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Abstract

Tropical forests store large amounts of carbon and high biodivdrsityre being degraded
at alarming rates. The emerging global Forest and Landscape Rest(ffaR) agenda seeks
to limit global climate change by removing carbon dioxide from theaphere through the
growth of trees. In doing so, it may also protect biodiversity asead-benefit, which is

vital given the massive shortfall in funding for biodiversityservation. We investigated
whether natural forest regeneration on abandoned pastdreffers such co-benefits,
focusing for the first time on the recovery of taxonomic, pogteetic and functional
diversity of trees, including the recovery of threatened and endestes richness, within
isolated secondary forest fragments. We focused on the globeeténed Brazilian Atlantic
Forest, where commitments have been made to restore ormnrhéictares under FLR.
Three decades after land abandonment, regenerating forestsdwaeted ~20% (72 Mg/ha

1y of the above-ground carbon stocks of a primary forest, with cagtterpacontaining just
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3% of stocks relative to primary forests. Over this period, secondast femvered ~76%

of taxonomic, 84% of phylogenetic and 96% of functional diversitydowithin primary
forests. In addition, secondary forests had on average reddd&¥e of threatened and ~30%
of endemic species richness of primary Atlantic forest. Finallyfimdepositive relationships
between carbon stock and tree diversity recovery. Our resulisasinp that secondary forest
fragments offer co-benefits under FLR and other carbon-based payforegtesystem
service schemes (e.g. carbon enhancements under REDD +). Theyla@late that even
isolated patches of secondary forest could help to mitigateteliom@ange and the
biodiversity extinction crisis by recovering species of high eovaion concern and

improving landscape connectivity.

INTRODUCTION

Tropical forests account for ~32% of global primary productiondk-ig¢hrenfeld,
Randerson, & Falkowski, 1998), harboring the largest above-grarhd e stocks and
highest levels of biodiversity. However, these regions areasangly human-dominated
(Lewis, Edwards, & Galbraith, 2015), having experienced dramaticdbetgra via selective
logging and fire, deforestation for agriculture (more than 1.5 milliohtetween 1980 and
2012, Gibbs et al., 2010; Hansen et al., 2013), and resulting fragme ntatiomadrfing
forests (Haddad et al., 2015). Combined, these land-use changes aredimanteg change,
via anthropogenic carbon emissions (Van der Werf et al., 2009), and caasisiyarioss of
global biodiversity (Pimm et al., 2014).

Under the 2014 Paris Agreement, the Parties of the United Natio ne \wealkn
Convention on Climate Change (UNFCCC) agreed to use Forestadddape Restoration
(FLR) as a central component of an integrated programmmeeayf/entions to restrict global

warming to 2C by growing trees in degraded landscapes to sequester ~1.7 gigatonnes of
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carbon dioxide (Cg) equivalent annually (Gellie et al., 2018). The Bonn Challengsdes
nations agree to restore the ecological functionafi§s50 million hectares of deforested and
degraded land by 2030 (www.bonnchallenge.org). Furthermore, the Re@usisgjons

from Deforestation and Forest Degradation (REDD+) catased payments for ecosystem
services mechanism includes actions that enhance forestcstocks, including natural
regrowth. Given dramatic shortfalls in the conservation buddgeCérthy et al., 2012),ra
important potential is for both FLR and REDD+ to also protect bioslityels a co-benefit
without additional cost.

Above-ground biomass (AGB) recovery in secondary forests ceaplise In lowland
Neotropical secondary forests, Poorter et al., (2016) demonstnatesfter 20 years since
land abandonment, the carbon-absorption rate in secondary foessid wimes the uptake
rate of old-growth forests, and that AGB stocks take a medid® gears to recover 90% of
old-growth AGB levels, while in the Tropical Andes, after &ang of secondary succession
approximately half of old-growth AGB had been restored (Gilroy et al4)201

Within secondary forests, there can also be substantial recohvggaes diversity
across a range oftaxa (Barlow et al., 2007), with positive co-benefitsdretaebon stocks
and bird, dung beetle, and amphibian diversity in the Tropical Af@#®y et al., 2014,
Basham et al., 2016), and trees, birds and dung beetles in the Bramikemon (Lennox et
al., 2018; Ferreira et al., 2018). Although these studies covered a wigeattaxonomic
groups, they only focused on taxonomic (species) diversity. Agkegtion, therefore, is
whether there are positive co-benefits between recoveryladicand of phylogenetic and
functional diversity.

Phylogenetic and functional diversity metrics provide importafiormation on
community responses to anthropogenic changes (Magnago et al., 2014; Mat@0a&7a

Phylogenetic diversity is based on evolutionary relationshys, teflecting the evolutionary
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history of a particular community (Faith 1992 ; Webb, 200hylogenetic diversity allows
understanding of the assembly of biological communities and ecdlpgicasses, and is
vital for protecting evolutionary history (Veron, Davies, Cadottergeleu, & Pavoine,

20195. Functional diversity considers the functional charasties and roles of species within
a community (Petchey & Gaston, 2002; Pavoine, Vallet, Dufour, &a&HDaniel, 2009

with functionally diverse communities demonstrating resikeimcthe functioning of
ecosystems more effectively than taxonomic diversity (Mgged al., 2014; Magnago et al.,

2015

Here, we investigate possible co-benefits between carbon and Ingatyice nsidering
the taxonomic, phylogenetic and functional diversity of tieéke globally threatened
Brazilian Atlantic forest, where commitments have been madestore one million hectares
of degraded landscapes under FLR. Trees are critical for habuketuse, carbon storage, and
maintenance of diversity in other groups (Banks-Leite et al., 2@l4)central questions
were thus: (i) How rapidly do secondary forest fragments sxahove-ground carbon in
highly degraded landscapes after land abandonment? (ii) How rapidiyaioonic,
phylogenetic and functional diversity return in secondargsibfragments? (iii) How rapidly
do species composition (i.e., different organisms that make umm@waoity) and species of
high conservation value (i.e., IUCN red-listed and endemic sgewiurn in secondary
forest fragments? (iv) What is the effectiveness of secgrideest fragments in providing

co-benefits between carbon and tree diversity and species of lnigareation value?
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MATERIALS AND METHODS
Study area

Our study area was based from Espirito Santo (19°51'57.14"S and 40° 7'15t@8"W)
southern Bahia (18°1'52.25"S and 39°54'41.10"W), east Brazil (Fig. 1; Supporting
Information Table S1), which contains a landscape matrix compmfseadtle pastures,
plantations of Eucalyptus spp., sugar cane, coffee, and papaya, abdrdgments (Rolim,
Jesus, Nascimento, do Couto, & Chambers, R0De prevailing climate is wet tropical
(Koppen climate classification), with low rainfall from Apto September followed by high
precipitation from October to March, and with minimal variatio climate across sampling
sites: precipitation ranges from 1,228 mrt ym Espirito Santo (Peixoto & Gentry 1990) to
~1,403 mm yt* in Bahia (Gouvéa, 1969), with similar average temperatures in yrsedson
(Espirito Santo ~15%; Bahia ~14C) and the wet season (Espirito Santo ~Z7,.8ahia
~23C).

These forest areas are included in the Atlantic Forest dong®H]I1987), typified
by large flat areas rising slowly from 20 to 200 m a.s.l., and accotaifg Brazilian
vegetation classification are Lowland Rain Forest (IBGE, 1988 .sTudied landscape
remained well preserved until the 1950°s, with Espirito Santo and Bahia subsequently
experiencing rampant clear-cut logging and charcoal productitowé by agriculture
(Magnago et al., 2015). The main deforestation period in our studywasethus between the
1950s and early 1970s, with conversion of forests predominantly to catilleepasd sugar

cane.

Experime ntal design

Fieldwork was conducted across three habitat types. 1) Prima&st foforest remnants

spanning 153 to 23,480 ha (Supporting Information Table S1), occurring outside and within
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conservation units and with no evidence of recent logging, fire and huintingith large
impacts via fragmentation effects in smaller patches aaedges on carbon stock, functional
diversity, and species with conservation value (Magnago et al.; RGdghago et al., 2015);
2) Secondary forest - defined as recovering areas aftereotalal of trees (Corlett, 1994),
sampled forests ranged from 5 to 30 years after land abandonment and hadoir2@8a
(Supporting Information Table S1gnd3) Cattle pasture These were active areas of
production (i.e., not abandoned), characterized by the predominanmqe edgasture with
isolated remaining trees. We focus on cattle farming becausedsesps 36% of agricultural

land across Espirito Santo and Bahia (Supporting Information Taple S

Tree sampling

For each type of habitat (i.e., primary forest, secondary and cadtl&ga 13 points
were sampled, with each sampling point consisting of a transemgp ahamately 280 meters.
On each transect, we sampled 10 plots of 10 m x 10 m (0.1 ha) located a&tt@0vals
along each transect, with the plots of primary fopesitioned >200 m from the forest edge.
We thus sampled 390 plots (3.9 ha) in total, with 1.3 ha per habitat type.

Within each plot, we sampled both the shrub and arboreal steta]ing all tree
individuals rooted within our plots >4.8 cm in diameter at breast height (dbh; 1.30 meters
above ground height) (following Magnago et al., 2014; Magnago et al., 2015; Nalgs e
2017). Individuals that straddled the plot edge were counted aswitlimg the plot if at least
half of the trunk was inside the plot. For tree individuals thaewet identified at the site,
we collected leaves and any reproductive parts, and these werdagsiied into
morphospecies and subsequently identified by morphological emmpan the Herbarium

of Vale (CVRD) or by botanical experts for their families. The bt material collected in
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reproductive stage was deposited in the Herbarium of the Fedevelr&lty of Vicosa,

Minas Gerais (VIC) and CVRD.

Above-ground carbon stock

The above-ground biomass (AGB) of each tree was estimataglthei allometric
equation of Chave et al., (2014), defined as:
AGBy = exp[—1.803 — 0.976E + 0.9761In(p) + 2.673 In(D) — 0.0299]In(D)}?|
where AGRg;is the estimated aboveground biomass in Mg, E is a measure affengintal
stressp is wood density (g.cff) and D (cm) is the diameter of the tree at breast height. The
value for wood density in dry weight (g Swas obtained from Global Wood Density
database (GWD) (available in: http://dx.doi.org/10.5061/dryad.234/1; Chale 2009).
When a species was identified at the genus level or was setinpia the GWD database, we
used the average density of wood for all species of the same igghedatabase (Flores &
Coomes, 2011; Magnago et al., 2015). All analyses to obtain biomass per treamiede
out using the BIOMASS package for R (Réjou-Méchain, Tanguy, PiponioveC&a
Hérault, 2017). Finally, we obtain the value of carbon for each transeatbftreatment
(i.e., primary forest, secondary forest, and cattle pasture), egstimat 50% of AGB of each

individual is represented by carbon (Malhi et al., 2004).

Phylogenetic hypothesis

We constructed a list (i.e., family/genus/species, according to XRB16; Chase et
al., 2016) containing all species identified at the most specymtamic level (89.87% of all
species sampled). This list was submitted to ComTreeOpt fartotbuild and optimize
community tree topology via Open Tree Reference Taxonomy (Gma®@ft package para R

is available on: https://github.com/iantrotter/ComTree@astauer, Caldeira, Trotter,
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Ramos, & Meira Neto, 2018). The generated phylogenetic hypsthasicalibrated using
mean age estimates for internal nodes from Magallén et al., 20ddbthe BLADJ

algorithm in Phylocom program version 4.2 (Webb, Ackerly, & Kembel, 2008

Traits and functional dendrogram

Functional trait matrix - We examined six traits related)tquantity and type of food
resource (1. fruit size [mm], 2. seed size [mm], and 3. fruit type)geaatred into fleshy or
non-fleshy fruits; ii) fruit dispersal syndrome (4. zoochoric @mn-zoochoric dispersion); iii)
forest structure (5. succession group, categorized as piamdalsecondary or later
secondary), and iv) carbon storage (6. wood density in dry weight®y dtore details on
traits selection are available in Supporting Information Bix{Supporting methods:
Functional traits).

Functional dendrogram construction - We built one functideadrogram containing
99% of all tree species within our habitat types using the furat@haracteristics within our
functional trait matrix. Gower's distance (Pavoine, \tallufour, Gachet, & Daniel, 2009
was used to create a distance matrix from continuous argbciatd functional traits (See
Supporting Information Text S1 for full details of functional sgiand the UPGMA
clustering method. To verify the loss of information when wegforned the distance matrix
into a dendrogram, we correlated the original matrix and the dendrograemedphmatrix;
however, we did not find great loss of information (r=0)984stly, we used the ‘as.phylo’
function available on ape package to transform the functiomardgram into a tree of class
phylo, thus allowing the dendrogram to have the same strugtar@hylogenetic tree (R

Development Core Team 2018).
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Diversity of trees

For taxonomic diversity (TD), species richness sampled peretafis each habitat
type was used, and this measure could be interpreted as the alpbaydiveeach forest
remnant sampled.

Phylogenetic diversity (PD) - From our dated phylogenetic hgsithwe calculated
phylogenetic diversitysing Faith’s index (PD), by summing the branch lengths of the
phylogenetic tree linking the species in the community, and represémisgm of
evolutionary history contained in the sampled community (Faith, 199)e $D is
correlated with species richness, we calculated the staneidefiect size (sesPD) of
phylogenetic diversity (Webb, 2000). The ses values measure tienahstandard
deviations between the observed values and expected PD (see Suppfatimgtion Text
S2for full details). Communities with sesPD values approaching 1 (igh,quantiles)
indicate phylogenetic evenness, or a greater phylogenetic eistam@ng co-occurring
species than expected, whereas communities with sesPD apprda¢ienglow quantiles)
indicate phylogenetic clustering, or slheaphylogenetic distances among co-occurring
species than expected.

Functional diversity (FD) - Since a functional dendrograsitha same structure as a
phylogenetic tree (Pavoiré& Bonsall, 2011), we measured functional diversity as the total
branch length of a functional dendrogram (Petchey & Gaston, 200yeglently correlates
with species richness, thus we also calculated the standheffeet size (sesFD; see
Supporting Information Text S2 for full details). Communities wigFd2 values
approaching 1 (i.e., high quantiles) indicate functional evenness, acaterdr® distance
among co-occurring species than expected, whereas communitieses® D approaching 0
(L.e., low quantiles) indicate functional clustering, or smBlichstances among co-occurring

species than expected.
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Species composition of trees

Overall composition and similarity to primary foresDifferences in species
composition across the entire community among habitat typesadetectable using
diversity measures. We thus assessed changes in community compesitia non-metric
multidimensional scaling ordination (NMDS), using raw speciesidance data from each
transect. The NMDS analysis was performed using PAST (Vegs&in Hammer, Haper, &
Ryan, 2001), with the Bray-Curtis dissimilarity measure,@edised the scores of axis 1 and

2 of the NMDS as the measure of dissimilarity betwee nédatypes.

Additionally, the Chacsaensen abundance-based similarity indeap, Chazdon,
Colwell, & Shen, 200bwas used to evaluate the average similarity of the spemigisasition
in secondary forest (SF) and cattle pasture (CP) verstuusftpemary forests (PF). Average
similarity was obtained using Bray-Curtis dissimilarity, timf®rming how much the
composition of each transect of SF and CP is similar in tefisigecies composition in
relation to the PF (Gilroy et al., 2014). This analysis was developgéstimateS version

9.1.0 (Colwell., 2013).

Tree conservation valueWe considered the following metrics of conservation value
i) the number of species (i.e., species richness) threatened vintittioxt on the International
Union for Conservation of Nature (IUCN, 2018) Red list, including thiesed as vulnerable,
endangered or critically endangered; and ii) the richness of endemiespéthe Atlantic
Forest. To classify the endemic species of the Atlantic foresaithpmie used the database of

Flora do Brasil (for more details see: https:/bit.ly/2G1WRD2
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Characteristics of secondary forests

To evaluate the effect of regenerating forest chaniatites on diversity and species
composition metrics, we used four measures: i) patchtieol rom the nearest fragment
(PI), measured in mes; ii) isolation of secondary forests from fragmerf®0 ha (SD),
measured in Km; iii) patch size (PS), measured in hestaecause larger patches tend to
harbour more diversity and carbon stocks (Magnago et al., 201gndda et al., 2015); and
iv) patch age (PA), measured in years after the abandorohéhe land, since secondary
forests have improved biodiversity and carbon stockingtower(Gilroy et al., 2014; see
Supporting Information Table S1 for the values of each chaistater

Except for PA, these metrics were obtained using the asgetmap of the Brazilian
Atlantic forest (reference year 201www.sosma.org.br and www.inpe.br), on Geographic
Information System QGIS 2.18.4 (QGIS Development Team, 2017). Bimee land
abandonment (i.e., PA) was traced using open access satediges of surface reflectance
with 30 m resolution since 1984 (LANDSAT TM4, 5-7; U.S.Geolob®arvey and NASA).
Raw satellite layers were concatenated in a uniqueeosos layer (bandsetting) using a
Semi-Automatic Classification Plugging function. This funotiautomatically splits a
multiband raster to single bands, which are easier to classify anthtgpulate. Analysis of
surface layers was again performed in the Geograptimnhation System QGIS 2.18.4

(QGIS Development Team, 2017).

Statistical analyses

We first use the Moranlgest to check for potential influence of spatial
autocorrelation of the biotic (i.e. carbon, diversity and comjpagitesponse’s variables.
Significance of Moran's test was determined by the Montes@arimutation test (1000

permutations), using the R library spdep (Bivand & Piras., 2015). Wl fthat sites are not
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relatedby their geographic position (i.e. spatial autocorrelation), both when weidered
the variable responses to habitat type (i.e., primary forestndary forest and cattle
pasture), and to the secondary forest characteristics (Supplrormation Table S3).

We used generalized linear models (GLMs) to investigate wamiaBtween primary,
secondary and cattle pasture habitatshe biotic variables. After the construction of each
model, we checked model residuals for normality and homosedtiastnd the probability
of significance (p-values) for each model was determined by cargpidie model containing
type of habitat versus the null model, using the function afiowa stats package R. We
estimated the significance of pairwise differences betweeitahalifects using Tukey post-
hoc tests in the multcomp on R package (Hothorn et al., 2017). TheSNiWiEpecies
communities between habitat types was compared by meansBrat€urtis index and via
an analysis of similarity (ANOSIM). The post-hoc permutatiohwath 999 replications was
then run to detect which pairs of habitats differed. The communitlysis was performed
using PAST (Version 3.21; Hammer, Harper, & Ryan, 2001).

To assess the effect of secondary forest characteristid3l(SD, PSand PA) on
biotic variables, we used an information-theoretic approadmauiti- model inference
(Burnham, Anderson & Huyvaert, 2011). Before constructing the modelused the
package PerformanceAnalytics' in R to evaluate the coorlaéitween the characteristics of
secondary forest, and we found predictor characterisges higly correlated (r>0.7see
Supporting Information Figs1). Thus, we constructed separate models for each variable,
contrasted in each case with a null model containing only the intetdsipg the MuMIn
package (Barto, 2019), we calculated Akaike's information criterion of second ord€d A
indicated for small sample sizes), by the combination ofanliiclate models. After
inspection of the models, we adopi#®AICc<5 for the calculation of the average models

considering that they have a lot of explanatory power and biologigdfiscance (Burnham
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& Anderson, 2002). Finally, for each average model, the importange @&kach predictor
variable was obtained from the sum of Akaike weights (Burnham, Aode& Huyvaert,

2011). We applie@©GLMs to evaluate co-benefits between the carbon stock of secondagrowt
forest and diversity metrics (TD, PD, FD), community compositioth,species richness with
conservation value. After the construction of each modetheeked model residuals for
normality and homoscedasticity uOGLMs used Gaussian error and an identity link
(normality was tested and confirmed by the Shapiro Wilk test), implemented in the ‘glm’

function from stats package in R, aside for count data that dishewttthe assumptions of

normality, for which we used a Poisson error distribution.

RESULTS

Impacts of secondary forest on carbon stocks

Across all habitat types, remnants of primary forests contdive highest average
carbon stock (369.25+256.54 Mg him), followed by secondary forests (26.80+19.40 Mg
ha?), and then by cattle pasture (11.85+24.78 M{)lf&ig. 2a). The carbon stock was
significantly related with habitat type gfze=41.65, p<0,001), with pairwise comparisons
revealing significant differences between all habitat pairg. @a; Supporting Information
Table S4). Considering the impact of secondary forest chaistits, we found a significant
negative effect of patch isolatid?(B=-0.64+0.14 SEz=4.54, p<0.001) and source
distanceSD (p=-0.67+£0.12 SE, z= 5.43, p<0.001) on carbon stocking (Fig. 2b; Supporting
Information Tables S5 and S6). Patch d2&{3= 0.64+0.13 SE, z= 4.66, p<0.001) and patch
agePA (B= 0.65+0.13 SE, z= 4.83, p<0.001) both revealed a significant positive effect on
carbon stocks (Fig. 2b; Supporting Information Tables S5 and S6). In driddependent
contribution, the predictive variables that best explained ckangmsarbon stock were SD,

followed by PA, PS and PI (Supporting Information Fig.)S2a
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Impacts of secondary forest on diversity of trees

Taxonomic diversity (TD) Across all habitats, 3330 tree individuals of 440 species
were recorded. Primary forest had the highest average TD (74.07+8lgd)etl by
secondary forest (27.30+19.40) and cattle pasture (2.30+0.46). There was aasigeffect
of habitat type(F(2 36=148.94, p<0,0001), with pairwise comparisons revealing significant
differences between all habitat pairs (Fig. 3a; Supporting IntiomdableS7). For the
characteristics of secondary forests, we found a signifitegative effect of patch isolation-
Plon TD $=-0.63+0.20 SE, z= 3.03, p<0.001), whereas we fasidnificant positive
effect of patch siz&2S(p= 0.65+0.19 SE, z= 3.28, p<0.001) and patchRggp=0.60+0.21
SE, z= 2.77, p<0.001) on TD (Fig. 3b; Supporting Information Tables S8 anth®@der of
independent contribution, variables that best predicted chan@&s were PS, followed by
Pl and PA (Supporting Information Fig. §2b

Phylogenetic diversity (PD) - PD was related with habyjae(F 36=154.44,
p<0,0001), with higher PD in primary than in secondary forests, whiahnrhad higher PD
than did cattle pasture (Fig.;&upporting Information Table SL@onsidering the impact
of secondary forest characteristics, we found a significagative effect of patch isolation-
Pl (B=-0.39+£0.09 SE, z= 4.35, p<0.001) and a significant positive effect of patcRS{fe-
0.41+0.08 SE, z= 5.10, p<0.001) and patchRadp= 0.38+0.09 SE, z= 3.9, p<0.00dn
PD (Fig. 3d; Supporting Information Tables S11 and)SkRorder of independent
contribution, the variables that best predicted changes ind?® M5, followed by Pl and PA
(Supporting Information Fig. S2cAfter correction of the relationship between PD and
species richness, we found that standardized effect size o€BBO was also related with
habitat type(F 36=5.397, p<0,008), revealing significantly higher phylogenetic dispersion
for secondary forests and pastures than for primary fore gis3@ Bupporting Information

Table S10. We did not find a significant effect of patch isolatigdx(0.07£0.07 SE, z= 0.95,
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p>0.05), source distancp=0.09+0.07 SE, z=1.23, p>0.05), patch sfize-0.07+0.07 SE,
z=0.93, p>0.0por patch agepe 0.08+0.07 SE, z=1.11, p>0.05) on sesPD (Fig. 3f;
Supporting Information Tables S11 and S12).

Functional diversity (FD) FD was strongly related with habitat tyfF¢, 35=200.33,
p<0,0001), with significant higher FD in primary than secondary foradtjraturn, in
secondary forest than cattle pasture (B@.Supporting Information Table SL3-or the
characteristics of secondary forestg, faund a significant negative effect of patch isolation-
P1(p=-0.19+£0.05 SE, z= 3.40, p<0.001), whereas we found a significant positive effect of
patch sizePS(B= 0.20+0.05 SE, z = 3.92, p<0.001) and patchR&gé¢p=0.19+0.05 SE, z =
3.34, p<0.00}1on FD (Fig. 3h; Supporting Information Tables S14 and S15). In order of
independent contribution, the variables that best predictatgekan FD wer®S followed
by Pl and PA (Supporting Information Fig. S2d). After correction of thatioenship between
FD and species richness, we found that standardized effecif$ize (sesFD) was also
related with habitat typ@= 36=5.397, p<0,008), revealing significantly higher phylogenetic
dispersion for secondary forests and pastures than for priorvasgs (Fig3i; Supporting
Information Table S13We did not find a significant effect of patch isolatigi*(0.04+0.09
SE, z = 0.45, p>0.05), source distange §.02+0.09 SE, z = 0.31, p>0.05), patch sfze-(
0.01+0.09 SE, z=0.15, p>0.05) and patch $#ge 0.006+0.9 SE, z = 0.06, p>0.05) on

sesFD (Fig. 3j; Supporting Information Tables S14 and S15).

Impacts of secondary forest on species composition

Overall composition and similarity to primary forest here was a significant
difference in species composition between habitats (ANOS#@,924; p=0.0001, Fig. 4a),
with pairwise comparisons revealing significant differences beta#¢airs (all p=0.0001).

Considering the impact of secondary forest characteriste$ound a significant negative
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effect of patch isolatiof®l (B=-0.02+0.11 SE, z= 2.12, p<0.001) and a significant positive
effect of patch siz&S (3= 0.03+£0.13 SE, z= 2.35, p<0.001) and patchRgdp= 0.03+£0.12
SE, z= 2.59, p<0.00bn NMDS-axis 1 (Fig. 4b; Supporting Information Tables S16 and
S17). We found no effect of the patch characteristics on NMixS25(e.g. all values of
adjusted SE overlapping zero and p>0.05; Supporting InformationsTath&and S17). In
order of independent contribution, the variables that best peddittanges in NMDS-axis 1
were PA, followed by PS, and PI (Supporting Information Fig).S2e

Secondary forest increased to ~4d%the average similaritgf primary forests,
presentinga significant relation between similarity to primary forests dabitat type
(F236=207.49, p<0,001), with secondary forests showing higher average similahty wi
primary forests (0.092+0.068) than did cattle pasture (0.025+£0.029). Pairwise caampari
revealed significant differences between all habitat pairs (Fig daporting Information
Table S18). For the characteristics of secondary forestiyume a significant negative
effect of patch isolatio®®l (B=-0.63+0.20 SE, z= 3.03, p<0.001) and a significant positive
effect of patch siz&2S(B= 0.65+0.19 SE, z= 3.28, p<0.001) and patchRadp= 0.60+0.21
SE, z= 2.7, p<0.0QDn similarity to primary forest (Fig. 4d; Supporting Informatiot i€z
S19 and S2D In order of independent contribution, the variables that bediqied changes
in similarity to primary forest were PS, followed by P, and(@Apporting Information Fig.
S29).

Tree conservation valueThe richness of IUCN Red-listed species was related with
the habitat typexf(g, 36~141.47, p<0.001), with primary and secondary forests containing
higher richness than did cattle pasture. Pairwise compariseesled significant differences
between all habitat pairs (Fig.;&upporting Information Table S21). Considering the impact
of secondary forest characteristics, we found a significagetive effect of patch isolation-

PI (B=-0.53+£0.19 SE, z= 2.72, p<0.007) and source dist&iz€3= -0.48+0.21 SE, z= 2.25,
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p<0.003), and a significant positive effect of patch $18{f= 0.49+0.16 SE, z = 2.99,
p<0.03) and patch adeA (B=-0.52+0.20 SE, z= 2.60, p<0.001) onrichness of IUCN Red-
listed species (Fig. 4f, Supporting Information Tables S22 and S28)dén of independent
contribution, the variables that best predicted changes in thid RKCi-listed species were
PS, followed by PI, PA and SD (Supporting Information Fig.)S2g

The richness of Atlantic forest endemics revealed significdaiioa with habitat type
(F236=279.45, p<0,0001), with primary and secondary forests harboring higher richrmess tha
cattle pasture. Pairwise comparisons revealed significant ciffesebetween all habitat pairs
(Fig. 4g Supporting Information Table S24). For the characteristics offgleey forests, &
found a significant negative effect of patch isolatiin{p=-0.66+0.14 SE, z= 0.24, p<0.007
and source distancgb (B=-0.56+0.27 SE, z= 2.06, p<0.03), and a significant positive effect
of patch sizePS(B= 0.69+0.23 SE, z = 2.92, p<0.003) and patchR4&p=-0.60+0.26 SE,
z= 2.3, p<0.02onrichness of endemics species (Big.Supporting Information Tables S25
and S26). In order of independent contribution, the variablebésapredicted changes in
the richness of endemics species viRefollowed by PI,PA andSD (Supporting

Information Fig. S2h

Co-benefits between carbon stock and tree diversity and composition

We found significant positive impacts of above-ground carbon stookeey on all
three levels of tree diversity: TD (t=7.42, p=0.0001; Fig. 5a); PD (t=7.03, p=0.0@D1; Fi
5b); and FD(t=5.01, p=0.0003; Fig. 5¢). We did not find a significant pattern for sesPD (t=-
1.37, p=0.19) or sesFD (t=-0.37, p=0.7There were also significant positive impacts of
carbon stock on metrics of species composition: similarity to pyifosests (t=7.19,
p=0.0001; Fig. 5d); Red-listed species richness (t=8.23, p=0.0001; Fig. 5e); and Atlantic

forest endemic species richness (t=5.97, p=0.00015Big.

This article is protected by copyright. All rights reserved.



DISCUSSION

We urgently need to seek mechanisms that can simultaneous gt lnotie carbon and
biodiversity (McCarthy et al., 2012). Here, we investigated whethenezgtion of
secondary forest fragments offer such co-benefits, focusingeBrazilian Atlantic forest,
where one million hectares are to be restored under FLR. Whilanyriiorests remain
irreplaceable for biodiversity conservation (Gibson et al., 204dr)study highlights the
important potential of secondary forests in regenerating camwbhiadiversity co-benefits.
Over a period of ~30 years, a significant amount of carbon was stodeligh taxonomic,
phylogenetic and functional diversity of trees recovered, dieguthreatened and endemic
species, was recovered. Benefits were improved in patcHesisgifrom less landscape-
level isolation, in larger secondary forest patches,ellsas with increasing patch age.
Resulting positive relationships between carbon stock and tremsithnend community
recovery suggest strong potential for co-benefits of natorast regeneration under FLR and

other programs, including carbon enhancements under REDD+.

Carbon stock recovery

After three decades since land abandonment, secondary for@$tg Ky ha of
above-ground carbon, ~20% of primary forest levels (Fig. 2a). Thissepts a lower rate of
carbon sequestration than in other tropical secondary fore stsx&mples, in an analysis of
1,500 carbon plots across the lowland Neotropics, Poorter et al., (2016) foaverage
recovery of 122 Mg/ha (range 20 to 225 Mg/H3 after 20 years of regeneration, while in the
Tropical Andes, natural regeneration on cattle pasturetedsinl ~130 Mg/h# of above-

ground carbon stocks after 30 years (Gilroy et al., 2014).
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Isolation likely explains our lower rates of carbon accunuta(ig. 2b; Supporting
Information Fig.S2a). Most secondary forest plots in Poorter et al., (2016) and athed ih
Gilroy et al., (2014) were connected to mature secondary or oldtfgfovest, whereasi
this study, all secondary patches were isolated from primaggtitnagments by the pasture
and crop matrix, with 170+106 m to the nearest neighbour and 4+2.4 kmafrgenfbrest
blocks £500 hectares). Increasing isolation from existing foreslylikenits seed dispersal
(Hubbell, 2001) and the recovery of carbon stocks, especially ih saghents (Magnago
et al., 2015). Additionally, the relatively small sizes of our sdaoyforest patches (9-203
ha, Table S1), and thus their high levels of associated edge edfectsgurance et al.,
2002), also likely reduced the recovery of carbon stocks relativeger lalocks of forest
(e.g. those in Gilroy et al., 2014, Poorter et al., 2016). Furthermoreayitbtastial
defaunation in the Brazilian Atlantic forest has furtheteptial to significantly erode seed
dispersal and carbon storage (Bello et al., 2015), especially in vellyaswuhar isolated

patches (e.g. Ferraz et al., 2003).

Biodiversity recovery

In three decades of natural regeneration, secondary foeestgered ~76% of TD,
84% of PD and 96% of FD found in primary forest. The recoveryxoitamic, phylogenetic
and functional diversity mirrors that of previous studies elseavinethe Neotropics. For
example, multiple taxa recovered high taxonomic diversithenBrazilian Amazon (Barlow
et al,, 2007). Additionally, Edwards et al., (2017) found high recoverypdbPbird
communities in the tropical Andes, while Lohbeck et al., (2012) fdugpa recovery of FD
for tree communities in Mexico. Furthermore, recovery of FD appedrs proportionally
more rapid than that of TD, suggesting that systems can rester&uoctional roles- likely

provided by functionally dominant speciegven when a component of species diversity is
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still missing (Lohbeck, Bongers, Martinez-Ramos, & Poorter, 2016). Chamggversity are
likely to have occurred in response to changes in abiotic corglitidmich become more
favourable as canopy cover is restored (Senior, Hill, GonzaéP i2go, Goode, &
Edwards, 2017). This possibility is reinforced by the fact that theased size of secondary
forest areas after land abandonment generates a significant angeposiease in diversity
(Fig. 3b, d, h; Supporting Information Fig. S2b-d), and thus makes largendrds less edge
affected (Laurance et. al., 2002).

High PD recovery can be explained by two processes: the inéneéBeover time or
species replacements that increase the phyloge netinchdbatween community members
(Frishkoff et al., 2014). After correcting the correlation betwgaEtes richness and PD
(sesPD) and FD (sesFD), secondary forests had greategehgtic and functional
dispersion than founth primary forests (Fig. 3e,i). Higher sesiiecondary forests thus
suggests an increase of PD due to shifts in species compositiamls, on average, less
related species via losses of phylogenetically related speciks gaths of phylogenetically
distant species, regardless of species richness (Edwards, Massagaabkn, & Gilroy,
2017). The higher sesFD in secondary forests indicates lowds @hinctional redundancy
than observed for primary forests (Laliberté et al., 2010). Additiprwe found that the
characteristics of secondary forests (i.e., PI, SD, PS and BA)ohaffect on the values of
sesPD and sesFD (FBfj), which suggests that other characteristics of secondastfoor
the species within the local pool influence the increase of phydtigeand functional
dispersal after land abandonment.

We also found significant recovery of tree species compositigartts primary forest
levels, including a host of threatened and endemic species. The arhoantpositional
recovery in the Amazon was much higher than documented intadig .gain indicating

important effects of larger patch size, of greater time s&wevery (40 not 30 years) and
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reduced isolation (forest remnants were a median of 3[t&nge 28m- 3 km] from primary
forest) on floral recovery (Lennox et al., 2018). Neverthelessfimdings also suggest a high
capacity of these forests to recover species of high conservatlioe, supporting findings
for other taxa (Gilroy et al., 2014, Basham et al., 2016). This is an el§pen@ortant
finding given that the Brazilian Atlantic rainforest currgriths ~11% of its original forest
coverage, much of which is distributed in fragments smdisen 50 ha and surrounded by
agricultural areas (Ribeiro et al., 2009). In combination, the séisesiggests that if
secondary forest is recovered over much larger areaspsevia support rom FLR and/or
REDD+ (see below), then there is the potential for improved dapdsconnectivity and
reduced extinction risk of threatened and endemic tree speciedfRidS upporting
Information Fig.S2g,h). This would be particularly likely if secondary forest recyg\aso
resulted in increased occurrences of fauna that play impoaabigcal dispersal services,
such as birds, dung beetles, bats, and large mammals (Barlow et al., 2007

A caveat of our study is that the biodiversity and consemwatalues of our secondary
forest patches are contrasted against fragmented primarydorgstls that suffer edge
effects (Magnago et al., 2014) and are isolated due to the Vehd€original forest cover
(Ribeiro, Metzger, Martensen, Ponzoni, & Hirota, 2009). Such primacheatre likely to
have suffered fragmentation-driven losses in their treenuamties (e.g. Laurance et al.,
2002) and thus there is a risk that rather than our results rapingse high level of resilience
within this ecosystem, our control primary patches represent a shiftetinea Sucla
substantially lowered comparative benchmark could make ourdagopatches appear to
have higher rates of recovery than would occur if contrasted agaimsguous primary
forests. That said, given that the entire Brazilian Aitafoire st now lacks contiguous

lowland forest, and that we found substantial recovery of eiodgracies and those at high
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risk of extinction in our secondary patches, our results point tsasr important

conservation role for secondary forests.

Carbon and biodiversity co-benefits

We found positive relationships between carbon stock and taxondwloge netic
and functional diversity, as well as community similarity to priymarests, and IUCN Red-
listed and endemic species richness (FjgThese findings suggest strong potential for co-
benefits via carbon enhancements under natural forest ragenan the Brazilian Atlantic
for trees, similar to those identified in secondary foresteeflropical Andes for birds, dung
beetles and amphibians (Gilroy et al., 2014; Basham et al., 2016)jthntde graded forests
for birds, dung beetles and trees within the Brazilian Amakzenrox et al., 2018).

The majority of carbon-based payments for ecosystem servicasldedy to offer
payments to directly conserve biodiversity (Phelps, Webb, & Adams, ZRafher, market
forces will likely seek the cheapest options for forest retarand associated carbon
recovery. In the Tropical Andes, for example, very low eoaiogeturns from farming and
rapid carbon recovery in pastures adjacent to contiguous priarast make it relatively
cheap (~$2't CO;) to promote carbon enhancements (Gilroy et al., 2014). Although we
found significant recovery of carbon in landscapes with highly tsth lpatches of secondary
forest in the Brazilian Atlantic, these rates of recoweeye relatively low (Gilroy et al.,
2014; Poorter et al. 2016; Lennox et al., 2018). This could result in higher garbesof

secondary regrowth in locations isolated from primary fdodstks (Busch et al., 2019).
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CONCLUSIONS

Reducing anthropogenic climate change and tropical biodiveosiyare two of the
greatest challenges facing humanity (Barnett & Adger, 2007 efuBppenheimer, &
Wilcove, 2009; Cardinale et al., 2012). One possibility is to tackleetbhhallenges jointly
under FLR and REDD+. Our results revealed positive carbon-treesitiyven-be nefitsn
regenerating secondary forests from highly degraded and fraghientiscapes in the
globally threatened Brazilian Atlantic forest. This underssoie importance of focusing
more carbon sequestration and conservation efforts on enbaheirate with which
marginal land is abandoned even, or perhaps especially, within vgnyefrded forest
biomes. Of particular importance from a biodiversity conserngi@ spective is the potential
for secondary forests to enlarge the area of existing fragmepits1adry forest (Poorter et al.
2016; Gilroy et al., 2014) and, as suggested by the substantial recbtlmseate ned and
endemic tree species within less isolated secondaryt foaigsents, to improve landscape
connectivity (Metzger et al. 2009) and reduce extinction risk.

Enhancing the rate of land abandonment may entail land purchesseting (under
long-term certified emissions reductions ICER schemesy =t al., 2014) to allow the
regrowth of secondary forest, provided that programs ensure itullgnd informed consent
from land-owners. In much of the Tropical Andes, for exampMould be more profitable
to grow carbon than cows (Gilroy et al., 2014). Because we fourtiivedlaow rates of
carbon sequestration in our secondary forest fragmenta/¢hatisolated from primary forest
sources, the best option may be to focus restoration and carbostprggt to (or very near
to) smaller patches with specific conservation-values agedgrimary forest blocks. In
such instances, they would buffer and enlarge these areas, likedyngdxtinction risk A
key remaining question is whether such a strategy would also d#aper carbon pricing.

Via improved dispersal opportunities, there would likely be highes @tearbon recovery
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and this suggests that carbon prices could be lower, making thene atinactive win-win

for climate change mitigation and biodiversity conservation.

ACKNOWLEDGMENTS

We are grateful to Reserva Natural Vale, Reserva Biologicadetama, Reserva
Biolégica Corrego do Veado, Flona do Rio Preto, Reserva Biologica do C@ragde to
IBAMA for the work permit granted in federal conservation unitefise number 42532 to
F.A.R.M),ard to Suzano Papel, Cellulose and Fibria for permission to accessotiest
fragments. F.A.R.M was supported by Brazilian Studentship and Dte @aadwich
Program (CAPES - process number 99999.006537/2014-06) grants from the Brazilian
Federal Agency for Support and Evaluation of Graduate Educdtle authors also thank
FAPEMIG, CAPES and CNPq (Conselho Nacional de Desenvolvimento Gierdifi
Tecnologico; proc. 307591/2016-6) for additional grants and fellowshipsvoMel also like
to thank two anonymous referees for comments that greatly ingptbe@emanuscript. The

authors declare no conflict of interest.

This article is protected by copyright. All rights reserved.



REFERENCES

Chase, M. W., Christenhusz, M. J. M., Fay, M. F., Byng, J. W., Judd, W. SStevens, P.
F. (2016). An update of the Angiosperm Phylogeny Group classificér the orders
and families of flowering plants: APG IV. Botanical Jourioé the Linnean Society,
181(1), 1-20. doi:10.1111/b0j.12385

Banks-Leite, C., Pardini, R., Tambosi, L. R., Pearse, W. D., Bueno, Arédsc&gin, R. T., .

.. Metzger, J. P. (2014). Using ecological thresholds to evaluatedtseand benefits
of set-asides in a biodiversity hotspot. science, 345(6200), 1041-1045.
doi:10.1126/science.1255768 %J Science

Barlow, J., Gardner, T. A, Araujo, |. S., Avila-Pires, T. C., BonailoB., Costa, J. E., . . .

Peres, C. A. (2007). Quantifying the biodiversity value of tropical@mymnsecondary,
and plantation forests. Proceedings of the National AcaderSgiehces, 104(47),
18555-18560. doi:10.1073/pnas.0703333104

Barnett, J., & Adger, W. N. J. P. g. (2007). Climate change, hun@amityeand violent

conflict. Political Geography, 26(6), 639-655. doi.org/10.1016/).polgeo.2007.03.003

Barton, K. (2019). Package ‘MuMIn’. Model selection and model averaging base on
information criteria. R package version 1.43.6. R Foundation for $tati€omputing
Vienna, Austria. Retrieved from: https: https://cran.r-
project.org/web/packages/MuMIn/index.html

Basham, E., Gonzalez del Pliego, P., Acdstdvis, A., Woodcock, P., Medina Uribe, C.,
Haugaasen, T., . . . Edwards, D. J. A. c. (2016). Quantifying carlbamphibian
co-benefits from secondary forest regeneration in the Tropiades. Animal
Conservation, 19(6), 548-560. doi.org/10.1111/acv.12276

Bello, C., Galetti, M., Pizo, M. A., Magnago, L. F. S., Rocha, M. F., LiRaA,, . ..
Jordano, P. J. S. a. (2015). Defaunation affects carbon storatgepical forests.
Science Adcances, 1(11), e1501105. doi: 10.1126/sciadv.1501105

Bivand, R., & Piras, G. (2015). Comparing Implementations ofnigdion Methods for

Spatial Econometrics. Journal of Statistical Software, 63(18);35.
doi:10.18637/jss.v063.i18

Burnham, K.P., & Anderson, D., R. (2002). Model selection and multimodielence: a
practical information-theoretic approach, 2nd edn. Springew, Wak, pp. 1-488. doi:
10.1007/B97636

This article is protected by copyright. All rights reserved.



Burnham, K. P., Anderson, D. R., & Huyvaert, K. P. (2011). AIC modeksete and
multimodel inference in behavioral ecology: some background, clisems, and
comparisons.  Behavioral Ecology and  Sociobiology, 65(1), 23-35.
doi.org/10.1007/s00265-010-1084-z

Busch, J., Engelmann, J., Cook-Patton, S. C., Griscom, B. W., Krdegérssingham, H.,
& Shyamsundar, P. (2019). Potential fomicost carbon dioxide removal through
tropical reforestation. Nature Climate Change, 9(6), 463-466. doi:10.40388&-
019-0485-x

Cardinale, B. J., Duffy, J. E., Gonzalez, A., Hooper, D. U., Perrings, @aiy P., . . .
Naeem, S. (2012). Biodiversity loss and its impact on humanayurd, 486, 59.
doi:10.1038/nature11148

Chao, A., Chazdon, R. L., Comell, R. K., & Shen, T.-J. (2005netv statistical approach
for assessing similarity of species composition with incideswed abundance data.
Ecology Letters, 8(2), 148-159. doi:10.1111/j.1461-0248.2004.00707.x

Chave, J., Coomes, D., Jansen, S., Lewis, S. L., Swenson, N. Zanée, A. E. (2009).
Towards a worldwide wood economics spectrum. Ecology Letters, 1344)366.
doi:10.1111/j.1461-0248.2009.01285.x

Chave, J., Réjou-Méchain, M., Barquez, A., Chidumayo, E., Colgan, MefittiDVN. B. C.,

. . . Vieilledent, G. (2014). Improved allometric models to esgntaé aboveground
biomass of tropical trees. Global Change Biology, 20(10), 3177-3190.
doi:10.1111/gch.12629

Colwell, R. K. (2013). EstimateS: Statistical estimation of spe@ésess and shared species

from samples. Version 9.1.0. User's Guide and application. ieRedr
from:http://purl.oclc.org/estimates.

Corlett, R. (1994). What is secondary forest? Journal of Tropicalbgy, 10(3), 445-447.
doi:10.1017/S0266467400008129

Edwards, D. P., Massam, M. R., Haugaasen, T., & Gilroy, J. J. (2017)cdlrgpcondary
forest regeneration conserves high levels of avian pbyeig diversity. Biological
Conservation, 209, 432-439. doi:doi.org/10.1016/j.biocon.2017.03.006

Faith, D. P. (1992). Conservation evaluation and phylogenetiersity. Biological
Conservation, 61(1), 1-10. doi:doi.org/10.1016/0006-3207(92)91201-3

Ferraz, G., Russell, G. J., Stouffer, P. C., Bierregaard, R. Om,P3mL., & Lovejoy, T. E.
(2003). Rates of species loss from Amazonian forest fratgmemoceedings of the
National Academy of Sciences, 100(24), 14069-14073. doi:10.1073/pnas.2336195100.

This article is protected by copyright. All rights reserved.



Ferreira, J., Lennox, G. D., Gardner, T. A.,, Thomson, J. R., Bererigyd.ees, A. C., . ..
Barlow, J. (2018). Carbon-focused conservation may fail toteprothe most
biodiverse tropical forests. Nature Climate Change, 8(8), 744-749.
doi:10.1038/s41558-018-0225-7

Field, C. B., Behrenfeld, M. J., Randerson, J. T., & Falkowski, P. (1998). Britnaduction
of the Biosphere: Integrating Terrestrial and Oceanic f@owmnts. Science,
281(5374), 237-240. doi:10.1126/science.281.5374.237 %J Science

Flores, O., & Coomes, D. A. (2011). Estimating the wood density of speciearbon stock
assessments. Methods in Ecology and Evolution, 2(2), 214-220. doi:10.1111/;.2041-
210X.2010.00068.x

Frishkoff, L. O., Karp, D. S., M’Gonigle, L. K., Mendenhall, C. D., Zook, J., Kremen, C., . ..
Daily, G. C. (2014). Loss of avian phylogenetic diversity in regmtal agricultural
systems. Science, 345(6202), 1343-1346. doi:10.1126/science.1254610 %J Science

Gastauer, M., Caldeira, C. F., Trotter, I., Ramos, S. J., & Méat, J. A. A. (2018).
Optimizing community trees using the open tree of life mses the reliability of
phylogenetic diversity and dispersion indices. Ecologicadrmatics, 46, 192-198.
doi:doi.org/10.1016/j.ecoinf.2018.06.008

Gellie, N. J., Breed, M. F., Mortimer, P. E., Harrison, R. Du, X, & Lowe, A. J. (2018).
Networked and embedded scientific experiments will improvena&sbn outcomes.
Frontiers in Ecology and the Environment, 16(5), 288-294. doi:10.1002/fee.1810

Gibbs, H. K., Ruesch, A. S., Achard, F., Clayton, M. K., HolmgRen,Ramankutty, N., &
Foley, J. A. (2010). Tropical forests were the primary sourceswfgricultural land
in the 1980s and 1990s. Proceedings of the National Academy iefcSs.
Proceedings of the National Academy of Sciences, 107(38), 16732-16737.
doi:10.1073/pnas.0910275107

Gibson, L., Lee, T. M., Koh, L. P., Brook, B. W., Gardner, T. A., Barlow, J., ... Sodhi, N. S.
(2011). Primary forests are irreplaceable for sustainingdabpiodiversity. Nature,
478, 378. doi:10.1038/nature10425

Gilroy, J. J., Woodcock, P., Edwards, F. A., Wheeler, C., Baptiste, 8., Medina Uribe,

C. A, ... Edwards, D. P. (2014). Cheap carbon and biodiversity cditbeinem
forest regeneration in a hotspot of endemism. Nature a®dinChange, 4, 503.
doi:10.1038/nclimate2200

Gouvéa, J.B.S. (1969). Contribuicdo & geomorfologia do sul da Bahia. du® baixos

cursos dos rios Pardo e Jequitinhonha. Comunicacdo Técnica dooCsmmesquisas

This article is protected by copyright. All rights reserved.



do CACAU/Comissao Executiva de Planejamento da Lavoura €maaltabuna, 35,
pp 1-111

Haddad, N. M., Brudvig, L. A., Clobert, J., Davies, K. F., Gonzalez, Alt, iR D., . . .
Townshend, J. R. (2015). Habitat fragmentation and its lasting impact on Earth’s
ecosystems. Science Advances, 1(2), e1500052. doi:10.1126/sciadv.1500052%J
Science Advances

Hammer, @., Harper, D. A., & Ryan, P. D. J. P. e. (2001). PA&Enntological statistics
software package for education and data analysis. Palaeontolodieiter, 4(1), 9.

Hansen, M. C., Potapov, P. V., Moore, R., Hancher, M., Turubanova, S. A., Tyukayina,
. Townshend, J. R. G. (2013). High-Resolution Global Maps of 21gtiydrore st
Cover Change. Science, 342(6160), 850-853. doi:10.1126/science.1244693 %J
Science

Hothorn, T. F., Bretz, P., Westfall, R. M., Heiberger, A., Schuetzistene& S. Scheibe.
(2017). Package ‘multcomp’: simultaneous models. Version 1.4-8, Retrieved from:
https://cran.csiro.au/web/packages/multcomp/index. htmi

Hubbell, S. P. (2001). The Unified Neutral Theory of Biodiversity aingdgdgraphy (MP B-
32): Princeton University Press.

IBGE (Fundacéo Instituto Brasileiro de Geografia e Estedjst(1987). Rio Doce: geologia,
geomorfologia, pedologia, vegetacdo e uso potencial da ®nogeto Radambrasil,
Volume SF.34, Rio de Janeiro.

Laliberté, E., Wells, J. A., DeClerck, F., Metcalfe, D. J., Caltte€a P., Queiroz, C., . . .
Mayfield, M. M. (2010). Land-use intensification reduces fiomel redundancy and
response diversity in plant communities. Ecology Letters, 13(19-86.
doi:10.1111/j.1461-0248.2009.01403.x

Laurance, W. F., Lovejoy, T. E., Vasconcelos, H. L., Bruna, E. M., @ R. K., Stouffer,
P. C., ... Sampaio, E. (2002). Ecosystem Decay of AmazoniastFregments: a

22-Year Investigation. Conservation Biology, 16(3), 605-618. doi:10.1046/j.1523-
1739.2002.01025.x

Lennox, G. D., Gardner, T. A., Thomson, J. R., Ferreira, J.,nBees, E., Lees, A.C., . ..
Barlow, J. (2018). Second rate or a second chance? Assessin@sbi and
biodiversity recovery in regenerating Amazonian fore&®bal Change Biology,
24(12), 5680-5694. d0i:10.1111/gch.14443

Lewis, S. L., Edwards, D. P., & Galbraith, D. (2015). Increasing hudeninance of
tropical forests. Science, 349(6250), 827-832. doi:10.1126/science.aaa9932 %.J

This article is protected by copyright. All rights reserved.



Science

Lohbeck, M., Poorter, L., Paz, H., Pla, L., van Breugel, M., Martinez-Ramos, Bbngers,
F. (2012). Functional diversity changes during tropical forest ssiccesP erspectives
in Plant Ecology, Evolution and Systematics, 14(2), 89-96.
doi:https://doi.org/10.1016/].ppees.2011.10.002

Lohbeck, M., Bongers, F., Martinez-Ramos, M., & Poorter, L. (2016). ifiportance of
biodiversity and dominance for multiple ecosystem functimna human-modified
tropical landscape. Ecology, 97(10), 2772-2779. doi:10.1002/ecy.1499

Magallén, S., Gémez-Acevedo, S., Sanchez-Reyes, L. L., & H#emaHernandez, T.
(2015). A metacalibrated time-tree documents the early risfloafring plant
phylogenetic diversity. New Phytologist, 207(2), 437-453. doi:10.1111/nph.13264

Magnago, L. F. S., Edwards, D. P., Edwards, F. A., Magrach, A., Martins, S. Au&ihce,
W. F. (2014). Functional attributes change but functional rehig unchanged after
fragmentation of Brazilian Atlantic forests. Journal of Bgyl 102(2), 475-485.
doi:10.1111/1365-2745.12206

Magnago, L. F. S., Magrach, A., Laurance, W. F., Martins, S. V., Mata, J. A. A,
Simonelli, M., & Edwards, D. P. (2015). Would protecting tropicast fragments
provide carbon and biodiversity cobenefits under REDD+? Global Chaingayy,
21(9), 3455-3468. d0i:10.1111/gch.12937

Malhi, Y., Baker, T. R., Phillips, O. L., Almeida, S., Alvaréz, Arroyo, L., . .. Lloyd, J.
(2004). The above-ground coarse wood productivity of 104 Neotropiesst fpiots.
Global Change Biology, 10(5), 563-591. d0i:10.1111/j.1529-8817.2003.00778.x

Matos, F. A. R., Magnago, L. F. S., Gastauer, M., Carreiras, J. MirBon8lli, M., Meira-
Neto, J. A. A, & Edwards, D. P. (2017). Effects of landscape coafigur and
composition on phylogenetic diversity of trees in a highkgmented tropical forest.
Journal of Ecology, 105(1), 265-276. d0i:10.1111/1365-2745.12661

McCarthy, D. P., Donald, P. F., Scharlemann, J. P. W., Buchanan,. ,@aliford, A.,
Green, J. M. H., . . . Butchart, S. H. M. (2012). Financial Costde#fting Global
Biodiversity Conservation Targets: Current Spending ammét Needs. Science,
338(6109), 946-949. doi:10.1126/science.1229803 %J Science

Pavoine, S., Vallet, J., Dufour, A.-B., Gachet, S., & Daniel, H. (2009 the challenge of
treating various types of variables: application for mwimg the measurement of
functional diversity. Oikos, 118(3), 391-402. doi:10.1111/,.1600-0706.2008.16668.x

This article is protected by copyright. All rights reserved.



Pavoine, S., & Bonsall, M. B. (2011). Measuring biodiversity to arplcommunity
assembly: a unified approach. Biological Reviews, 86(4), 792-812.
doi:10.1111/j.1469-185X.2010.00171.x

Peixoto, A. L, & A. Gentry. (1990). Diversidade e composicao florisiticenata de tabuleiro
na Reserva Florestal de Linhares (Espirito Santo, BreRdyista Brasileira de
Botanica, 13:1925.

Petchey, O. L., & Gaston, K. J. (2002). Functional diversity)(Fpecies richness and
community composition. Ecology Letters, 5(3), 402-411. doi:10.1046/j.1461-
0248.2002.00339.x

Phelps, J., Webb, E. L., & Adams, W. M. (2012). Biodiversity co-benefitgolicies to
reduce  forest-carbon emissions. Nature Climate Change, 2, 497.
doi:10.1038/nclimate1462

Pimm, S. L., Jenkins, C. N., Abell, R., Brooks, T. M., Gittleman, J.dppd, L. N, . . .
Sexton, J. O. (2014). The biodiversity of species and tle@srof extinction,
distribution, and protection. Science, 344(6187), 1246752.
doi:10.1126/science.1246752 %J Science

Poorter, L., Bongers, F., Aide, T. M., Almeyda Zambrano, A. M., BalvanerBeBknell, J.

M., . . . Rozendaal, D. M. A. (2016). Biomass resilience of iMpdatal secondary
forests. Nature, 530, 211. doi:10.1038/nature16512

QGIS Development Team. (2017). QGIS Geographic Informatiste8y 2.18.5-Dufour

Open Source Geospatial Foundation Project. Retrieved from
https://qgis.org/en/site/about/index. html

R Development Core Team. (2018). R: A language and EnvironmenStatistical

Computing. R Foundation for Statistical Computing, Vienna, Austria.

Réjou-Méchain, M., Tanguy, A., Piponiot, C., Chave, J., & Hérault, B. (2@lothass: an r
package for estimating above-ground biomass and its umdgriaitropical forests.
Methods in Ecology and Evolution, 8(9), 1163-1167. doi:10.1111/2041-210x.12753

Ribeiro, M. C., Metzger, J. P., Martensen, A. C., Ponzoni, F. J., & Hirota, M. M. X20b&
Brazilian Atlantic Forest: How much is left, and how s tremaining forest
distributed? Implications for conservation. Biological Gamation, 142(6), 1141-
1153. doi:doi.org/10.1016/}.biocon.2009.02.021

Rolim, S. G., Jesus, R. M., Nascimento, H. E. M., do Couto, H. T. Z., & Gdamnd. Q.
(2005). Biomass change in an Atlantic tropical moist fords: ENSO effect in

This article is protected by copyright. All rights reserved.



permanent sample plots over a 22-year period. Oecologia, 142(2), 238-246.
doi:10.1007/s00442-004-1717-x

Senior, R. A., Hill, J. K., Gonzalez Del Pliego, P., Goode, L. K., & Edwards, R0R7). A
pantropical analysis of the impacts of forest degradatimh @nversion on local
temperature. Ecology and evolution, 7(19), 7897-7908. doi:10.1002/ece3.3262

The IUCN. (2018). Red List of Threatened Species.,Version 2018 @sgarl December
2018). Retrieved from: https://www.iucnredlist.org/

Turner, W. R., Oppenheimer, M., & Wilcove, D. S. (2009). A forcedbtfglobal warming.
Nature, 462, 278. doi:10.1038/462278a

van der Werf, G. R., Morton, D. C., DeFries, R. S., Olivier, J. GKdsjbhatla, P. S.,
Jackson, R. B., . . . Randerson, J. T. (2009). CO2 emissionddrest loss. Nature
Geoscience, 2, 737. doi:10.1038/ngeo671

Veron, S., Davies, T. J., Cadotte, M. W., Clergeau, P., & Pavoif@0$5). Predicting loss
of evolutionary history: Where are we? Biological Review, 192(271-291.
doi:10.1111/brv.12228

Webb, C. O. (2000). Exploring the Phylogenetic Structure of Eidd Communities: An
Example for Rain Forest Trees. The American Naturalidi6(2), 145-155.
doi:10.1086/303378

Webb, C. O., Ackerly, D. D., & Kembel, S. W. (2008). Phylocom: softwardhe analysis
of phylogenetic community structure and trait evolution. irBarmatics, 24(18),
2098-2100. doi:10.1093/bioinformatics/btn358 %J Bioinformatics

This article is protected by copyright. All rights reserved.



Fig. 1. Study area sampled in the Brazilian Atlantic Fordtitional information about each

transect sampled can be found in Supporting Information Tdble S

Fig. 2. Impact of habitat type and patch isolation, size and age on carbon stocks. a) Carbon
stock between primary and secondary forest, and cattlerpaddifferent letters indicate
significance at 90.05, and errors bars represent standard error. b) Effect of patch
characteristics of secondary forests on carbon stodks:gatch isolation from the nearest
fragment; SD = isolation frorfragments >500 ha; PS = patch size; and PA = patch age. The
positive or negative position of the bars represents antedfethe predictive variable on
carbon stocks, and errors bars represent the (x) adjsstediard errors obtained after
analysis of average models. The analysis of average sno@el performed considering all

the models with values &fAICc< 5.

Fig. 3. Impact of habitat type (a, c, e, g, i) and of patchtienlssize, and age (b, d, f, hgh
tree diversity. aTaxonomic diversity (TD; i.e., species richness) betweengryiforest,
secondary forest and cattle pasture. Different lettelisatalsignificance at.05, and

errors bars represent standard error. b) Effect of patch chestacderf secondary forests on
TD. PI= patch isolation from the nearest fragment; SD= patchtiesl fromfragments >500
ha; PS = patch size; and PA = patch age. The positive or negativepositie bars
represents an effect of the predictive variable on thgomse variable, and errors bars
represent the () adjusted standard errors obtained after analgserafile models. The
analysis of average models was performed considering all thesnwitle values oA AICc<
5. ¢) Phylogenetic diversity (PD) in millions of years betweanitht types; d) effect of patch
characteristics of secondary forestsRip e) standard effect size of PD (sesPD) between

habitat types; f) effect of patch characteristics of secgnidae sts sesPD; g) functional
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diversity (FD) between habitat typédy effect of patch characteristics of secondary forests on
FD; i) standard effect size of functional diversity (sesbB)ween habitat types; and j) effect

of patch characteristics of secondary forests on sesFD.

Fig. 4. Impact of habitat type (a, c, e, g) and of patch isglasize, and age (b, d, f, h) on
species composition. a) Non-metric multidimensional scalindS) ordination of
community structure between primary forest, secondary farestattle pasture; b) effect of
patch characteristics of secondary forests on tree comn{iNM{DS axis 1) PI = patch
isolation from the nearest fragment; Shsolation from fragments >500 ha; PS = patch size;
and PA = patch age. The positive or negative position of the bars mafsraseeffect of the
predictive variable on the response variable, and errors baeseep the (+) adjusted
standard errors obtained after analysis of average models. The @a0&lygtrage models
was performed considering all the models with values of AAICc< 5. ¢) Similarity to primary
forest between habitat types. Different letters in@icagnificance at$0.05 and errors bars
represent standard erro). ffect of patch characteristics of secondary forests miasity

to primary forest; e) richness of threatened tree species@habitat types; f) effect of patch
characteristics of secondary forests on richness of émedtree specigg) richness of
Atlantic forest endemic species between habitat types fjeeffect of patch characteristics of

secondary forests on richness of endemic species.

Fig. 5.Co-benefits between carbon stock and tree diversity (a-c) and coropdsij in the
globally threatened Atlantic Forest. a) Taxonomic diversityghy)logenetic diversity, in
millions of years; ¢) functional diversity; d) similarity to thenpary forest community; e)

species richness of trees threatened with extinction (IUENIRted); and f) species richness
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of Atlantic forest endemic trees. Additional information ab@sults of analysis can be

found in Supporting Information Table S27.
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