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Biomass resilience of Neotropical secondary forests
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Land-use change occurs nowhere more rapidly than in the tropics,
where the imbalance between deforestation and forest regrowth
has large consequences for the global carbon cycle!. However,
considerable uncertainty remains about the rate of biomass recovery
in secondary forests, and how these rates are influenced by climate,
landscape, and prior land use? . Here we analyse aboveground
biomass recovery during secondary succession in 45 forest sites
and about 1,500 forest plots covering the major environmental
gradients in the Neotropics. The studied secondary forests are
highly productive and resilient. Aboveground biomass recovery
after 20 years was on average 122 megagrams per hectare (Mgha™!),
corresponding to a net carbon uptake of 3.05MgCha~lyr™!,
11 times the uptake rate of old-growth forests. Aboveground
biomass stocks took a median time of 66 years to recover to 90% of
old-growth values. Aboveground biomass recovery after 20 years
varied 11.3-fold (from 20 to 225 Mgha™"') across sites, and this
recovery increased with water availability (higher local rainfall and
lower climatic water deficit). We present a biomass recovery map of
Latin America, which illustrates geographical and climatic variation

in carbon sequestration potential during forest regrowth. The map
will support policies to minimize forest loss in areas where biomass
resilience is naturally low (such as seasonally dry forest regions)
and promote forest regeneration and restoration in humid tropical
lowland areas with high biomass resilience.

Over half of the world’s tropical forests are not old-growth, but
naturally regenerating forests®. We focus here on secondary forests
that regrow after nearly complete removal of forest cover for agri-
cultural use®. Despite their crucial role in human-modified tropical
landscapes, the rate at which these forests will recover, and the extent
to which they can provide equivalent levels of ecosystem services
as the forests they replaced, remains uncertain. Several studies sug-
gest that, once a certain threshold of disturbance has been reached,
tropical forests may collapse® or switch to an alternative stable state”.
However, in general, secondary tropical forests have rapid rates of
carbon sequestration, with potentially large consequences for the
global carbon cycle®. The magnitude of the tropical carbon sink is
relatively well known for old-growth forest®®, but current global
estimates on carbon uptake and storage of secondary forests are rough

IForest Ecology and Forest Management Group, Wageningen University, PO Box 47, 6700 AA Wageningen, The Netherlands. 2PO Box 23360, Department of Biology, University of Puerto Rico, San
Juan, PR 00931-3360, Puerto Rico. 3Spatial Ecology and Conservation Lab, Department of Geography, University of Alabama, Tuscaloosa, Alabama 35487, USA. #Instituto de Investigaciones en
Ecosistemas y Sustentabilidad, Universidad Nacional Auténoma de México, CP58190, Morelia, Michoacan, México. ®Department of Ecology and Evolutionary Biology, Brown University, Providence,
Rhode Island 02912, USA. ®Department of Ecology and Evolutionary Biology, University of Connecticut, Storrs, Connecticut 06269, USA. “Department of Forest Sciences, Luiz de Queiroz College of
Agriculture, University of Sao Paulo, Avenida Padua Dias 11, 13418-900, Piracicaba, Sao Paulo, Brazil. 83l ForestGEO, Smithsonian Tropical Research Institute, Roosevelt Avenue, Tupper Building - 401,
Balboa, Ancén, Panama, Panama. °German Centre for Integrative Biodiversity Research (iDiv) Halle-Jena-Leipzig, Deutscher Platz 5e, 04103 Leipzig, Germany. Olnstitute for Biology, Leipzig
University, Johannisallee 21, 04103 Leipzig, Germany. !'Departamento de Botanica, Universidade Federal de Pernambuco, Pernambuco, CEP 50670-901, Brazil. 12Department of Sustainability
Science, El Colegio de la Frontera Sur, Unidad Campeche, Av. Rancho Poligono 2A, Parque Industrial Lerma, Campeche, Campeche, CP 24500, México. 3Department of Ecology and Evolutionary
Biology, Tulane University, New Orleans, Louisiana 70130, USA. 14Smithsonian Tropical Research Institute, Roosevelt Avenue, Tupper Building — 401, Balboa, Ancén, Panam4, Panama. '°Biological
and Environmental Sciences, University of Stirling, Stirling FK9 4LA, UK. 1®Department of Biological Sciences, Clemson University, 132 Long Hall, Clemson, South Carolina 29634, USA. 17Centro
de Investigacién Cientifica de Yucatéan, AC, Unidad de Recursos Naturales, Calle 43 No. 130, Colonia Chuburna de Hidalgo, CP 97200, Mérida, Yucatan, México. '8Earth and Atmospheric Sciences
Department, University of Alberta, Edmonton, Alberta T6G 2E3, Canada. °Departamento de Biologia Geral, Universidade Estadual de Montes Claros, Montes Claros, Minas Gerais, CEP 39401-089,
Brazil. 2°Fondo Patrimonio Natural para la Biodiversidad y Areas Protegidas, Calle 72 No. 12-65 piso 6, Bogota, Colombia. ?!Biological Dynamics of Forest Fragments Project, Environmental
Dynamics Research Coordination, Instituto Nacional de Pesquisas da Amazonia, Manaus, Amazonas, CEP 69067-375, Brazil. 22Centre for Crop Systems Analysis, Wageningen University, PO Box 430,
6700 AK Wageningen, The Netherlands. 22Knowledge, Technology and Innovation Group, Wageningen University, PO Box 8130, 6700 EW Wageningen, The Netherlands. 2*Coordenagéo de
Tecnologia e Inovagao, Instituto Nacional de Pesquisas da Amazonia, Avenida André Arajo, 2936 — Aleixo, 69060-001 Manaus, Brazil. 2>Department of Physical and Environmental Sciences,
Colorado Mesa University, 1100 North Avenue, Grand Junction, Colorado 81501, USA. 2°Department of Environmental Studies, Purchase College (State University of New York), Purchase,

New York 10577, USA. #/Instituto Boliviano de Investigacién Forestal (IBIF), FCA-UAGRM, Casilla 6204, Santa Cruz de la Sierra, Bolivia. 2World Agroforestry Centre (ICRAF), PO Box 30677 -
00100, Nairobi, Kenya. 2°Department of Geography, University of Wisconsin-Madison, 550 North Park Street, Madison, Wisconsin 53706, USA. 3°Departamento de Ecologfa y Recursos Naturales,
Facultad de Ciencias, Universidad Nacional Auténoma de México, México 04510 DF, México. 3!Department of Ecology, Evolution and Environmental Biology, Columbia University, New York,

New York 10027, USA. 32Section of Ecoinformatics and Biodiversity, Department of Bioscience, Aarhus University, Aarhus 8000, Denmark. 33Departamento de Ecologia, Instituto de Biociéncias,
Universidade de S&o Paulo, Rua do Matao, travessa 14, No. 321, Sdo Paulo, CEP 05508-090, Brazil. 3*Universidade Federal do Sul da Bahia, Centro de Formacgéo em Ciéncias Agroflorestais,
Itabuna-BA, 45613-204, Brazil. 3°Department of Ecology, Evolution, & Behavior, University of Minnesota, Saint Paul, Minnesota 55108, USA. 36Department of Plant Biology, University of Minnesota,
Saint Paul, Minnesota 55108, USA. 37School of Social Sciences, Geography Area, Universidad Pedagogica y Tecnologica de Colombia (UPTC), Tunja, Colombia. 38Department of Geography, 4841
Ellison Hall, University of California, Santa Barbara, California 93106, USA. 3°Cr 5 No 14-05, PO Box 412, Cota, Cundinamarca, Colombia. °4007 18th St Northwest, Washington DC 20011, USA.
“IDepartment of Biology, University of Maryland, College Park, Maryland 20742, USA. “?Yale-NUS College, 12 College Avenue West, Singapore 138610. **Department of Biological Sciences,
National University of Singapore, 14 Science Drive 4, Singapore 11754. “*Departamento de Agricultura, Sociedad y Ambiente, El Colegio de la Frontera Sur - Unidad Villahermosa, 86280

Centro, Tabasco, México. “°Institute for Biodiversity and Ecosystem Dynamics (IBED), University of Amsterdam, PO Box 94248, 1090 GE Amsterdam, The Netherlands. “°Bonhoeffer College,
Bruggertstraat 60, 7545 AX Enschede, The Netherlands. 4’Museu Paraense Emilio Goeldi, CP 399, CEP 66040-170, Belém, Brazil. “®Department of Biological Sciences, Louisiana State University,
Baton Rouge, Louisiana 70803-1705, USA. *°Department of Biology, University of Regina, 3737 Wascana Parkway, Regina, Saskatchewan S4S 0A2, Canada.

11 FEBRUARY 2016 | VOL 530 | NATURE | 211
© 2016 Macmillan Publishers Limited. All rights reserved



LETTER

a 500 —
400 —
*.: 300 —
Ky
(=]
=3
3
Q 200
100 —
O_
b 350
300 —
250 —
S
>
2 200
>
o
[$]
@
o 150 -
S(‘) - -
100 —
50 —
O_
I

100

Age (yr)

Figure 1 | Relationship between forest biomass and stand age using
chronosequence studies in Neotropical secondary forest sites.

a, AGB (N=44); b, AGB recovery (N=28). Each line represents a different
chronosequence. The original plots on which the regression lines are based
are indicated in grey (N= 1,364 for AGB, N=995 for AGB recovery). AGB
recovery is defined as the AGB of the secondary forest plot compared with
the median AGB of old-growth forest plots in the area, multiplied by 100.
Significant relations (two-sided P <0.05) are indicated by continuous lines;
non-significant relationships (two-sided P > 0.05) are indicated by broken
lines. Plots of 100 years old are also second-growth. See Extended Data Fig. 4
for the same figure with plots colour-coded by forest type.

or biased®®® and we urgently need better-founded biomass recovery
rates and resilience estimates.

Secondary forests deliver a suite of ecosystem services that are
closely linked to the biomass resilience of these forests'?. We define
biomass resilience as the ability to (1) recover quickly after distur-
bance (that is, the absolute recovery) and (2) return to its original
(pre-deforestation) state (that is, the relative recovery). Few studies
have quantified forest recovery directly by monitoring secondary
forest plots over time, and they typically cover only a few years (but
see ref. 11). Chronosequence studies have evaluated different plots
at different times after abandonment'? and shown that recovery
rates vary dramatically with climate'?, soils'4, and management
intensity'®. However, the meta analyses so far!*!*~18 did not con-
sider Neotropical-wide environmental gradients and were not based
on original data, making direct comparisons impossible because of
variation in methodology and allometric biomass equations used.
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Figure 2 | AGB after 20 years. a, In relation to annual rainfall; b, in
relation to CWD for Neotropical forest sites. Lines indicate predicted AGB
at 20 years based on a multiple regression including 1/rainfall, CWD, and
rainfall seasonality (R?=0.59). Other variables were kept constant at the
mean across sites (two-sided P < 0.005 for 1/rainfall; P=0.03 for CWD).
The third, less significant factor (rainfall seasonality) is shown in Extended
Data Fig. 2. N=43 sites (one site was excluded because no climatic data
were available).

Here we quantify rates of recovery of aboveground biomass (AGB)
stocks in secondary forests, and assess to what extent recovery rates are
driven by abiotic site conditions, landscape forest cover, and previous
land use. We hypothesize that recovery rates increase with resource
availability (high rainfall'® and fertile soils) and decrease with degree
of forest loss in the surrounding landscape matrix (implying lower
seed availability), as well as with intensity of prior land use. We test
these hypotheses using an unprecedented multi-site analysis includ-
ing 45 sites, 1,468 plots, and >168,000 stems, spanning the major
environmental and latitudinal gradients in the Neotropics, and we
present a biomass recovery map to support policy decisions for the
Neotropics.

We compiled data from 45 chronosequence studies (Extended Data
Table 1); we also included old-growth plots for 28 sites with no signs
of recent human disturbance. In each plot all stems >5cm diameter
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Figure 3 | Potential biomass recovery map of Neotropical secondary
forests. The total potential AGB accumulation over 20 years of lowland
secondary forest growth was calculated on the basis of a regression
equation relating AGB with annual rainfall (AGB = 135.17 — 103,950 x
1/rainfall 4 1.522 x rainfall seasonality 4+ 0.1148 x CWD; see Methods).
The colour indicates the amount of forest cover recovery (red is low
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were measured and identified, their biomass estimated using allometric
equations, and summed across all trees to obtain live plot AGB.

For each site, AGB was modelled as a function of time elapsed since
abandonment: that is, since the main human activity (crop production,
cattle ranching) ceased at the site. Biomass resilience was quantified in
two ways. For absolute recovery rate, the site-specific models (N =44;
one outlier excluded) were used to predict AGB at 20 years, a represent-
ative age for secondary forests in the Neotropics. For relative recovery,
AGB was expressed as a percentage of the median AGB of old-growth
forest plots in the area. AGB recovery was related to climatic water
availability, soil cation exchange capacity (CEC), forest cover, and prior
land use using multiple regression analysis. The best-supported equa-
tion was used to produce a biomass recovery map of the Neotropics.

Recovery of AGB showed a saturating relationship with stand
age for the individual sites. After 20 years of secondary succession,
AGB accumulation varied 11.3-fold (from 20 to 225 Mgha™!, aver-
age 121.8 £ 7.5 s.e.m.) across sites (Fig. 1a). Biomass recovery after
20 years, relative to old-growth forest AGB at the same site, varied from
25 to 85% across sites (Extended Data Fig. 1). Across sites, AGB after
20years increased with annual precipitation (P < 0.001), climatic water
deficit (CWD; P < 0.001, a higher value here means a lower deficit),
and rainfall seasonality (R*=0.59, P < 0.0001; Fig. 2, Extended Data
Fig. 2a and Extended Data Table 2). There was considerable variation
at a given level of water availability, which is also reflected in the root
mean squared error of 31.7 Mgha~!. CEC, forest cover, and prior
land use were not significant predictors of AGB accumulation across
sites (Extended Data Fig. 2). For relative recovery, not only rainfall
(P=10.040) but also CEC (P=0.027) had a significant positive effect
on biomass recovery (Extended Data Table 2 and Fig. 1). The biomass
recovery map (Fig. 3, see Extended Data Fig. 3 for an uncertainty map)
shows high variation in potential AGB accumulation rates across the
Neotropics, with low rates in dry forests in Mexico and high rates in
humid forests in southern Mexico, Costa Rica, and large parts of the
Amazon.

We show that AGB of 20-year-old secondary forest varies more than
11-fold across sites, with potentially large consequences for the carbon
storage and mitigation potential of tropical forests (Supplementary
Information S1). The carbon sequestration and mitigation poten-
tial of secondary forests is immense. Average biomass after 20 years

l. !
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North

recovery; green is high recovery). The 44 study sites are indicated by
circles (the symbol on the ocean belongs to an island) and the size of the
symbols scales with the AGB attained after 20 years. The grey areas do
not belong to the tropical forest biome. The map focuses on lowland
tropical forest (altitude <1,000m). See Extended Data Fig. 5 for a colour-
blind-friendly map.

corresponds to an annual net carbon uptake of 3.05Mg Cha'yr™},
11 times the uptake rates of Amazonian old-growth forests in 2010
(0.28 Mg Cha 'yr! (ref. 19)) and 2.3 times the uptake rates of selec-
tively logged Amazonian forests (1.33 Mg Cha™'yr™! (ref. 20)) where
reduced impact logging techniques have been applied. Clearly, anthro-
pogenic disturbances open up the canopy, enhance light availability,
and set the system back to an earlier successional stage, leading to lower
standing biomass but faster growth rates of the remaining forest stand.
Although second-growth forests have substantially lower carbon stocks
and biodiversity than the old-growth forests they replace, their carbon
sequestering potential is high. Therefore, we urge halting deforestation
and advocate actions that promote natural regeneration in deforested
areas. Recognition of the significant carbon mitigation potential and
other important services and values delivered by second-growth
forests?! can be an important motivating factor to reach national targets
for forest restoration inspired by the Convention on Biological Diversity
Aichi Targets, the Bonn Challenge, and the New York Declaration on
Forests.

Secondary forests differ dramatically in their biomass resilience,
driven mainly by variation in water availability (Fig. 2, cf. ref. 13),
although other factors play a role as well. Both higher rainfall and lower
CWD increase plant water availability and extend the growing season,
thereby increasing biomass growth of trees and forest stands?2. Climate
change scenarios predict less and/or more variable rainfall for several
regions in the tropics?, which may potentially hamper biomass recov-
ery and forest resilience in these regions.

Soil fertility (CEC) had a significant positive effect on relative bio-
mass recovery, but no effect on absolute recovery. Perhaps the effect
of CEC was weak because for many sites CEC was obtained from a
global database rather than measured in situ, because large differences
in macroclimate may overrule more subtle differences in soil fertility,
or because forest productivity is often limited by phosphorus®* or
nitrogen?>, which we did not measure. Forest cover in the surrounding
matrix and prior land use did not affect biomass recovery (Extended
Data Figs 1 and 2), perhaps because these were estimated. Forest recov-
ery rate may slow down in isolated secondary forest patches because
of reduced plant colonization and survival, harsher environmental
conditions, and frequent disturbances. Biomass recovery did not differ
between abandoned pastures and agricultural fields, possibly because
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of high within-category variation in land-use intensity (such as use of
fire and time under land use and frequency of cultivation cycles), which
may strongly affect forest recovery'>-17.

Dry and moist forests differ substantially in old-growth forest
biomass, and relative recovery may therefore be a better indicator of
forest resilience than absolute recovery rates. It takes a median time
of 66 years to recover to 90% of old-growth values. However, several
mid-successional sites of 40-100 years old attained higher biomass
than old-growth forest (Fig. 1b), which has also been found by
modelling studies?. This is most probably because of a high abun-
dance of old trees of long-lived pioneer species in mid-successional
sites, which tend to be large and store large amounts of carbon?’
before they die.

Several studies suggest that, once a certain threshold of disturbance
is reached, tropical forests may collapse® or switch to an alternative
stable state”. Our study shows that forests can be resilient, and that their
biomass resilience strongly depends on water availability. By mapping
potential for biomass recovery across the Neotropics, attention can be
focused on particular areas that should be conserved or treated with
extra caution because they are more difficult to restore (slow recovery).
The recovery map can also be used to identify areas with high car-
bon sequestration potential for United Nations collaborative initiative
on Reducing Emissions from Deforestation and forest Degradation
(REDD+-) programmes, or where (assisted) natural regeneration, or
restoration and afforestation activities, may have the highest chance
of success?®? (high recovery). Such a spatially explicit, resource-
based approach paves the road towards a more sustainable design and
management of human-modified tropical landscapes.

Online Content Methods, along with any additional Extended Data display items and
Source Data, are available in the online version of the paper; references unique to
these sections appear only in the online paper.
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METHODS

Site description. We compiled the largest data set of chronosequence studies in
the lowland Neotropics so far, including 1,468 plots established in 45 forest sites
(Extended Data Table 1), containing 168,210 tree stems. The sites were located in
eight countries, covering the full latitudinal range in the tropics varying from 20°N
in Mexico to 22°S in Brazil. We focused on lowland sites, generally below 1,000 m
altitude. Annual rainfall varied fivefold across sites (from 750 to 4,000 mmyr~!),
thus all major lowland forest types were included. Soil CEC varied 33-fold across
sites (from 2 to 65 cmol(+) kg™!). Forest cover in the landscape ranged from
31 to 100% across sites.

Site conditions. We assessed whether biomass recovery rates were related to
abiotic site conditions (rainfall, soil fertility), and land-use intensity (prior land
use and percentage forest cover in the surrounding matrix). For each site, mean
annual rainfall was obtained from the nearest climatological station. Biomass
recovery should ultimately respond to plant water availability, which is a func-
tion of annual rainfall and its seasonal distribution, topography, soil depth,
and the water holding capacity of the soil. Rainfall seasonality (expressed as a
coefficient of variation of rainfall) was obtained from WorldClim*’ and CWD
(in millimetres per year) from http://chave.ups-tlse.fr/pantropical_allometry.
htm. CWD is the amount of water lost during dry months (defined as months
where evapotranspiration exceeds rainfall), and is calculated as the total rain-
fall minus evapotranspiration during dry months. This number is by defini-
tion negative, and sites with CWD of 0 are not seasonally water stressed. CEC
(in centimoles of positive charge per kilogram of soil) was used as an indicator
of soil fertility of the site. Ideally, local soil data should be used, but these were
only available for 12 sites. For the other sites, CEC data were obtained from the
Harmonized World Soil Database (HWSD)?3!. For those 12 sites, the local CEC
and HWSD data are indeed strongly positively correlated (r=0.84, P < 0.0006,
n=12), indicating that the HWSD ranks the sites well in terms of CEC. When
local soil fertility data were available, the CEC of the old-growth forest was used,
as this indicates potential site fertility, which is also included in the world soil
database. The HWSD database did not contain data on soil nitrogen and phos-
phorus. Phosphorus is thought to limit plant growth in highly weathered and
leached tropical soils and correlates well with the productivity of old-growth
Amazonian forests®*. Nitrogen may be more limiting during the first decades of
secondary succession because a large part of vegetation nitrogen is volatilized
when the slashed vegetation is burned?, while soil preparation, crop cultivation,
and nutrient leaching may further deplete soil nutrients. Indeed, early succes-
sional forests have relatively many nitrogen-fixing trees. To describe the land-
scape matrix, we estimated per site, for all plots combined, the average cover in
the following five land use classes in a 1 km radius around the plots: mature forest,
secondary forest, plantations/agroforestry systems, agriculture/pasture, other.
This estimate is based on the long-term field experience of the authors at the site
where they worked. We then calculated per site the average percentage total forest
cover (of mature and secondary forest) in a 1 km radius around the plots. We
used total forest cover because forests improve microclimatic conditions at the
landscape level and act as important sources of seeds and biotic agents (mammal
and bird dispersal agents, mycorrhizae) that may help to speed up the rate of sec-
ondary succession. We classified the prior land use of each site as cattle ranching
or shifting cultivation (or a combination of these two), which are the two major
land-use types where forest regeneration occurs in the Neotropics. We acknowl-
edge that different land use practices, such as fire frequency'® and length of
cultivation'®, could affect biomass recovery rates of abandoned fields, but it is very
difficult to obtain that information in a consistent and quantitative way across
all sites.

Plots. Plot size varied from 0.01 to 1 ha. Most plots were rectangular, with a
length varying from 20 to 200 m and width ranging from 1 to 50 m. The mean
plot area across all ~1,468 plots was 947 m?, and the mean plot area across all
45 sites was 1,273 m% On average 33 (5-291) plots were established per chrono-
sequence. Chronosequence sites varied in the range of stand ages across the
included secondary forest plots (Extended Data Table 1). For 28 out of the
45 sites, old-growth plots were included. Old-growth forests did not have signs
of recent human disturbance, and were at least 100 years old. In most cases, the
sampling design was the same as for secondary forest plots; however, for five
of the sites, old-growth plots were slightly larger, for one site smaller. In each
plot, all woody trees, shrubs, and palms >5cm stem diameter at breast height
(at 1.3 m height) were measured for their diameter and identified to species,
with the exception of three sites for which only data for trees >10 cm diameter
at breast height were available.

Tree biomass. We first evaluated how estimates of live AGB varied on the basis
of the application of three frequently used sets of allometric equations. We
calculated live AGB for each tree using equations from refs 32-34
(Supplementary Information S2). The equations in ref. 32 are based on stem

LETTER

diameter only, and the equations in refs 33, 34 are based on a combination of
stem diameter and wood density. Palms were treated in the same way as trees®,
which may slightly overestimate palm biomass. Biomass was summed across
all trees to obtain live plot AGB. The three different equations from refs 32-34
resulted in small differences in absolute plot AGB estimates for dry forests
(average AGB after 20 years ranged from 68 to 85 Mgha™! among the three
equations), but yielded larger differences in AGB estimates for moist forest
(precipitation 1,500-2,500 mmyr~!, AGB after 20 years ranged from 142 to
179 Mgha~!; Extended Data Fig. 6). For 20-year-old forest, the earlier widely
used equations®>*® predicted about 21-26% more biomass than the more
recently developed equation (Extended Data Fig. 6). These differences become
even greater with increasing forest age, with large consequences for assessing
the magnitude of carbon uptake and storage in tropical forests (see, for exam-
ple, ref. 19), as moist forests contribute most to the current forested area in
the Neotropics. For further analyses we used the equation in ref. 34 because
it provides an allometric equation based on the largest harvested tree data set
analysed so far (and includes and extends the equation of ref. 33), including
many secondary forest species for trees from wet and dry forests, for trees of
most tropical continents. It is ecologically very relevant and methodologically
elegant, as it uses a correction factor E. This bioclimatic stress variable takes
temperature variability, precipitation variability, and drought intensity into
account, and therefore continuous variation in site aridity. The equation in
ref. 34 also takes variation in wood density into account, which is an important
source of plot AGB variation across the Neotropics®. For one site (Providencia
Island) for which no E value was available, we estimated E from a regression
equation relating E to annual rainfall.

Data about species-specific wood density (in grams per cubic centimetre)
came from the local sites, or from the Neotropical data of a global wood den-
sity database®”*® (http://datadryad.org/handle/10255/dryad.235), henceforth
referred to as ‘Dryad. For all estimates of wood density, we used the data source
(local or Dryad) that had the highest level of taxonomic resolution. In the case
of the same level of taxonomic resolution, we used the local data source. If no
wood density information was available at the species level, then genus- or
family-level wood density values were used, as wood density is phylogeneti-
cally strongly conserved®. Across all sites except Surutu 1 and 2, Cayey, and
Bolpebra, 94.0% of the trees of the secondary and old-growth plots had been
identified to species (range 74.4-100%), 97.9% to genus (range 90.8-100%),
and 98.9% to family (range 94.9-100%). For the other four sites, 36.0-55.6%
of the trees had been identified to species, 61.6-86% to genus, and 61.6-86%
to family.

Plot structure. Biomass was summed across all trees in a plot to obtain live plot
AGB and expressed on a per hectare basis (AGB, in megagrams per hectare).
For one site (San Carlos) the original tree inventory data were not available
anymore, so for this site we used the plot biomass that the author had estimated
using locally derived allometric equations. For plots with a nested design, we
calculated AGB per hectare by extrapolating the biomass of trees in smaller size
classes that were measured in a part of the plot only to the total area measured,
thus assuming that forest structure within the plot did not vary. For four sites,
only trees >10 cm diameter at breast height were inventoried, and for these sites a
correction factor was used to obtain the estimated plot AGB when trees between
5and 10 cm diameter at breast height would have been included. Plot AGB was
therefore multiplied by 1.18 for dry forest and by 1.03 for moist forest (compare
ref. 40). Some plots had extremely high AGB values (>500 Mgha™!), because of
the occurrence of a single large tree, in combination with a small plot size. These
outliers (2.5% of the total number of plots) were excluded from the analysis. One
site (Marques de Comillas) had extremely high average AGB (>100 Mgha™*)
2 years after land abandonment, because of a combination of many large rem-
nant forest trees being left during land use, and a small plot size. This site was
excluded from the analysis. Our analysis focused on AGB only, which should
be a good indicator of carbon recovery over time, as below-ground biomass in
roots scales tightly with AGB of trees*!, and soil organic matter (which includes
necromass of dead fallen trees and roots) is rather constant with time after
abandonment'®.

Statistical analyses. No statistical methods were used to predetermine sample
size. To evaluate how AGB (estimated with the equation from ref. 34) recovered
over time, we modelled AGB in each site as a function of natural-logarithm-
transformed age. We included an intercept, as in some cases there was AGB at
time zero because remnant trees were left during forest clearance. Biomass resil-
ience was quantified in two complementary ways: the absolute recovery rate and
the relative recovery rate. For absolute recovery, the site-specific models (N =44
sites) were used to predict AGB at 10 and 20 years, as these ages were included in
the age range of most sites, and are representative ages for secondary forests. To
calculate annual carbon sequestration rates, we used the average AGB attained
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after 20 years, multiplied it by 0.5 (which is the average carbon value in dry
biomass), and divided it by 20. To evaluate how fast AGB of secondary for-
ests recovers towards old-growth forest values, we calculated the relative AGB
recovery as the AGB of the secondary forest plot compared with the median
AGB of old-growth forest plots in the area (as a percentage). For each site, we
estimated the recovery time as the time needed to recover to 90% of old-growth
values. We used time to recover to 90%, rather than to recover 100% of old-
growth values, as it indicates when the biomass is close to old-growth values.
To attain the full 100% may take much more time, as we modelled biomass
build-up to show an asymptotic relationship with time. This study aimed to
assess the rates of recovery of tree biomass under conditions where regener-
ation is occurring naturally. Sometimes, succession can be arrested owing to
high-intensity land use or seed limitation. We did not target sites where suc-
cession was arrested, so it is possible that our ‘average’ conditions could have
overestimated rates of recovery when considering all potential areas. However,
neither did we specifically select sites that were regenerating particularly fast.
Given the high number of sites and plots across the Neotropics that cover the
entire range of typical land-use types and intensities, we are confident that we
provide realistic rates of biomass accumulation for dominant land-use types
and intensities in the Neotropics.

To evaluate how predicted absolute and relative recovery of AGB after
20 years varied with abiotic site conditions and land-use intensity, we used mul-
tiple regression analysis. We related AGB recovery to rainfall, rainfall seasonality,
CWD, CEC, forest cover in the landscape matrix, and prior land use (pasture,
mix of pasture and agriculture, agriculture) for 43 sites (for one island site no
WorldClim data were available). AGB showed a saturating relationship with
rainfall; therefore we used 1/rainfall as a predictor rather than absolute rainfall
or the natural logarithm of rainfall, which improved model fits. We compared
models of all possible combinations of predictors based on Akaike’s informa-
tion criterion adjusted for small sample sizes (AIC.), and selected the best-
supported model with the lowest AIC.. All analyses were performed in R 3.1.2
(ref. 42).

On the basis of our regression analysis, we constructed a potential bio-
mass recovery map of the Neotropics at a resolution of 1km? First, a map of
world ecoregions was obtained from the Nature Conservancy (http://maps.
tnc.org/gis_data.html; last accessed on 26 January 2015). Eight hundred
and sixty-seven distinct units were categorized into 14 biomes in 8 biogeo-
graphical realms*. Of these 14 biomes, three are relevant to our results: (1)
tropical and subtropical moist broadleaf forests, (2) tropical and subtropical
dry broadleaf forests, and (3) tropical and subtropical coniferous forests. Our
scaled-up study region was then defined as the full spatial extent encompass-
ing these three biomes in Central or South America, the region in which our
network of study sites was located. Total annual precipitation was calculated
by summing the individual monthly totals provided by WorldClim. Data
for mean annual rainfall (defined as the average of 1950-2000) and rainfall
seasonality (defined as variable ‘BIO15” in WorldClim) was obtained at a
30 s resolution (approximately 1km x 1km) from WorldClim (http://www.
worldclim.org/current), and CWD was obtained from http://chave.ups-tlse.
fr/pantropical_allometry.htm. We then calculated the total potential AGB
accumulation over 20 years of secondary forest growth (assuming that the
initial year 0 condition was a fully cleared area), based on annual rainfall,
rainfall seasonality, and CWD, because they were included in the best model
explaining absolute recovery (Extended Data Table 2). The regression equation
obtained in this study, relating AGB after 20 years with the climatic variables,
was AGB at 20 yr =135.17 — 103,950 x 1/rainfall + 1.521983 x rainfall sea-
sonality +0.1148 x CWD. Estimated AGB would then indicate the absolute
biomass recovery potential. We stress that this is a potential biomass recovery
map based on the relationship between recovery and rainfall for our sites;
realized local recovery may vary because of differences in local soil conditions,
land use history, the surrounding matrix, and availability of seed sources. We
also made an uncertainty map of potential biomass based on the confidence
interval of the predicted mean AGB at 20 years obtained from the multiple
regression. We calculated the confidence interval of the predicted AGB at
20 years for each pixel based on 1/rainfall, CWD, and rainfall seasonality. The
relative uncertainty for each pixel was calculated as 100 x (0.5 x 95% confi-
dence interval of the mean)/predicted AGB. For the maps we focused on low-
land forest (<1,000 m altitude), between the Tropics of Cancer and Capricorn.
To make the maps, we had to extrapolate very little beyond our climatic param-
eter space; our sites cover a rainfall range from 750 to 4,000 mm yr~. Sites with
rainfall >4,000 mmyr ! (where we extrapolate with our equation) cover only
0.88% of the lowland Neotropics.
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Extended Data Figure 1 | Relative recovery of AGB after 20 years
in relation to abiotic factors, forest cover, and land use. a, Annual
precipitation; b, CWD; ¢, rainfall seasonality; d, CEC; e, percentage
forest cover in the surrounding matrix; f, previous land use (SC, shifting
cultivation, N=17; SC & PA, some plots shifting cultivation, some plots
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pasture, N=2; PA, pasture, N=9; means = s.e.m. are shown). Relative
recovery is expressed as the ratio of AGB after 20 years over median AGB of
old-growth forest (as a percentage). Regression lines are shown while
keeping the other variable constant at the mean value across sites (P = 0.040
for 1/rainfall, P=0.027 for CEC, R*=0.23, N =28 Neotropical forest sites).
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Extended Data Figure 2 | AGB recovery after 20 years in relation to

abiotic factors, forest cover, and land use. a, Rainfall seasonality; b, CEC;
¢, percentage forest cover in the surrounding matrix; d, previous land use

(SC, N=19; SC & PA, N=9; PA, N=15; means + s.e.m. are shown).
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For rainfall seasonality, the regression line is shown based upon the
multiple regression model that also includes rainfall and CWD, and where
these variables were kept constant at the mean value across sites (two-sided
P=0.003, see Fig. 2 for these models for rainfall and CWD).
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Extended Data Figure 3 | Uncertainty map of potential biomass
recovery of Neotropical secondary forests. The uncertainty is based on
the 95% confidence interval of the mean predicted AGB after 20 years (see
Fig. 3 and Methods). It is expressed as a percentage of the predicted AGB:
100 % (0.5 x 95% confidence interval of the mean)/predicted AGB.

In general the uncertainty is low: 80.32% of the mapped area has

an uncertainty less than 20%, and 10.2% of the mapped area has an
uncertainty between 20% and 30%. Because it is a relative uncertainty, it is
highest in the driest areas, which have a low predicted biomass.
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forest sites. a, AGB (N =44); b, AGB recovery (N=28). The same
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green, dry forest (<1,500 mm rainfall per year); light blue, moist forest
(1,500-2,499 mmyr'); dark blue, wet forest (>2,500 mmyr~!). Each line
represents a different chronosequence. The original plots on which the
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regression lines are based are shown (N = 1,364 for AGB, N=995 for AGB
recovery). AGB recovery is defined as the AGB of the secondary forest
plot compared with the median AGB of old-growth forest plots in the area,
multiplied by 100. Significant relations (two-sided P <0.05) are indicated
by continuous lines, non-significant relationships (two-sided P >0.05) are
indicated by broken lines. Plots of 100 years old are also second-growth.
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Extended Data Figure 5 | Potential biomass recovery map of seasonality + 0.1148 x CWD; see Methods). The colour indicates the
Neotropical secondary forests. The same as Fig. 3 but with colour- amount of forest cover recovery (purple, low recovery; green, high
blind-friendly colour coding. The total potential AGB accumulation recovery). The 44 study sites are indicated by circles; the size of the
over 20 years of lowland secondary forest growth was calculated symbols scales with the AGB attained after 20 years. The grey areas do not
on the basis of a regression equation relating AGB with annual belong to the tropical forest biome. The map focuses on lowland tropical
rainfall (AGB=135.17 — 103,950 x 1/rainfall 4+ 1.522 X rainfall forest (altitude <1,000 m).
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Extended Data Figure 6 | AGB of secondary forest. a, AGB 10 years and wet (>2,500 mm)) using three different allometric equations (indicated by
b, 20 years after land abandonment. Predicted mean AGB is given for three different colours). These allometric equations are ordered from left to right
different forest types (dry (< 1,500 mm rainfall), moist (1,500-2,499 mm), as ref. 34 (blue), ref. 33 (red), and ref. 32 (grey). Means + s.e.m. are shown.
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Extended Data Table 1 | Overview of the sites included in the study

Site Country Lat. Long. Rainfall CWD RS CEC FC LU AGB %AGB Age Ref.
Bolpebra Bolivia -11.44 -69.16 1800 -301 55 6.4 80 SC 193.2 63.5 4-47 44
El Tigre Bolivia -11.98 -65.72 1780 -375 66 5.8 90 SC 145.0 32.3 3-25 45
El Turi Bolivia -11.75 -67.33 1833 -288 58 5.8 95 SC 129.4 47.8 2-40 45
Salvatierra Bolivia -15.50 -63.03 1200 -642 61 4.0 70 SC 38.3 29.5 1-36 46
San Lorenzo Bolivia -16.70 -61.87 1129 -718 59 4.5 40 SC 82.8 64.5 3-50 47
Surutu 1 Bolivia -17.50 -63.50 1600 -496 54 6.1 45 SC 60.5 - 4-20 48
Surutu 2 Bolivia -17.50 -63.50 1600 -496 54 6.1 45 SC 154.3 - 6-25 48
Bahia Brazil -14.48 -39.09 2000 -7 17 6.6 80 SC 96.7 254 10-40 49
Cajueiro Brazil -14.98 -43.90 840 -907 96 13.8 80 PA 52.2 - 15-59
Serra do Cipo Brazil -19.35 -43.62 1519 -341 86 54 60 PA 130.3 - 8-50
Eastern Para 1 Brazil -4.26 -47.73 1898 -548 88 7.8 50 SC & PA 168.2 - 5-25 50
Eastern Para 2 Brazil -2.16 -47.38 2460 -274 64 46 52 SC & PA 2247 - 5-40 50
Eastern Para 3 Brazil -1.17 -47.75 2785 -306 68 4.3 58 PA 176.5 - 2-70 50
Manaus

(Cecropia pathway)  Brazil -2.35 -60.00 2400 -16 32 2.0 100 SC 181.2 55.8 5-31 51
Manaus

(Vismia pathway) Brazil -2.35 -60.00 2400 -16 32 2.0 100 PA 140.6 43.3 2-25 51
Mata Seca Brazil -14.86 -43.99 825 -914 95 3.5 80 PA 58.8 - 14-58 52
Patos Brazil -7.02 -37.25 750 -1276 116 11.2 60 SC & PA 20.3 - 22-64 53
Rio Madeira

(anthropogenic soil)  Brazil -5.77 -61.43 2507 -109 46 3.4 79 SC 187.9 74.4 5-30 54
Rio Madeira

(oxisol) Brazil -8.77 -61.43 2507 -109 46 47 79 SC 159.2 56.2 6.5-30 54
Sao Paulo Brazil -22.32 -47.57 1367 -297 72 10.2 31 PA 123.2 357 11-45
Araracuara Colombia -0.60 -72.37 3059 -13 29 9.7 95 sSC 134.5 39.2 2-30 55
Providencia Island Colombia 13.35 -81.35 1584 31.8 60 SC & PA 135.9 - 6-56 56
San Carlos Colombia 1.93 -67.05 3565 0 23 5.8 80 SC 84.6 35.5 9-80 57
Santa Rosa

(oak forest) Costa Rica 10.89 -85.60 1765 -608 91 324 70 PA 161.3 - 5-70 58
Palo Verde Costa Rica 10.36 -85.31 1444 -622 88 39.0 70 PA 142.9 - 7-60 58
Santa Rosa Costa Rica 10.86 -85.61 1765 -621 93 324 70 PA 170.9 84.9 6-70 58
Sarapiqui (Chazdon)  Costa Rica 10.43 -83.98 4000 0 29 29.0 77 PA 171.5 59.6 10-41 59
Sarapiqui (Letcher) Costa Rica 10.43 -83.98 4000 0 29 29.0 77 PA 145.4 76.6 10-42 60
Chajul Mexico 16.07 -90.75 3000 -248 62 10.8 50 SC 105.3 59.4 0-27 61
Chamela Mexico 19.50 -105.05 788 905 109 21.0 60 PA 34.8 49.9 3-15 62
Chinantla Mexico 1775 -96.65 3700 -596 83 1041 95 SC 155.7 63.8 5-50
El Ocote 1 Mexico 16.96 -93.63 1500 -558 69 26.3 80 SC 101.4 33.6 2-75 63
El Ocote 2 Mexico 16.96 -93.63 2000 -558 69 186 80 SC 116.4 62.3 3-75 63
Lacandona Mexico 16.54 -90.96 2500 -325 68 37.0 87 SC & PA 206.3 - 1-31
Marqués de
Comillas Mexico 16.33 -90.67 2250 21.4 49 SC & PA 206.3 - 2-50
Nizanda Mexico 16.66 -95.01 878 -1036 102 30.6 64 SC 34.7 254 2-60 64
Quintana Roo Mexico 19.31 -88.57 1250 -508 54 64.6 85 SC & PA 90.0 66.4 2-100
Yucatan Mexico 20.08 -89.55 1100 -601 65 39.9 94 sC 69.3 66.7 3-70 65
Zona Norte Mexico 17.27 -91.66 2750 -213 56 37.0 67 SC & PA 85.6 - 2-52
Agua Salud Panama 9.22 -79.78 2700 -326 57 93 70 SC & PA 81.8 - 2-31 66
Barro Colorado
Island Panama 9.15 -79.85 2600 -319 57 9.3 100 SC&PA 120.5 59.3 20-100 67
Pucallpa Peru -8.50 -74.80 1570 -56 34 214 43 SC & PA 99.2 - 5-30
Cayey Puerto Rico 18.02 -66.08 2000 -220 41 239 50 PA 110.5 61.8 10-80 68
El Carite Puerto Rico 18.08 -66.07 1822 -165 35 205 71 PA 127.7 66.7 4-77 69
Luquillo Puerto Rico 18.34 -65.76 2660 -12 31 9.5 75 PA 150.1 67.8 9-76 69

An overview of the name, country, latitude (Lat.) and longitude (Long.), rainfall (in millimetres), rainfall seasonality (RS), CWD (in mm per year), CEC (in centimoles of positive charge per kilogram
of soil), percentage forest cover in the landscape matrix (FC; as a percentage), prior land use (LU: SC, shifting cultivation; SC & PA, some plots shifting cultivation, some plots pasture; PA, pasture),
AGB (in megagrams per hectare) after 20 years, relative biomass recovery after 20 years (%AGB, as a percentage), the minimum and maximum secondary forest age (in years) included in the
chronosequence, and a reference (refs 44-69) for each site is given.
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Extended Data Table 2 | Overview of the modelling results of absolute
(N=43, one site was excluded because of missing climatic data) and
relative (N=28) AGB recovery after 20 years in relation to rainfall,
CEC, land use, and forest cover in the landscape matrix

Variable Model AAIC. R?

AGB at 20 yr (Mg/ha)  1/rainfall + CWD + Rainfall seasonality 0.00 0.58

AGB at 20 yr (%) 1/rainfall + CEC 0.00 0.23
1/rainfall + CEC + Rainfall seasonality 1.53 0.27

All models within two AIC. units of the best model are given. The change in AIC for small sample sizes
compared with the best model (AAIC.) and R? are given.
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