 sand

B 1.7 10.1 9.6 78.6 loamy sanc
C 1.2 19.5 15.9 63.4 sandy loan
D 1.8 12.9 10.8 74.5 loamy sanc
E 1 9.6 11 78.5 loamy sanc

mean; +S.D 1.7;+0.7 11.9;+4.7 14.7; +6.8 71.8;+7.6
Clear-cut

A 1.1 8.5 17.8 72.6 sand
B 1.3 7.4 17 74.3 sand
C 2.9 12 8.7 76.4 loamy sanc
D 2.8 11.3 8 77.9 loamy sanc
E 1.9 10.1 12.2 75.9 loamy sanc

mean; +S.D 2.0;+0.8 9.9;+19 12.7;+4.6 75.4;+ 2.0
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V. CAPITULO Il

RESILIENCE OF LOWLAND RAIN FORESTS: AN ABOVEGROUND
BIOMASS, EDAPHIC AND MULTI-TAXA ASSESSMENT

ABSTRACT - The Atlantic forest is one of the most diverse and thredtaopical
forest ecosystem in the world, and its landscapes are mzontposed by small
fragments that are in different stage of recovery from lpastan disturbance. These
second-growth fragments of varying sizes have an importantrofglon mitigation
and biodiversity conservation. Here we analyse the resdieof second-growth
lowland forests through a chronosequence approach, by asgéssaitgcts of stand
age on the recovery of tree coupled with ant species riclarebscomposition,
aboveground and tot&lpool, and soil nutrients (organic C, P3&nd sum of bases)
and estimating the time needed to recover to mature forgstdde each parameter
We analysedlata collected in two old-growth and 11 second-growth lodvfarests

at different ages, about 130 plots (1.3 ha). We measured and ideallifiexts with
diameteratbreast-height (dbh) > 15 cm; and collected littler and sailpsas (0-20
cm), and leaf-litter ants using Winkler extractohelstudied secondary forests are
potentially sequestering 1.0lg C ha' yri, thus contributing to the important
ecosystem service @0O. sequestration. Second-growth lowland forests would take
several yearg57-126 yr) to recover species richness and composition, and much
longer, 188 yr to recover C pool. These results indicate that botspieees richness
and composition, ant species composition and abovegroumdl@ puld be used as
indicators of forest recovery. Yet, we found no relationshigvéen soil properties
and forest regeneration. Our findings suggest that ant sped¢ieesfand soils from
lowland forest can resist disturbances, and suggest a gersliehoe of lowland
second-growth forests, although they take a long time to retdoweriginal state of
biodiversty and forest structure. This, in turn, highlight the urgent need to pla
strategies for selecting areas with high potential for natural resgjeore

Keywords: Atlantic forest; disturbance; resilience; trees; carbon; soil priepgents
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1. Introduction

Forest ecosystems represent the largest terrestrial carbon reseitvos €Gal. ,
2007) and are a crucial component of the global carbon cycle thphugbsynthetic
processes (Malhi et al., 2002). Among all forest ecosystems, tropicdsfstasd out
for being hostpots for biodiversity conservation (Myers et al., 2Q@Dyarbon stocks
(Bonan, 2008Beer et al., 2010). Yet, tropical forests are subject to sevetabaid
impacts, such as fragmentation, deforestation and selective dofdimlhi et al.,
2014), which result in the loss of biodiversity (Laurance et al., ;2B et al., 2007,
Gibson et al., 2011; Newbold et al., 2015; Barlow et al., 2016) andskeofdarge
amounts of carbon in the form of the greenhouse gas @Wiich is reflected in the
decrease in forest biomass storage (Magnago et al., 2015; Bacaini2917). For
these reasons, deforestation and degradation of tropical forests arallyspacnful
to the environment and ecosystem functioning.

These impacts trigger the process of natural regeneratiomviohtes changes
not only in the structure and composition of plant commuriitivéira-Filho et al.,
1997; Liebsch et al., 2008; Magnago et al., 2011; Lasky et al., 2014), but also in litter
production (Lohbeck et al., 2015; Huang et al., 2017), soil properties (Baodn
Lugo, 1990; Magnago et al., 2011; Lewis et al., 2014) and arthropodsaldages
such as ants (Dunn, 2004; Schmidt et al., 2013; Solar et al., 2016). Duong @sc
succession, species richness tends to increase (Dunn, 2004e&allve2004; Liebsch
et al., 2008;), as well as the aboveground biomass (Lohbetk 20E5; Chadzon et
al., 2016; Poorter et al., 2016), soil fertility (Brown and Lugo, 1990) ancsyainic
C concentrations (Brown and Lugo, 1990; Lewis et al., 2014); but therinedry
productivity tends to decrease with stand age (Gower et al., 1986;dR al., 2004).
The rate of forest recovery and the succession trajectorinuenced by climate
(e.g., precipitation, temperature), soil properties (e.g., water retentwosity,
fertility), land use history and initial colonization (Guariguand Ostertag, 2001;
Chazdon, 2014). Thus, not all ecosystems are able to recover Iyataitai
disturbances cease due to the combination of the factorsomeshéabove (Blanco and
Lal, 2008.

Forest successional trajectories can be investigated theoeghonosequence
approach (Buzzard et al., 2016; Chazdon et al., 2016; Huang et al, P2iitier et
al., 2016). This approach consists in arranging second-growth fdrasthfter in the
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time since disturbance or abandonment, but occur on similar soil typeseasubject
to similar environmental conditions (Chazdon, 2014), in a chronologgtpuence.
This arrangement allows comparisons across a successemqanee, based on
changes in parameters that are affected by disturbance, sst@ndsattributes (e.g.
aboveground biomass), species richness and soil fertility. Thenasequence
approach has been used to study temporal changes in pfantiotgies (e.g., Lohbeck
et al., 2012; Buzzard et al., 2016; Poorter et al., 2016), ant communities (e.g., Bihn et
al., 2007; Schmidt et al., 2013), litter production (e.g., Huang et al., 20d73cal
properties (e.g., Feldpausch et al., 2010; Walker et al., 2010). Hencepposich
can also be used to evaluate the recovery rate, or resilieacehe capacity of an
ecosystem to recover after a disturbance, retutoiagstate that it is not significantly
different from the pre-disturbance state, in relation to f@®atture and ecosystem
functions) (Blanco and Lal, 2008Thompson et al., 2009of those parameters
following disturbance.

Little is known about the resilience of second-growth forests anduties are
usually focused on one factor (e.g. aboveground biomassjam(e.g. plants or ants)
(Liebsch et al. 2008; Schmidt et al., 2013; Poorter et al., 2016). Wevédhat
different organisms respond differently to environmental disturbancese Istéudies
involving a larger number of groups (e.g. plants, animals, forest struatdraoil
development) (e.g., Dunn, 2004; Silveira et al., 2016; Solar et al., 2016) are
recommended for a more precise and broad understanding of tlencesand
resistance of the ecosystem functioning. Hence, investigatie capacity of
secondary forests to recover afelisturbance or clear cut could help to establish safe
predictions about what would happen to these fragmentsffaretht scenarios of
environment impacts. Effective conservation and managemers gdan therefore be
better designed and put into practice

Several forest parameters are important for ecosystemdnimgf, and in this
study we selected the following: tree and ant assemblagdson stock and soll
properties. Soil propertieetermine the availability of water and nutrients, thetamho
of oxygen and other gases in the soil, affect water ugigksants, and the growth
and distribution of tree species (Vitousek and Sanford, 198&enholtz et al., 2000;
Osman, 2013). Biodiversity is important for the maintenanaxo$ystem processes
and functions (Lefcheck et al., 2015; Brockerhoff et al., 2017). Treedditica to

their importance for biodiversity, thepntribute to nutrient cycling, through nutrients
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uptake and return to soil by the decomposition and leachingjesfdnd wood-debris
(Attiwill and Adams, 1993), and thestore carbon in their biomass, releasing it if
disturbed, and for this reason tharg a crucial component for the regulation of global
carbon cycleBonan, 2008)Carbon sequestration is an important ecosystem service
on the global scale, and it is essential for the baldmteeen atmosphere and
biosphere (Lal, 2008). Moreovemntacan acas ecosystem engineensfluencingsoil
quality and nutrient cycling, and playing an important role in sisdersal and
herbivory(Folgarait, 1998; Del Toro et al., 2012). Besides, as they are noédeby
the vegetation and soil types (Hoffmann and Andersen, 2003), &mepe highly
sensitive to environmental changes and therefore, they le@reused abiological
indicators (Ribas et al., 2012)

In this studywe aimed to evaluate the resilience of the Atlanticsiprehich
harbor a large number of species and high levels of endemisihisbone of the most
endangered forests in the world, remaining only %ot forest remnants abo&
hectares (SOS Mata Atlantica, 2017). Hereewaluated the changes along succession
and the resilience of lowland rain forests of northern Esgianto State, Brazil, by
comparing second-growth forests of various ages with maturstsadata (tree and
ant assemblages, carbon storage and soil properties), usingor@osgguence
approach. Specifically, we aimed to answer the following: vilagipen with these
parameters during forest succes8itgthere a relationship between each parameter
and the forest age? How long do these forests would dateath the values of each

parameters found in a reference forest (i.e., mature f@rest)
2. Material and Methods
2.1. Study region

This study was conducted in old- and second-growth lowfaindforests located
within and neapy the Biological Reserve of Corrego Grande and the NationaltFores
of Rio Preto, both located in the municipality of Conceicédo da Baordéhern Espirito
Santo State, Brazil (Figure IJhe study sites are part of one of the best preserved
regions of the Atlantic Forest, holding 17.7% of its original vegetation (Rile¢ial.,
2009). The vegetation in the study sites is classified as Lowland rast éor€oastal
Tableland forest (IBGE, 2012). The regional climate is tropieat forest“Af”
(Koppen classificationwith annual temperature and rainfall averaging more than

22°C and 4200 mm, respectively, and rainy season occurring between October to
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March (Souza and Resende, 1999). The predominant soil type is chasattasiz
Yellow Argisols (Ultisols) (Embrapa, 2006).
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2.2. Data sampling

We established ten 10x10 m permanent plots (0.1 ha) equidistant 20 m in 13
areas of lowland rain forest, totalizing 130 plots. We sampled two old-growth forests
(M) and 11 second-growth forest (S) patches of different ages, ranging from 7 to 29
years of natural regeneration (Table S1). The distance between the old-growth forests
and the regenerating forests ranged from 1.5 to 12.3 km, with an average distance of
6.9 km. The study areas were chosen and the approximately age of the second-growth
forests (i.e., time since disturbance or abandonment) were both determined based on
Landsat images from Google Earth complemented with information from landowners.
The Atlantic forest landscape is highly complex in terms of physiography and history
(Ribeiro et al., 2009), which makes it difficult to select areas that have undergone the
same type of disturbance and intensity of land-use. Besides, since there are no satellite
images available from before 1970°, we only selected fragments that underwent a
disturbance after this period, so that we could more accurately estimate the age of the

fragments.
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In each plot all living trees with a circumference at breast height (CBH) > 15 cm
— corresponding to a diameter (DBH) > 4.8 cm — were tagged, measured and identified
to species. The updated nomenclature of the specimens was checked at the database
Flora do Brazil (Reflora), following the Angiosperm Phylogeny Group IV guidelines
(APG 1V, 2016). Furthermore, we classified species as endemic or not to the Brazilian
Atlantic, and in threatened categories determined by the National Centre for Flora
Conservation (CNCFlora) following the IUCN convention (data obtained from
http://www.plantminer.com/).

Soil was sampled between April/May 2017. In each plot, we atelieone
compound sample of three single sampling points, atth@ ém depth, takein three
equally spaced points in a diagonal transect across the padizitmf 10 soil samples
per area. The soil samples were air-dried, sieved thro@gimia sieve and sent for
chemical and physical analysis at the Soil LaboratorjhefRederal University of
Vicosa. Exchangeable %l was determined by extraction with 1 mol'LKCI;
available P by extraction with Melich-1 (Embrapa, 1997) and sodrocgcarbon by
the Walkley-Black method (Walkley and Black, 1934). The sum of bases
calculated by the sum of &€a Mg?*, Na* and K. Finally, samples texture was
determined by separating them, using the pipette method, ayqparticles <0.002
mm diameter), silt (0.002-0.05 mm), fine sand (0.05-0.2 mm), and coarse sa@d (0.2-
mm) fractions.

Litter was sampled using a quadrant of 30 x 30 cm that was positioribd i
center of each plot. We collected all the litter (leaves, stewots, seeds) within the
perimeter defined by the quadrant. Afterwards the litter sanvpées dried at the
Herbarium’s (VIC) greenhouse of the Federal University of Vigosa, with temperature
~3(°C and weighed to obtain litter dry biomass (MdgHha

Finally, we sampled leaf-litter ants (Hymenoptera: Formicidae) usingdified
version of the Winkler/Moczarskidlector, a technique that improves extraction of
litter-dwelling insects (Besuchet et al.,, 1987). Here we aled tise 30 x 30 cm
guadrant in the center of the plot where litter was collected to led.slihe litter was
hit repeatedly to break twigs where ants might be nesting. @Hayer of 2 cm of soil
(topsoil) beneath the litter was scratched and all the rahteas added to the sifter.
We took one sample for each plot, totalizing 130 for all areas. $gaple was left to
dry in the "Winkler bags" for two days during which the inseatse collected in an

alcohol pot tied at the bottom of the bags. Ant species werdified using specific
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keys for each collectegenera To unnamed specimens we gave number codes (sp. 1
etc.) or morphospecies codes following those from the ant coleati the
Community Ecology Laboratory (Labecol) at the Federal Unived§itficosa, which

are available on the online platform AntWeb (accessed in htiptsveb.org/). That is,
whenever a given specimen sampled in this work matched an existipbospecies

in the Labecol’s ant collection, we gave it the same code. If a given specimen was not
represented by any morphospecies from Labecol, we created afnewcode. At

least one specimen of each morphospecies was databased orfoha flat\Web.
2.3. Aboveground carbon stock estimation

To estimate the aboveground biomass (AGB) of trees we used Chave et al.’s
(2014 allometric equation for moist forests (eq.1-2). The AGB of trees were sdimme
to obtain live plot AGB and the total AGB (Mg Hawas given as the sum of trees
AGB and litter dry biomass.

IN(AGB) = [-1.803- 0.976E + 0.976In(p) + 2.673In(DBH) -0.0299[In(DBH)F] (eq.1)
E =(0.178 x TS- 0.938 x CWD- 6.61 x PS) x 18 (eq.2)

where p is wood density (g.cm™); E is an environmental variable; PSi®cipitation
seasonality TS istemperature seasonalitgnd CWD isclimatic water deficitBoth
PS and TS were obtained from WorldClim and CWD (in mdliers per year)
(accessed in http://chave.ups-tise.fr/pantropical allgntetm). The species wood
density (g.cr¥) were obtained from the neotropical data of The Global Wood Bensi
(GWD) data base (http://hdl.handle.net/10255/dryad.235). For spbatese could
not find wood density information we used the average of the genus oy;fandlfor
unidentified individuals we used the average wood density of the plot.

To convert AGB into aboveground C storage (AGC) we assume&Q@batof
biomass is made up by carbon (Houghton et al., 2000). The total C isttioégorests
was calculated as the sum of AGC and soil organic C (SOC).

2.4. Statistical Analysis

To determine whether species composition of second-growtistéotend to
become more similar to species composition of mature forkestg auccession, we
computed Chao's Abundance-based Sgrensen similarity index (Cha®608) for
tree and ant species composition using the Estimate®ive&¥4.0 (Colwell, 2013).

The Chao-Sgrensen similarity index has good qualitative amatitative properties



(Barwell et al., 2015), takes into account the relative abundarspeoies, is sensitive
to rare species (Chao et al., 2005; Jost et al., 2011). Ant abunvdasigéven in terms
of number of colonies and quantified by the frequency of occurierhe area, which
means that we cousdlas one occurrence each time a given species (i.e., colony) was
found in a sample (i.e., plot) within the area. This was saus® ants are social insects
and many individuals of a species in a sample does naésadg mean that theig
more than one colony of that species on that same spot @uwain 2010). We then
evaluated the similarity of tree and ant species compositiovebateach secondary
forest and the mature forests. The species composition dfvthenature forests
together is the reference composition to be achieved (100%) along smtcess

We obtained the recovery rate of tree species richness, (@tdemic,
threatened) and composition, ant species richness and caopasitoveground and
total carbon stock of second-growth forests to verify whetthese parameters are
resilient and to assess the timatttinese forests take to reach the values found in the
mature forests (ecosystem reference). First, each parameterhirse@ond-growth
forest was measured as a percentage of the mean of the mature foresiepsu@me
the 100%), as performed by Poorter et al. (2016). Thecheck if these parameters
are recovering during forest regeneration, we performed a logistic segressing
Generalized Linear Models (GLMs) with quasibinomial to correetdverdispersion.
Finally, the recovery rate, or resilience, was estimated baséidearegression line
coefficients, as followsy= exp(a + gx) / (1 + exp(e + BX); where y is the reference
value,a is the intercept is the slope and x is the time to achieve y.

There is a greater variability of the forest soil propertiasray fragments, and
for this reason we performed Generalized Additive models (GAMs;hnare more
flexible models, to assess the effects of stand age angbéproperties. All statistical

analyses were performed using the platform R, version 3.3.1 (R Core Team, 2016).
3. Results
3.1. Tree communities

We sampled a total of 1273 trees classified in 224 species ohbliefy of
which 87 species (39%) are endemic to the Brazilian AtlanticsFarel 51 (23%) are
threatened to some degree (Table S2). The most representatidesfanere
Annonaceae (158 trees), Fabaceae (136 trees) and Anacardiaceae )24 lieee

Fabaceae family showed the highest tree species richitbs3? species, followed by
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Myrtaceae with 25 species, Sapotaceae with 17 species and Aeaenaith 10
species. In addition, the most abundant species Ammena dolabripetald&Raddi (67
trees) anylopia frutescengubl. (51 trees).

The number of species recorded in the old-growth forest stands (@@&0
from 67 to 72, whereas in the second-growth forests (SGFianim 8 to 63 species.
We found a significant increase in the total species rghfég, n=11y= 189.02;P <
0.001, Fig.2a), in the endemic species richnggs, (=17 = 85.06;P < 0.001, Fig.2b)
and in the similarity obpecies compositionyf, n=13= 1.3% P < 0.001, Fig.2gwith
forest age; however, we found no relationships between threadpeeds richness
and forest ageyfq, n=13 = 6.14;P = 0.0578, Fig.2 Therefore, late successional
forests harbor more endemic species than initial forests. Basbe oagression line
coefficients, we predict that these second-growth forestsdwalse ~56 yr to reach
the total species richnesg«-3.62 £= 0.16), ~55 yr to reach endemic species richness

(e=-5.04 p=0.19 and ~65 yr to recover species compositian {5.1; 5= 0.16).
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Figure 2. Relationship between trespecies richness and composition, and stand age using
chronosequence of secondary lowland rain forests. ResilienctabGpecies richness){ endemic
species richnesd); species composition based on Chao-Sgrensen similarity iodexd threatened
species richnessl). Higher values indicate a greater similarity to species richemeg£omposition of
mature forests (maximum, 100). Significant relationships (P < 0.85hdicated by continuous lines;
non-significant relationships (P > 0.05) are indicated by dashed line.
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3.2. Aboveground and total carbon stock

AGC estimates varied more than four-fold among the second{grongsts,
from 15.0 to 68.4 Mg C ha and varied from 205.9 to 363.2 Mg C*hamong the
mature forests. Total C pool, which include the total AGC and SOC, variedifdm
to 90.9 Mg C h&in second-growth forests and from 230.3 to 395.1 Mg €iha
mature forests (Table $3Ve found that total AGC increases with forest agi(
n=11) = 73.58;P < 0.001, Fig.3a) and that, based on the regression line coefficients, the
secondary lowland rain forest would take ~123 yr to recover the aamount oAGC
(x¢=-3.29 p=0.07) stored by mature forests. Similarly, the total C pool alscasere
with forest age«?1, n=19 = 51.23;P < 0.001, Fig.3b), and the secondary lowland rain
forest would take ~188 yr to recover total C poelH-2.22 g = 0.04) of mature

forests.
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Figure 3. Relationship between total aboveground C steglkifd total C stockd), and stand age using
chronosequence of secondary lowland rain ferésgher values indicate a greater similarity to carbon
storage of mature forests (maximum, 100). Significant relationsifips (.05) are indicated by
continuous lines.

3.3. Ant assemblages

We collected a total of 115 ant species or morphospecies42ogenera and 9
subfamilies (Table 94The most speciouse subfamily was Myrmicinae (78 species),
followed by Ponerinae (17 species), Formicinae (7 species)pBurtahae (5 species),
Dolichoderinae (2 species), Dorylinae (2 species), Proceratiinae @espe
Amblyoponinae (1 species) and Pseudomyrmecinae (1 species). The feast ric
genera weré&olenopis17 species)Pheidole(14 species)Strumigenyg10 species)
and Hypoponera(8 species). The speci®asmannia auropunctateas the most
frequent species (collected in 49.2% of the plots), followe&blgnopsisp.2 and
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Solenopsisp.1 (45.4 and 39.2%, respectively), the latter two being the only species
collected in all fragments. Among all species, 42 were found ynaré plot and 11
were exclusive to the mature forests, which @arebarasp.1,Cryptomyrmesp.1,
Discothyrea neotropicaEctatomma edentatunHypoponeraalw06, Mayaponera
constrictg Odontomachusp.1,Rhopalothrixufv-04, Rogeriasp.4,Solenopsisp.5,
Solenopsiufv-32.

We found a significant increase in compositional similaofyant species
assemblageg{u, n=17= 0.364 P < 0.001; Fig.4awith stand age, however, we found
no significant relationships between ant species richness agxt e §%1, n=19 =
15.05;P = 0.068, Fig.4h Based on the regression line coefficients, we predict that
these second-growth forests would tak26yr to recover ant species compositian (

=-0.98 4= 0.05) found in mature forests (ecosystem reference).

100+ 100,
80- 80

-
60 60 »

40 40+ .

20+ 20+

Chao-Serensen similarity index (%)
.

Ant species richness recovery (%)
[

0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Age (yr) Age (yr)

Figure 4. Relationship between ant species richness and composition with standsiage
chronosequences of secondary lowland rain forests. Resilience afsspeciposition based on Chao-
Sgrensen similarity index) and resilience of ant species richndgsligher values indicate a greater
similarity to species richness and composition of mature forgstsximum, 100). Significant
relationships (P_< 0.05) is indicated by continuous lines and non-signifedatibnships (P > 0.05) is
indicated by dashed line.

3.4. Soil properties

The studied soils have textures ranging from sand to saagyarid the contents
of available P, exchangeable Al and SB varied greatly among the fragrsieoiving
no significant increase or decrease pattern with successignepso(TableS3).
Moreover, SOC in the top 20 cm varied from 17.7 Md ba 42.0 Mg h& in the
second-growth forests, and from 24.3 Mgtha 31.9 Mg ha& in the mature forests
(Table S2).We did not find significant effects of stand age on any soil parameter

evaluated® > 0.05 for all variable; Fig. 5a-d).
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Figure 5. The effects of stand age on tt&@ $oil organic carbon stock {g= 0.07,P = 0.798), b)
exchangeable At (Fy.o= 1.493,P= 0.252), €) available P (Fo= 1.323,P = 0.284) andd) sum of bases
(FLo= 1.169,P = 0.308). Trend lines were constructed using GAM and red dashed horizoegal li
represent the mean of mature forests.

4. Discussion

Our assessment of the resilience of different taxa alongaaiton stock and
soil properties, is the first empirical and regional-scale rekea tropical forests, and
represent a crucial step in understanding the behaviarfafest ecosystem along
regeneration. Our findings show that lowland rain forests calughg recover during
forest succession and suggest that ant species richnessibpdogerties can be
resistant to disturbance at regional-scale. Since they ratvehanged significantly
over the years, showing no tendency during regeneration. We consioheplibations
of our results for the conservation of biodiversity and carbonumam-modified

landscapes.
4.1. Forest parameters: resilience and changes during succession

We found that species richness and floristic compositiorh@frégenerating

forests are becoming similar to that of old-growth forests throuly natural
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succession, as also found in other tropical forests stelig., Saldarriaga et al., 1988;
Brown and Lugo, 1990; Guariguata and Ostertag, 2001; Liebsch et al.,\eQy@g@&n
et al., 2009). Under optimal conditions (i.e., lack of disturbancestogme climatic
effects, such as drought events), secondary t®onmeay recover relatively rapidly in
terms of tree species richness and composition, in appretinth-56 and 65 yr,
respectively. Our prediction for species richness recovery is |tveer the 80 yr
reported by Brown and Lugo (1990a) in a compilation of tropical fefesm different
regions of the globe. While the prediction for endemic species rectowerd here is
35 times lower than that estimated by Liebsch et al. (2008)dohtiantic forest. This
huge difference may be attributed to the fact that Liebisah @008) studied different
regions of Brazil, encompassing different types of Atlantic terés.g., Semior
Deciduous Seasonal, Ombrophilous), which are slightly distme¢érms of forest
structure and composition (IBGE, 2012). Whereas we studied Isdteare relatively
close or adjacent to potential sources of propagules (idegroivth forest remnants)
(Chazdon, 2014), restricted to the Atlantic lowland forests aheomn Espirito Santo
State. The colonization and return of species on disturbed areawisldpavily on
seed dispersal (Uhl and Clark, 1983; Guariguata and Ostertag, Z8i3lly in
forests growing in large disturbed areas. Hence, we believinéhtzict that we studied
one type of forest (i.e., lowland rain forest) and sampledivelgticlose sites in the
landscapemay contribute to a faster return of species composition anabau of
species to the disturbed areas.

Here we show that secondary lowland forests can be résdlie recover the
AGC and total C stocks of the reference forests in approxiyna®3 to 188 years,
much longer than tree species richness. Our predictions are cansigte that of
Saldarriaga et al. (1988) and de Paula et al. (2015), who reported 190 yr and 150 yr of
recovery, respectively, and with that of Brown and Lugo (1990a), whotegpithat
in 80 yr the second-growth forests would still not reachGhetorage found in the
mature forests. On the other hand, this estimation is gteatrethe 100 yr of recovery
estimated by Fearnside and Guimaraes (1996) in secondary Braan@zon forests,
and the 66 yr for tropical forests to recover 90% of old-growtlstat®rage estimated
by Poorter et al. (2016). This differences may be influenced byothpreperties of
the studied sites, which are highly weathered and poor in ngtrigmis tree
assemblages grow more slowly (Guariguata and Ostertag, 2001), taking ailoeger t

to reach a mature forest structure (i.e., biomass storage).
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We did not find significant relationship between ant species richaess
recovery time, as also reported by other studies (BelshaBaltwh, 1993; Schmidt
et al., 2013). Theecolonization of disturbed areas may occur rapidly due to the short
distance between our study areas and the “source forest” of ants for recovery (i.e., large
and preserved forests), so that regenerating forests can have Jelias gichness,
regardless their successional stage. On the other hand, we tfrathant species
composition does recover along forest regeneration, as alsd fousther studies
(Dunn, 2004; Schimdt et al., 2013), and that it would take 126 years to tteac
species composition of the mature forests. This indicatesnemeased biotic
homogenization in late-successional fragments. Overall, outsetiwow that during
forest regeneration the species similarity showed a tepdenmcrease, while the
number of species did not. This suggests that disturbances can oidugges in
species composition, but it may not affect the number of spdtieffmann and
Andersen, 2003).

We found no relationships between any of the studied soil propartigtstand
age, which was also not found in other studies (de Cambado £999; Marin-Spiotta
et al., 2008; Schedlbauer and Kavanagh 2008; Neumann-Cosel214l;,Marin-
Spiotta and Sharma, 2012; Paz et al., 201bis suggestthat other factors than forest
age might explain the variability in exchangeablé*Advailable P, sum of bases and
soil C pool. Although some global-scale studies have shbainsbil properties are
affected by disturbance and tend to recover during forest succés§pmz-Ulloa et
al., 2005; Marin-Spiotta et al., 2008; Lewis et al., 30ddr findings suggest that
lowland Atlantic forest soils can be resistant to disturbataegional-scalélhat is,
they resist drastic changes and are able to maintaimittiéns after a disturbance and

along forest regeneration (Lal, 1997).
4.2. Implications for biodiversity and carbon conservation

In this study, we found 11 ant species and 51 tree speciéssigrcto the
preserved forests. The number of tree species recorded in the old-growitstbords
varied from 67 to 72, whereas in the second-growth foregesdviaom 8 to 63 species.
Ant species richness also varied greatly between fragmemgsnéral, the secondary
forests presented lower ant species richness than the rfatsts, as also found in
arother study (Silva et al., 2007), with some forests presenting Haalfichness of

mature forests (see also Solar et al., 2016). While others presented samilass to
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that of mature forests. This suggests that, in terms of number of speciebedisand
undisturbed forests can have similar values, although teenatsge will most likely
be different (Hoffmann and Andersen, 2003; Devictor et al., 2008; Al@dd®). Our
results reveal the unique biodiversity values of undisturbed forests, but alsthsiow
regenerating forests can be an effective complement t@apyrifarests in supporting
tropical biodiversity.

The studied lowland forests store large amounts of carbon irati@reground
biomass (average 284.6 + 78.7 Mg Chhavhich is almost twice the carbon stock
reported for other South Americaain forests (Sullivan et al., 2017) and the reported
in IPCC global carbon map for tropical rain forests (Ruesch abldsiG2008). This
suggests that local assessments may reveal a greatelighatnarbon storage by
tropical rain forests than predicted from IPCC-based assatsnide total C pool
varied more than four-fold among second-growth forests, from 15.0 to 68.4 Mg C ha
1 also comparable to the storage found in other secondaigatdorests (Poorter et
al., 2016), showing that different secondary forests have diffeapatcitesto store
carbon. These results highlight the importance of both maturseoondary forests
for the regulation of global carbon cycle (Bonan, 2008).

The regeneratinfprests studied are potentially stocking 1.07 Mg € yrd in
their aboveground biomass, less than the net carbon uptakeetem other secondary
forests (3.05 Mg C hayr?! by 20 yr-old secondary neotropical forests, Poorter et al.,
2016; 5 Mg C hayr! by secondary forests the Philippines, Lasco et al., 2004). Yet, it
is consistent with the rates reported in other studied (1.1 Mg'@rh by tropical
forests from America, Baccini et al., 2017; 1.4 Mg C kg by secondary forests
from Puerto Rico, Silver et al., 2004). Although second-growth toeee described
to have a high productivity potential (Gower et al., 1996), whickesidhem an
efficient nutrient and C sink, old-growth forests also playmajor role in C
sequestration (Silver et al., 2004), and thus, in carbon cycle. Therefore, it isanipo
to highlight the importance of regenerating forests, not only for \osiity
conservation, but also for regulating the global carbon cycletadineir high carbon
sink potential and also because they represent a low-tteshative for carbon
sequestration (Bongers et al., 2015; Chazdon et al., 2016; Poorter et al., 2016).

Here we show that secondary and old-growth forests have bgth hi
conservation value, so they play an important role in regmmaservation planning.

Hence, ending tropical deforestation and forest degradation, and la#seygecond-
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growth forest to naturally regenerate in human-modified landscapédd wantribute
to biodiversity conservation and to reduce carbon emissions. Tleerdiey should
represent a priority for conservation strategies based on carboa ptgkent under
REDD+. We also show that tree and ant species compositiospiees richness and
forest carbon pool tend to recover to mature forest levels alongssimge, but this
was not observed for ant species richness and soil propartgessing they are more
resistant to disturbance at landscape scale. The full recovenylahtbrain forests in
regeneration can be slow, taking approximately 50 to 200 years, istfexhbeyond
any recurrent conservation strategies agreements (e.g., AichigatgeP 21, COP
22). Hence, we urgently need to develop strategies for sejeateas with high
potential for natural regeneratiofhis highlight the importance of government’s
commitment in creating assisted regeneration strategies dmohaaitigation plans

for a much longer period than what has been done.
5. Conclusims

Here we show evidences that secondary and old-growth fétrestsboth high
conservation (e.g., biodiversity and carbon) value, and thereforpldyegn important
role in regional conservation planning. We conclude that disturbddridviorests are
able to recover naturally and gradually over time, without needmgadive
reforestation. Our study predicts that these forests would take B oo 200 years to
recover completely, in terms of tree species richness andositiop, ant species
composition and carbon storage. Hence, we urgently need to plestedtegies for
selecting areas with high potential for natural regeneration, andrgearthe creation

of assisted regeneration strategies for a much longer period than whestemadone.
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SUPPLEMENTARY MATERIAL

Table S1:Total area, age, type of disturbance and geographical coordiratesach
of the 13 studied fragments of Atlantic lowland rain foreshgled in thenorthern

Espirito Santo, BraziNA = information not available)

Fragment '?rr]z;‘ (y’zg(:s) di;rtﬁpr)t?acr)\fce Geographical Coordinates
S07 3.4 7 NA 18°20'50.64"S; 39°50'21.09"\
S14 1 104 14 pasture 18°18'50.81"S; 39°47'4.61"\W\
S14 2 7 14 pasture 18°21'35.70"S; 39°46'42.05"\
S19 4.5 19 pasture 18°21'13.66"S; 39°56'2.67"W
S23 2.3 23 human occupatiol 18°14'6.69"S; 39°49'12.0%/

S26 12.8 26 NA 18°12'4.64"S; 39°52'53.41"W\
S28 1 708 28 NA 18°18'3.71"S; 39°48'6.52"W
S28 2 101 28 fire 18°15'58.57"S; 39°48'53.66"\
S28 3 278 28 fire 18°22'17.35"S; 39°51'3.78"W
S28 4 4.5 28 fire 18°21'35.96"S; 39°50'54.60"\
S29 118 29 NA 18°17'48.23"S; 39°45'40.23"\
M_1 72.7 preservec preserved 18°15'18.30"S; 39°49'4.00"W
M_2 649 preserved preserved 18°24'31.35"S; 39°50'0.92"W
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Table S2 List of tree species found and their abundance in the 13 fragmentsmticAibaviand rain forest sampled in therthern Espirito Santo, Brazil,
with their threat status according to CNC and IUCN Red LisTfoeatened specieEndemic species are in bold and with ** when information about
endemism was not found. The number following the letter Ssrédethe age of the secondary forests. (LC = least concern; ™ar threatened; VU =

vulnerable; EN = endangered; CR = critically endangered, NA = not available

Old-growth

FAMILY Second-growth forests forests  CNC/
_ IUCN
SIS S07 S14 1 S14 2 S19 S23 S26 S28 1S28 2 S28.3S28 4 S29 M. 1 M_2 St@us
ACHARIACEAE
Carpotroche brasiliensigRaddi) A Gray - - - - - - 1 - 1 1 - - 1 NA
ANACARDIACEAE
Anacardium occidentalke. - - - - 1 - - - - - - - - NA
Anacardiumsp. - - - - - - - - - - - 1 - NA
Astronium concinnurgchott - - - 5 - - - - 12 10 - - - NA
Astronium graveolendacq. - - - 3 1 1 2 - 3 - - - - LC
Mangifera indical. - - - - 2 - - - - - - - - NA
Schinus terebinthifoli&Raddi 6 3 - - 2 - - - - - - - - NA
Tapirira guianensisiubl. - - 1 6 2 9 12 5 1 - 1 - - NA
Thyrsodium spruceanuBenth. - - - - - 6 8 6 12 2 1 1 1 NA
ANNONACEAE
Annona acutiflora Mart. - - - - - - - 1 - - 2 - - NA
Annona cacans Warm. - - - - - - - 3 - - 1 - - LC
Annona dolabripetala Raddi - - - 1 2 2 5 9 13 16 15 - - NA
Duguetia chrysocarpa Maas - - - - - - - - 1 - - - - NA
Guatteria australisA. St.-Hil. - - - 5 - 4 1 2 - 6 - 1 - LC
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Guatteria ferruginea A.St.-Hil. - - - -
Guatteria sellowianéchltdl. - - - -
Pseudoxandra spiritus-sancti Maas - - - -
Xylopia frutescensubl. - - - -
Xylopia ochrantha Mart. - - - -
APOCYNACEAE

Aspidosperma discolok.DC. - - - -
Aspidosperma illustre (Vell.) Kuhim. and

Piraja

Aspidosperma pyricollum Muill. Arg. - - - -
Geissospermum laey¥ell.) Miers - - - 1
Himatanthus bracteatus (A. DC.) Woodson - - - -

Malouetia cestroidegNees ex Mart.)
Mll. Arg.

Rauvolfia capixabae I.Koch and Kin.-Gouv. - - 1 -
Tabernaemontana salzmamiDC. - - - -
ARALIACEAE

Dendropanax brasiliensis (Seem.) Frodin - - - -
Schefflera morototor(Aubl.) Maguire etal. - - - -
ARECACEAE

Allagoptera caudescens (Mart.) Kuntze - - 3 -
Astrocaryum aculeatissimum (Schott) Burret - - - -
Attalea burretiana Bondar 1 - 1 -
Elaeis guineensis Jacq. - - - -
BIGNONIACE AE

Handroanthus chrysotrichu®lart. ex DC.)
Mattos

43

[ERN

wWw N b

e}

NA
LC
NA
NA
NA

NA
NA

NA
NA
NA

LC

NA
NA

NA
NA

NA
LC
NA
NA

NA



Handroanthus heptaphyll¥ell.) Mattos
Handroanthus serratifoliug¢vahl) S.Grose
Jacaranda puberul&ham.

Sparattosperma leucanthufdell.) K.Schum.

Tabebuia dliptica (DC.) Sandwith
Tabebuia obtusifoligCham.) Bureau
Tabebuia roseoalbéRidl.) Sandwith
BORAGINACEAE

Cordia sericicalyxA.DC.
BURSERACEAE

Crepidospermum atlanticum Daly

Protium aracouchin{Aubl.) Marchand
Protium heptaphyllunAubl.) Marchand
subsp. heptaphyllum

Protium warmingianunMarchand

CARDIOPTERIDACEAE
Citronella paniculata(Mart.) R.A.Howard
CARICACEAE

Jacaratia heptaphylla (Vell.) A.DC.
CARYOCARACEAE

Caryocar edule Casar.
CHRYSOBALANACEAE
Couepia schottii Fritsch

Hirtella hebecladaMoric. ex DC.
Hirtella insignis Brig. ex Prance
Licania kunthianaHook.f.

Parinari excelsaéSabine
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LC
NA
LC
NA
NA
LC
NA

NA

NA
NA

NA
NA

NA

NA

LC

EN

NA

EN

NA
NA



Parinari parvifolia Sandwith
DICHAPETALACEAE
Stephanopodium blanchetianum Baiill.
EBENACEAE

Diospyros hispidaA.DC.
ELAEOCARPACEAE
Sloaneeeichleri K.Schum.**
ERYTHROXYLACEAE
Erythroxylum columbinum Mart.
EUPHORBIACEAE

Joannesia princep¥ell.

Pausandra morisiana (Casar.) Radlk.
Senefeldera verticillata (Vell.) Croizat
FABACEAE

Albizia polycephalgBenth.) Killip ex Recorc
Andira fraxinifolia Benth.

Bauhinia forficata Link

Centrolobium sclerophylluril.C.Lima

Chamaecrista ensiform{®ell.) H.S.Irwin anc
Barneby
Dialium guianenséAubl.) Sandwith

Diplotropisincexis Rizzini and A.Mattos
Fabaceae **

Goniorrhachis marginatd aub.

Inga capitataDesv.

Inga cylindrica(Vell.) Mart.

Inga hispida Schott ex Benth.
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NA

LC

NA

NA

LC
NA
NA

NA
NA
NA
LC

NA

NA
NA
NA
NA
NA
NA
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Inga striataBenth.

Inga subnuda Salzm. ex Benth. subsp.
subnuda

Inga thibaudianaDC. subsp. thibaudiana

Lonchocarpus cultratugvell.)
A.M.G.Azevedo and H.C.Lima

Machaerium fulvovenosum H.C.Lima
Machaerium ovalifoliunGlaz. ex Rudd
Machaeriumsp.**

Macrolobium latifolium Vogel
Melanoxylon braun&chott

Ormosia arboregVell.) Harms

Ormosia nitida Vogel
Par apiptadenia pterosperma (Benth.)
Brenan

Pterocarpus rohriivahl
Swartzia apetald&Raddi var. apetala

Swartzia apetalazar. glabra (Vogel)
R.S.Cowan

Swartzia simplex var. continentalis Urb.

Swartziasp.**
Vatairea heteroptera (Alleméao) Ducke

Zollernia ilicifolia (Brongn.) Vogel
Zollernia modesta A.M.Carvalho and
Barneby

HYPERICACE AE
Vismia martiana Reichardt
ICACINACEAE
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NA
NA
NA
NA

LC
NA
NA
NA
VU
NA
NA

NA

NA
NA

NA

NA
NA
NA
NA

NT

LC



Emmotum niten@Benth.) Miers
LACISTEMATACEAE
Lacistema recurvurchnizl. **
LAMIACEAE

Vitex orinocensi&unth
LAURACEAE

Lauraceae sp. **

Lauraceae sp.2 **

Licaria bahiana Kurz

Ocotea beulahiae J.B. Baitello
Ocotea confertiflora (Meisn.) Mez
Ocotea prolifera (Nees and Mart.) Mez
Ocoteasp. **

LECYTHIDACEAE

Cariniana legalis (Mart.) Kuntze

Cariniana parvifolia S.A.Mori, Prance and
Menandro

Couratari macrosperma.C.Sm.
Eschweilera ovatdCambess.) Mart. ex Miet
Lecythis lanceolata Poir.

Lecythis lurida(Miers) S.A.Mori

Lecythissp. **

MALPIGHIACEAE

Byrsonima crispaA.Juss.

Byrsonima serice®C.

Byrsonima stipulacea.Juss.

MALVACEAE
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NA

NA

NA

NA
NA
NA
EN
VU
NA
NA

EN
EN

NA
NA
LC
LC
NA

NA
NA
NA



Eriotheca macrophylla (K.Schum.)
A.Robyns

Hydrogaster trinervis Kuhim.
Luehea mediterrane@/ell.) Angely **
Pachira endecaphylla (Vell.) Carv.-Sobr.

Pseudobombax grandiflorum var. majus
A.Robyns

Sterculia excelsMart.
MELASTOMATACEAE
Miconia cinnamomifolia (DC.) Naudin

MELIACEAE
Trichilia lepidota subsp. schumanniana
(Harms) Pennington

Trichilia pseudostipularis (A.Juss.) C.DC.

Trichilia silvaticaC.DC.
MORACEAE

Artocarpus heterophyllusam.
Brosimum glaucum Taub.

Brosmum glaziovii Taub.

Clarisia ilicifolia (Spreng.) Lanj. and
Rossberg

Clarisia racemosdRuiz and Pav.

Helicostylis tomentoséPoepp. and Endl.)
Rusby

Sorocea guilleminian&audich.
MYRISTICACEAE

Virola gardneri (A.DC.) Warb.
Virola officinalis Warb.
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NA

NA
NA
NA

NA
NA

NA

LC

NT
LC

NA
NT
LC

NA
NA
LC
LC
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MYRTACEAE

Calyptranthes lucidéart. ex DC.
Campomanesia espiritosantensis Landrum
Campomanesia guazumifoli@ambess.)
O.Berg

Eugenia beaurepairiana (Kiaersk.)
D.Legrand

Eugenia fusca O.Berg

Eugenia itapemirimensis Cambess.
Eugenia ligustrina(Sw.) Willd.
Eugenia macrosperma DC.
Eugenia pisiformis Cambess.
Eugenia platyphylla O.Berg
Eugeniasp **

Eugeniasp2 **

Eugeniasp.3 **

Gomidesia crocea O.Berg
Marlierea excoriata Mart.

Myrcia amazonicdC.

Myrcia lineata (O.Berg) Nied.
Myrcia splendengSw.) DC.

Myrcia sucrei (G. M. Barroso and Peixoto)

E. Lucas and C. E. Wilson

Myrcia vittoriana Kiaersk.

Myrciaria floribunda(H.West ex Willd.)
O.Berg

Myrtaceae sp **

Myrtaceae sp.2 **

NA
CR

NA

NA

NA
NA
NA
NA
LC
NA
NA
NA
NA
NA
NA
NA
EN
NA

NA
NA
LC

NA
NA



Psidium guajavd..

Psidium guineensgw.
NYCTAGINACEAE

Guapira nxia (Netto) Lundell
Guapira oppositgVell.) Reitz
PERACEAE

Pera glabrata(Schott) Poepp. ex Baill.

Pera heteranthergSchrank) I.M.Johnst.

Perasp. **

Pogonophora schomburgkiamdiers ex
Benth.

PHYLLANTHACEAE

Hyeronima oblong&Tul.) Mull.Arg.
Margaritaria nobilis L.f.
POLYGALACE AE

Acanthocladus pulcherrimus (Kuhim.)
J.F.B.Pastore and D.B.O.S.Cardoso

POLYGONACEAE
Coccoloba tenuiflord.indau
PRIMULACEAE

Myrsine umbellatavart.
PUTRANJIVACEAE
Drypetessp.

QUIINACEAE

Lacunaria crenatssubsp. decastyla (Radlk.

J.V. Schneid. and Zizka **
RUBIACEAE

e

NA
NA

NA
NA

NA

NA
NA

NA

NA
LC

NT

NA

NA

NA

NA



Amaioua intermedi&ar. brasiliana (DC.)
Steyerm.

Ferdinandusa guainiaSpruce ex K.Schum.
Guettarda angelicMart. ex MAY4II. Arg.
Psychotriasp.

Rubiaceae **

Simira glaziovii (K.Schum.) Steyerm.
Tocoyena brasiliensislart.

RUTACEAE

Dictyoloma vandellianum.Juss.

Neoraputia alba (Nees and Matrt.)
Emmerich ex Kallunki

Rauia nodosa (Engl.) Kallunki
SALICACEAE

Casearia commersoniar@ambess.
Casearia oblongifolidCambess.
Caseariasp.

Caseariasp. Nov.

Casearia ulmifoliavahl ex Vent.
Macrothumia kuhlmannii (Sleumer)
M.H.Alford

Xylosma prockigTurcz.) Turcz.
SAPINDACEAE

Allophylus eduligA.St.-Hil. et al.) Hieron. e»
Niederl.

Cupania emarginata Cambess.
Cupania rugosd&Radlik.
Cupania scrobiculat&ich.
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NA

NA
NA
NA
NA
NA
NA

NA
NA
NA

NA
NA
NA
NA
NA

NA
NA

NA

NA
NA
NA



Toulicia patentinervifkadlk.
SAPOTACEAE

Chrysophyllum januariense Eichler
Chrysophyllum lucentifolium Cronquist
subsp. lucentifolium

Ecclinusa ramifloraMart.

Manilkara salzmanni{(A.DC.) H.J.Lam

Manilkarasp.nov. **

Micropholis crassipedicellata (Mart. and
Eichler) Pierre

Micropholis gardneriangd A.DC.) Pierre
Micropholis gnaphaloclado@Viart.) Pierre
Pouteria bangii(Rusby) T.D.Penn.
Pouteria bullata (S.Moore) Baehni
Pouteria coelomatica Rizzini

Pouteria guianensigubl.

Pouteria macahensis T.D.Penn.

Pouteria macrophyllgLam.) Eyma
Pouteria pachycalyx T.D.Penn.

Pouteria venosaubsp. amazonica T.D.Pen

Pradosia lactescens (Vell.) Radlk.
SCHOEPFIACEAE

Schoepfia brasiliensia.DC.
SIMAROUBACEAE

Simarouba amar®ubl.
SIPARUNACEAE

Siparuna regina€Tul.) A.DC.
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NA

VU
NA

NA
NA
NA

LC

NA
NT
NA
EN
VU
NA
EN
NA
VU
NA
LC

NA

NA

LC



SOLANACEAE

Solanum pseudoquina A.St.-Hil.
Solanum sooretamum Carvalho
URTICACEAE

Cecropia pachystachyarécul.
VIOLACEAE

Paypayrola blanchetiana Tul.
Rinorea bahiensis (Moric.) Kuntze
VOCHYSIACE AE

Vochysia angelica M.C.Vianna and Fontella
UNKNOWN FAMILY
Unidentified sp.1 **

Unidentified sp.2 **

Unidentified sp.3 **

Unidentified sp.4 **

LC
LC

NA

NA
NA

EN

NA
NA
NA
NA
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Table S3 Aboveground and total C stock, soil properties of 13 fragments of itlamtland rain forest sampled in therthern Espirito Santo, Brazil

The number following the letter S refers to the age of the secondarisfores

Aboveground  Total C Soil organic  Available  Exchangeable Fine Coarse
C stack stock C P Al3* Sand Sand

fso‘?ggpsd'gro""th (Mghal)  (Mghal)  (Mghal) (mgkgtsoil) (cmokkglsoil) (cmokkglsoil) (%) (%) (%) (%)

Sum of bases Silt  Clay

S07 16.58 45.78 29.20 1.22 0.18 2.85 54 462 9.0 394
S14.1 15.02 37.13 22.11 4.67 0.05 2.98 32 119 185 66.4
S14 2 30.86 53.38 22.52 1.50 0.00 2.54 36 128 163 67.3
S19 19.19 54.47 35.28 2.30 0.25 3.17 27 355 10.1 517
S23 68.44 90.90 22.46 1.41 0.48 1.24 37 238 113 61.2
S26 66.85 86.21 19.36 1.90 0.15 1.59 21 7.8 10.1 80.0
S28_1 57.19 74.88 17.69 1.30 0.22 1.28 1.5 80 180 725
S28 2 41.45 83.49 42.04 1.54 0.77 1.88 30 255 116 599
S28 3 49.54 77.73 28.19 1.35 0.13 2.90 1.8 255 100 627
S28 4 52.61 90.87 38.26 1.74 0.20 3.88 36 325 104 535
S29 56.17 77.92 21.75 0.90 0.21 1.66 25 102 157 715
Old-growth

forests

M_1 363.21 395.09 31.88 2.09 0.64 1.95 3.0 193 121 656
M_2 205.92 230.28 24.36 2.00 0.16 2.44 30 116 150 704
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Table S4 List of ant species found in the 13 fragments of Atlardwldnd rain forest sampled in tinerthern Espirito Santo, Brazirhe number

following the letter S refers to the age of the secondary forestspEuges exclusive to mature forests are in bold.

Old-growth
forests

Species S07 S14 1 S14 2 S19 S23 S26 S28 1 S282 S283 S284 S29 M1 M2

AMBLYOPONINAE

Fulakora fae01 - - - - - - 1 - - 1 - - -
DOLICHODERINAE

Dolichoderus imitator - - - - - 1 - - - - - - 1
Linepithema pulex - - - - - - - 1 - - - - -
DORYLINAE

Neivamyrmexsp.1 - - - - 1 - - - - - - - -
Neocerapachysfv-02 - - - - - - - 1 - - - - -
ECTATOMMINAE

Ectatomma brunneum 1 - - - - - - - - - - - -
Ectatomma edentatum - - - - - - - - - - - - 1
Ectatomma permagnum 1 - - - - - - - - - - - -
Ectatomma planidens - 1 - - 1 - - - - - - - -
Typhlomyrmexsp.1 - 1 - - - - - - - - - - -
FORMICINAE

Acropygasp.2 - - - - - - 1 - - - - - -
Brachymyrmexsp.1 2

Brachymyrmexsp.2 1
Brachymyrmexsp.3 - - - 1 - 2 - - 4 2 2 - 1
Brachymyrmexsp.4 - 3 4 - - - - - - 1 - - -

SUBFAMILY Second-growth forests
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Nylanderiasp.1
Nylanderiasp.2
MYRMICINAE
Apterostigmasp.1
Attasp.1

Basiceros scambognathus

Carebara brasiliana
Carebara sp.1
Carebaraufv-03
Carebara urichi
Cephalotes maculatus
Crematogastemdet
Crematogastesp.l
Crematogastesp.2
Cryptomyrmex longinodus
Cyphomyrmesp.1
Cyphomyrmesp.2
Eurhopalothrix bruchi
Hylomyrma balzani
Megalomyrmesp.1
Megalomyrmexsp.2
Megalomyrmesp.3
Mycetophylaysp.1
Mycocepurus goeldii
Octostruma iheringi
Octostruma petiolata
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Octostrumasp.1
Pheidolefracticeps
Pheidolemidas
Pheidolemosenopsis
Pheidoleradoszkowskii
Pheidolerufipilis
Pheidolesensitiva
Pheidolesp.4
Pheidolesp.5
Pheidolesp.7
Pheidolesp.9
Pheidolesp.11
Pheidolesp.13
Pheidolesp.14
Pheidolesp.15
Rhopalothrixufv spl
Rhopalothrix ufv-04
Rogeriasp.1
Rogeriasp.2
Rogeriasp.3

Rogeria sp.4
Sericomyrmex bondari
Sericomyrmexsp.1
Solenopsisndet
Solenopsis saevissima cf
Solenopsisp.1
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Solenopsisp.2
Solenopsisp.3
Solenopsisp.4
Solenopsis sp.5
Solenopsisp.6
Solenopsisp.7
Solenopsisp.8
Solenopsisp.9
Solenopsisp.11
Solenopsisp.12
Solenopsisp.15
Solenopsisfv-17
Solenopsis ufv-32
Solenopsisfv-33
Strumigenys carinithorax
Strumigenys denticulata
Strumigenys eggersi
Strumigenys elongata
Strumigenys emmae
Strumigenys epelys
Strumigenys grytava
Strumigenys subedentata
Strumigenysifv-04
Strumigenysifv-31
Trachymyrmesp.1
Wasmannia auropunctata
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Wasmanniasp.1
Wasmanniasp.2
Wasmanniasp.3
PONERINAE
Anochetus neglectus
Anochetus oriens
Hypoponera foreli
Hypoponera alw06
Hypoponerasp.1
Hypoponerasp.2
Hypoponerasp.3
Hypoponerasp.4
Hypoponerasp.5
Hypoponerasp.6
Mayaponera constricta
Odontomachus meinerti
Odontomachus sp.1
Pachycondyla harpax
Pseudoponera gilberti
Rasopone arhuaca
Thaumatomyrmex fraxini
PROCERATIINAE
Discothyrea neotropica
Discothyreaufv-01
PSEUDOMYRMECINAE
Pseudomyrmesp.1
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V. CONCLUSOES GERAIS

A partir dos resultados dos dois capitulos podemos concluir que:

(i) Corte raso de uma floresta de tabuleiro maduaraolos pobres em nutrientes,
seguido de remocdo completa do material lenhoso, ndo cafsibos drasticos
aparentes nas propriedades quimicas do solo, o que foi evideneizdbagixa

mobilizacdo de nutrientes apds 36 anos de sucessao secundaria;

(ii) Disturbios ambientais afetam os componentes florestaisypalgins deles
se mostraram resilientes, ou seja, apresentaram uma tendéstcenar ao longo da
sucessd@acs niveis e a composicdo encontrados em florestas maduyaszaie
composicao floristica arbérea, estoque de carbono total e acima do sola e
composicao da fauna de formigas de serapilheira. Por outroda#gcuperacéo da
riqueza de formigas e das propriedades do solo ndo foram afptdasiade do
fragmento. Isso sugere que a riqueza de formigas e o solo estdkoide tabuleiro

exibem uma resisténcia marcante a disturbios induzidos pelo homem.

As florestas maduras sdo extremamente importantes parasen@gio da
biodiversidade e para o funcionamento dos ecossistemas, amgae/@brigam uma
grande riqueza de espécies e espécies com status de cd@wmesvegtocam grandes
guantidades de carbono em sua biomassa. Além disso, essstafl@eam como
fontes de recrutas e propagulos de espécies de diferentes gruposirqzera
perturbadas, contribuindo para sua regeneragdo natural. Contudo, messadta
importancia das florestas em regeneracdo para conservacao darbiddde e das
funcbes e servicos ecossistémicos, devido ao seu grandeiplotm sequestrar
carbono e em abrigar espécies tipicas de area de sucesspmfieiras) e espécies
tolerantes a disturbios, proporcionando nichos para outros grupos, queegéeaiao

sdo encontrados em areas preservadas.
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