10

11

12

13

14

15

16
17

18
19

20
21

22
23

24
25

26

bioRxiv preprint doi: https://doi.org/10.1101/2023.06.14.544754; this version posted June 14, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

made available under aCC-BY-NC-ND 4.0 International license.

TITLE
Tree demographic strategies largely overlap across succession in Neotropical wet and dry forest

communities

AUTHORS

Markus E. Schorn®?, Stephan Kambach?®, Robin L. Chazdon*®, Dylan Craven®, Caroline E.
Farrior’, Jorge A. Meave®, Rodrigo Mufioz®°, Michiel van Breugel**'*?, Lucy Amissah®3,
Frans Bongers®, Bruno Hérault'*?>1¢ Catarina C. Jakovac®'’, Natalia Norden®®, Lourens
Poorter®, Masha T. van der Sande®, Christian Wirth'°*?° Diego Delgado?!, Daisy H.
Dent'!?223 Saara J. DeWalt?*, Juan M. Dupuy?®, Bryan Finegan?!, Jefferson S. Hall!, José L.

Hernandez-Stefanoni?®, Omar R. Lopez!'?%2?’ Nadja Riiger:%

Corresponding Author: Markus E. Schorn, German Centre for Integrative Biodiversity
Research (iDiv) Halle-Jena-Leipzig, Puschstr. 4, 04103 Leipzig, Germany,

markus.schorn@idiv.de

AFFILIATIONS

1 German Centre for Integrative Biodiversity Research (iDiv) Halle-Jena-Leipzig, Germany
2 Department of Economics, University of Leipzig, Germany.

3 Institute of Biology/Geobotany and Botanical Garden, Martin Luther University Halle-
Wittenberg, Germany

4 Department of Ecology and Evolutionary Biology, University of Connecticut, Storrs, CT,
USA

® Tropical Forests and People Research Centre, University of the Sunshine Coast,
Maroochydore DC, QLD, Australia

® Centro de Modelacion y Monitoreo de Ecosistemas, Universidad Mayor, Santiago de Chile,
Chile

" Department of Integrative Biology, University of Texas at Austin, Austin, TX, USA

1


https://doi.org/10.1101/2023.06.14.544754
http://creativecommons.org/licenses/by-nc-nd/4.0/

27
28

29
30

31
32
33
34
35
36

37
38

39
40

41
42

43
44

45
46
47

48
49

50

51
52

53
54

55
56

bioRxiv preprint doi: https://doi.org/10.1101/2023.06.14.544754; this version posted June 14, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

made available under aCC-BY-NC-ND 4.0 International license.

8 Departamento de Ecologia y Recursos Naturales, Facultad de Ciencias, Universidad
Nacional Autdbnoma de México, Mexico City, Mexico

% Forest Ecology and Forest Management Group, Wageningen University & Research,
Wageningen, The Netherlands

10 yale-NUS College Singapore, Singapore

11 Smithsonian Tropical Research Institute, Balboa, Ancén, Panama

12 Department of Geography, National University of Singapore, Singapore
13 CSIR-Forestry Research Institute of Ghana, Kumasi, Ghana

14 CIRAD, UPR Foréts et Sociétés, Yamoussoukro, Cote d’Ivoire

15 Foreéts et Sociétés, Université Montpellier, CIRAD, Montpellier, France

18 Institut National Polytechnique Félix Houphouét-Boigny, INP-HB, Yamoussoukro, Cote
d’Ivoire

17 Departamento de Fitotecnia, Centro de Ciéncias Agrarias, Universidade Federal de Santa
Catarina, Florianépolis, Brazil

18 programa de Ciencias Bésicas de la Biodiversidad, Instituto de Investigacion de Recursos
Bioldgicos Alexander von Humboldt, Bogota, Colombia

19 Systematic Botany and Functional Biodiversity, Institute for Biology, Leipzig University,
Leipzig, Germany

20 Max-Planck Institute for Biogeochemistry, Jena, Germany
2L CATIE - Centro Agronomico Tropical de Investigacion y Ensefianza, Turrialba, Costa Rica
22 Bjological and Environmental Sciences, University of Stirling, Stirling, UK

23 Department of Environmental Systems Science, Institute of Integrative Biology, ETH
Zirich, Zirich, Switzerland

24 Department of Biological Sciences, Clemson University, Clemson, SC, USA

25 Centro de Investigacion Cientifica de Yucatan (CICY), Unidad de Recursos Naturales,
Mérida, Yucatan, México

26 Instituto de Investigaciones Cientificas y Servicios de Alta Tecnologia (INDICASAT),
Clayton, Panama

2! Departamento de Botanica, Facultad de Ciencias Naturales, Exactas y Tecnologia,
Universidad de Panamé, Panama


https://doi.org/10.1101/2023.06.14.544754
http://creativecommons.org/licenses/by-nc-nd/4.0/

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

bioRxiv preprint doi: https://doi.org/10.1101/2023.06.14.544754; this version posted June 14, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

made available under aCC-BY-NC-ND 4.0 International license.

ABSTRACT

Secondary tropical forests play an increasingly important role for carbon budgets and
biodiversity conservation. Understanding successional trajectories is therefore imperative for
guiding forest restoration and climate change mitigation efforts. Forest succession is driven by
the demographic strategies — combinations of growth, mortality and recruitment rates — of the
tree species in the community. However, our understanding of demographic diversity in tropical
tree species stems almost exclusively from old-growth forests. Here, we assembled
demographic information from repeated forest inventories along chronosequences in two wet
(Costa Rica, Panama) and two dry (Mexico) Neotropical forests to assess whether the range of
demographic strategies present in a community shifts across succession. We calculated
demographic rates for >500 tree species while controlling for canopy status to compare
demographic diversity in early successional (0-30 years), late successional (30-120 years) and
old-growth forests. We quantified demographic diversity using two-dimensional hypervolumes
of pairs of demographic rates and assessed whether shifts in demographic strategies were
caused by intra-specific changes in demographic rates across succession or by species turnover.
We expected that demographic strategies would shift from faster life-histories (fast growth,
high mortality, high recruitment) in early successional forests to slower life histories (slow
growth, low mortality, low recruitment) in old-growth forests and that shifts would be stronger
in wet than in dry forests due to more pronounced differences in environmental conditions
between early successional and old-growth forests. We also expected that demographic
diversity would increase with succession. We found that demographic strategies largely
overlapped across successional stages and that early successional stages already covered the
full spectrum of demographic strategies found in old-growth forests. An exception was a group
of species characterized by exceptionally high mortality rates that was confined to early
successional stages in the two wet forests. Demographic diversity did not increase with

succession. Our results suggest that current understanding of demographic strategies of tropical
3
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tree species, which has been generated mostly from long-term forest monitoring plots in old-
growth forests, is largely representative of demographic diversity in general, and that

demographic diversity recovers quickly during succession.

KEYWORDS
life-history strategies, demographic rates, growth, mortality, survival, recruitment, secondary

succession, old-growth forest
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89 INTRODUCTION
90 Tropical forests store almost half of global forest carbon and harbor a large proportion of the
91  world's biodiversity (Pan et al. 2011, Slik et al. 2015, FAO 2020). With only one third of
92  tropical forests being undisturbed primary forests and rates of deforestation remaining high
93 (Panetal. 2011, FAO 2020), secondary tropical forests regrowing after land abandonment are
94  of increasing importance for carbon storage and sequestration as well as biodiversity
95  conservation (Chazdon et al. 2016, Arroyo-Rodriguez et al. 2017, Lewis et al. 2019, Rozendaal
96 etal. 2019). Understanding successional trajectories is therefore imperative for guiding efforts
97  of forest management and global change mitigation. Amongst a variety of factors, successional
98 dynamics in a community are driven by the demographic strategies (or life-history strategies)
99  of the component tree species (sensu Finegan 1996). However, empirical knowledge of how
100 community-wide variation in demographic strategies changes along successional gradients

101  remains limited.

102  Demographic strategies emerge from trade-offs that all organisms are faced with when
103  allocating limited resources between fast growth, high survival or reproductive success (Stearns
104 1992, Metcalf & Pavard 2007) and that constrain the range of viable combinations of these
105 demographic rates (Salguero-Gomez et al. 2016, Ruger et al. 2018). Recently, comparative
106  analyses of life-history variation have improved our understanding of the consistency of
107  demographic trade-offs structuring tropical forest communities (Kambach et al. 2022, Russo et
108 al. 2021). However, most of our knowledge on demographic strategies stems from old-growth
109 forests and it remains unknown how demographic diversity (i.e., community-wide variation in
110  demographic strategies) in secondary forests compares to old-growth forests. Specifically, it is

111  unclear whether certain demographic strategies are confined to certain successional stages.

112  As an example, Finegan (1996) describes Neotropical forest succession as the consecutive

113  replacement of species with different life-history strategies, where early successional pioneer
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114  species will dominate the very first decades of succession but disappear later in succession.
115  While we know that some early successional species can also occur in treefall gaps in old-
116  growth forests (Schnitzer & Carson 2001), it is unclear whether there are species with unique
117  demographic strategies that rely on large-scale disturbances for regeneration and therefore
118  occur uniquely in early successional forests. If so, they might remain undetected when
119  focussing tree demographic research exclusively on old-growth forests and important

120  ecological processes might be overlooked.

121 In tropical wet forests, early successional environments are characterized by high resource
122 levels (especially in terms of light availability; Montgomery & Chazdon 2001). Species that
123 occur abundantly in these environments are, thus, commonly thought to trade off high growth
124 and recruitment for high mortality rates (Tilman 1988, Finegan 1996, Chazdon 2014). These
125  fast demographic rates are related to acquisitive values of functional traits such as low wood
126  density or high specific leaf area and leaf nutrient content (Wright et al. 2010, Riger et al. 2012,
127  Ruger et al. 2018). On the other hand, species that are more abundant in late successional
128  environments are expected to grow slowly but invest more resources in the ability to live for a
129 long time, represented by trait values indicative of resource conservation such as high wood

130  density or low specific leaf area (Tilman 1988, Finegan 1996, Chazdon 2014).

131  Indeed, using functional traits as proxies, several studies have confirmed that, in tropical wet
132  forests, tree species with acquisitive trait values tend to dominate in early successional stages,
133 while species with more conservative trait values gain in dominance as succession proceeds
134  (e.g. Poorter et al. 2004, Dent et al. 2013, Lohbeck et al. 2013, Becknell & Powers 2014,
135 Boukili & Chazdon 2017). Under such a scenario, we expect that the ranges of viable
136  demographic strategies gradually shift from acquisitive strategies (fast growth, high mortality,
137  high recruitment) towards more conservative strategies (slow growth, low mortality, low

138  recruitment) during succession in tropical wet forests ( Figure 1A).
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139  Intropical dry forests, where water is considered a more important resource in shaping forest
140  communities than light availability, early successional stages are characterized by dry and hot
141  conditions changing towards moister and cooler environments as succession proceeds (Lebrija-
142  Trejos et al. 2011, Pineda-Garcia et al. 2013). Therefore, trait values have been found to reflect
143  ashift from strategies associated with greater resource conservation and drought tolerance early
144  in succession to more acquisitive strategies (e.g. lower wood density, leaf dry matter content)
145  later in succession (Lebrija-Trejos et al. 2010, Lohbeck et al. 2013, Buzzard et al. 2016,
146  Derroire et al. 2018, Poorter et al. 2019). However, acquisitive leaf trait values related to light
147  capture efficiency (e.g. high specific leaf area) have also been found to decrease during
148  succession (Lohbeck et al. 2013, Derroire et al. 2018), making unclear whether successional
149  shifts towards more conservative (H1) or more acquisitive (H2) demographic strategies should

150  be expected in tropical dry forests ( Figure 1B & C).

(A) Tropical wet forests (B) Tropical dry forests: H1 (C) Tropical dry forests: H2
z = = Successional
= = = stage
g o g
ESF
= = =
LSF
O OGF
151 Growth Growth Growth

152 Figure 1: Hypotheses for potential shifts of the ranges of demographic strategies from early successional forests
153 (ESF) to late successional forests (LSF) and old-growth forests (OGF) for (A) tropical wet forests and (B, C) tropical
154 dry forests. H1 (B) and H2 (C) represent opposing hypotheses for tropical dry forests. It is not clear whether shifts
155 from acquisitive to conservative demographic strategies or vice versa are to be expected since wood density and
156 leaf dry matter content have been found to shift from conservative to acquisitive values, whereas specific leaf
157 area has been found to shift from acquisitive to conservative values. Axis labels can be any combination of
158 growth, mortality or recruitment since e.g. high values for all three demographic rates are expected in wet ESF.

159  Environmental differences between early and late successional tropical dry forests are thought
160  to be less pronounced compared to wet forests mainly due to greater canopy openness (Ewel
161 1977, Lebrija-Trejos et al. 2011). Indeed, Letcher et al. (2015) have observed a trend towards
162 less successional habitat specialization among tree species in certain tropical dry forests. Based

163  on this, we hypothesize that potential shifts in demographic strategies may be less pronounced
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164 in dry than in wet forests. However, as the horizontal and vertical heterogeneity of light
165  availability increases across succession in both forest types, we hypothesize that the range of

166  viable demographic strategies extends as succession progresses ( Figure 1).

167  Here, we assemble a unique chronosequence dataset of repeated forest inventories from four
168  Neotropical forests varying in rainfall. We calculate demographic rates for >500 tree species
169 and use hypervolumes to quantify demographic diversity in three successional stages. We
170  address the following questions: (a) Do ranges of demographic strategies shift across
171  succession in wet and dry tropical forests? (b) If so, are these shifts due to intra-specific changes
172 in demographic rates across succession or due to species turnover? (c) Does demographic
173 diversity increase with succession? Answers to these questions will reveal to what degree our
174  understanding of demographic diversity gained from old-growth forests can be extended to
175  secondary forests, for which much less information on demographic rates and strategies is
176 available. This information will enhance our understanding of underlying mechanisms and
177  improve our ability to predict successional dynamics in tropical forests with the help of

178  demographic forest models.

179 MATERIALS AND METHODS

180  Study sites and forest inventory data

181  We used inventory data from nine long-term forest monitoring projects along chronosequences
182  from four Neotropical lowland forest sites located in Costa Rica, Panama and Mexico. The sites
183  differ in rainfall with mean annual precipitation ranging from 3,900 mm without any dry season
184  to 900 mm with 90 % of annual rainfall occurring within 5.5 months of the year (Table 1). The
185  forest in Costa Rica is a tropical wet evergreen broadleaved forest with a high proportion of
186  palms (Clark & Clark 2000, Chazdon et al. 2007, Letcher & Chazdon 2009). The forest in
187  Panama is a semideciduous tropical moist forest with a 3-month dry season (Denslow &

188  Guzman 2000, van Breugel et al. 2013, Condit et al. 2019). The predominant natural
8
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189  disturbance regime in both wet sites are occasional windthrows and lightning strikes. The two
190 sites in Mexico are both deciduous tropical dry forest differing from the wet sites in shorter
191  stature, higher canopy openness and lower species richness (Table 1; Letcher et al. 2015).
192  Forests in the Yucatan peninsula have undergone anthropogenic influences since ancient Mayan
193  times and experience regular strong wind storms (Rico-Gray & Garcia-Franco 1991,
194  Hernandez-Stefanoni et al. 2014, Saenz-Pedroza et al. 2020). The forest in Oaxaca is shorter in
195  height, has arborescent cacti and has been only mildly affected by human disturbances (Lebrija-

196  Trejos et al. 2008, Pérez-Garcia et al. 2010, Gallardo-Cruz et al. 2010).

197 Table 1: Location, mean annual temperature (MAT), mean annual precipitation (MAP), dry season length
198 (<100mm precipitation per month), number of species, number of species with 10 or more individuals, average
199 old-growth forest (OGF) canopy height and length of the chronosequences used in this study. Note that the
200 sampling area differs strongly between sites and the number of species included in the analyses may not be
201  indicative of total species richness.

Length Number OGF

i w0 o) S o v
(months) (N 210) (m)
Costa Rica ;g:zg:\% 26 3.900 ; (‘3‘3532) 2035 1—i7oyg§rs
Panama 79;?501|.'\\l/;/ 27 2.600 3 (:;(1)) 15-28 0-1+2(())é<|e:ars
:/llj::itcin, ;g:gg: \'\/l\; 26 1.100 6 (132) 8-13 3-85 years
e RN w B g

202  *Canopy heights are from Clark et al. (2021), Mascaro et al. (2011), Dupuy et al. (2012) and Lebrija-Trejos et al.
203  (2008).

204  The four chronosequence sites comprised a total of 252 secondary forest plots and 23 old-
205  growth forest plots ranging in size from 0.04 ha to 50 ha (Table S1, Figure S1). Plots are located
206  in complex landscapes mainly consisting of fragments of old-growth and second-growth forest,
207  plantations, agricultural land and pastures. Most secondary forest plots were established on
208  abandoned agricultural land used primarily for low-intensity crop farming or cattle ranching
209  (Denslow & Guzman 2000, Chazdon et al. 2007, Letcher & Chazdon 2009, Lebrija-Trejos et

210 al. 2011, van Breugel et al. 2013). Some plots were only clear cut but not farmed (Chazdon et
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211  al. 2007, Letcher & Chazdon 2009). In general, previous forest vegetation was completely
212  removed, yet in a few cases some remnant trees remained, which we excluded from the
213  analyses. The age of the youngest plots ranged from 0 to 4 years across sites, whereas the oldest
214  secondary forest plots ranged from 57 to 120 years after agricultural abandonment (Figure S2).
215  All free-standing woody individuals above the plot-specific size threshold (generally 1 or 5 cm
216  diameter at breast height (dbh); range: 1-10 cm dbh, Table S1) were measured, marked and
217  remeasured 1 to 10 years later. We selected census intervals of 5 years, if possible (range: 4-10
218  years, Table S1). In the wet sites (Costa Rica, Panama), only the largest stem of an individual
219  was measured in some plots. In the dry sites (Yucatan, Oaxaca), where resprouting is an
220  important mode of regeneration and, thus, multi-stemmed individuals are abundant (Vieira &
221  Scariot 2006), all stems of an individual were measured, but not individually marked.

222  We assigned all census intervals to one of three successional stages (Figure S2). Census
223 intervals from secondary forest plots ending less than 30 years after abandonment were
224  classified as early successional forests (ESF) and intervals ending less than 120 years after
225 abandonment were classified as late successional forests (LSF), although most plots were not
226  older than 90 years. Census intervals from old-growth forest plots were classified as old-growth

227  forests (OGF). Data from old-growth forests in Yucatan was not available to sufficient extent.

228  Canopy layer assignment

229  Growth and mortality rates of individual trees depend on their size and light availability. To
230  account for these differences, we assigned trees to discrete canopy layers based on their size
231 and the size of their neighbors following the Perfect Plasticity Approximation approach of
232 Purves et al. (2008) and Bohlman & Pacala (2012). To do this, we first divided all plots into
233  subplots that were either predefined by the sampling design, or trees were assigned to subplots
234 based on their spatial coordinates. The size of these subplots ranged from 625-1000 m? in wet

235  sites (except for a 100 m2 plot in a <20 year old forest) depending on the sampling design and

10
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236  plot sizes (Table S1). In the dry sites, where trees are generally smaller than in wet forests,
237  subplot sizes ranged from 100-125 m?2 except for some 400 m2 plots in Yucatan (Table S1).
238  Next, we sorted trees by dbh of the largest living stem within subplots. We then estimated the
239  crown area for all trees using allometric equations (see SI Methods). Starting from the largest,
240  we assigned trees to the top canopy layer (layer 1) as long as the cumulative estimated area of
241  their crowns did not exceed the subplot area. Smaller trees were successively assigned to lower
242  canopy layers in the same way. Calculating demographic rates in discrete canopy layers has
243  proven useful in capturing variance in demographic strategies between co-occurring species
244  (Bohlman & Pacala 2012, Riiger et al. 2018) and in predicting forest dynamics (Ruger et al.

245  2020).

246  Demographic rates

247  We calculated demographic rates for species with interpretable stem growth, i.e. excluding
248  palms and hemi-epiphytes. We determined dbh increment and mortality for all observations
249  and subsequently calculated species-level annual growth and mortality rates for each canopy

250 layer and successional stage. Individual annual tree growth gi was calculated as

: o — size
(Equation 1) g = w

251  with size being the dbh of the largest living stem of an individual in wet sites and dbh equivalent
252  of the total basal area (ba) of all living stems of an individual in dry sites in the first and second
253  census, respectively, and t being the time elapsed between the two size measurements in years.
254  We used dbh equivalent of the total basal area as the measure of size because in the dry sites,
255  stems were not individually marked and, thus, stem-level dbh growth could not be calculated.
256  Species-level growth rates per canopy layer (g;j,) were calculated as the median growth of all

257  individuals i of species j in layer I:
(Equat|0n 2) gj,l = median(gj_l‘i)

11


https://doi.org/10.1101/2023.06.14.544754
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.06.14.544754; this version posted June 14, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

258  Species-level annual mortality rates per canopy layer (m;,) were determined as
N 1
i t
(Equation 3) my=1- (N_z)
1
259  with Ni being the number of living individuals in the first census, N2 being the number of
260 individuals remaining alive in the second census and t being the mean census interval length in

261  years (measured to the nearest day). Multi-stemmed individuals were deemed alive if at least

262  one stem was alive and dead if all stems were dead.

263  Species-level per-capita recruitment rates for each successional stage were determined as

=

T

N;

(Equation 4) =

264  with Njr being the annual number of recruits per hectare that surpassed the 1 cm dbh threshold
265  between two consecutive censuses divided by the mean census interval length in years and N;
266  being the average number of individuals per hectare of the respective species in the respective
267  successional stage across plots. Only plots or subplots with a minimum dbh threshold of 1 cm
268  were used to determine Njr, whereas all plots of the respective successional stage were used to
269  determine N;. In some successional stages, only a few small plots had a minimum dbh threshold
270  of 1 cm, which limited our ability to assess recruitment rates. However, recruitment over the 1
271  cm dbh threshold is a more frequent event than recruitment over the 5 cm dbh threshold. Thus,

272  recruitment rates could be quantified for more species using the lower threshold.

273  Quantification of demographic diversity

274 We used two-dimensional hypervolumes based on gaussian kernel density estimations (Blonder
275 et al. 2014) to represent and quantify diversity of demographic strategies spanning pairs of
276  demographic rates: growth vs mortality, growth vs recruitment and mortality vs recruitment.
277  Because many species did not occur in all canopy layers and species with non-observed values
278  cannot be included in hypervolume analyses, we calculated hypervolumes using only growth

279  and mortality rates from a single canopy layer. Only species with at least 10 or 5 observations
12
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280  for mortality per canopy layer were included in the analyses for wet and dry sites, respectively.
281  Species with mortality rates of 0 or 1 or with recruitment rates of 0 were excluded from the
282  respective hypervolumes. A total of 353, 503 and 463 species met the criteria for inclusion in
283  the analyses in canopy layers 1, 2 and 3, respectively. We used growth and mortality rates from
284  canopy layer 2 to maximize the number of species included in the analyses (Tables S3-S5). To
285  ensure representability, we also examined hypervolumes using growth and mortality rates from

286  canopy layers 1 and 3.

287  We natural log transformed all demographic rates to ensure approximate gaussian multivariate
288  distributions. We estimated kernel bandwidths (the parameter defining the smoothness of the
289  probability densities) for each hypervolume per site using the cross-validation method (Duong
290 2007, Blonder et al. 2014). We used the same bandwidths for all successional stages per site to
291  ensure comparability among sites (Blonder 2018). Hypervolume boundaries represent the
292  smallest volume that captures 80% of the total probability densities. All species contributed
293  equally to the hypervolume calculations. We used the hypervolume R package (version 3.0.4)
294  for all analyses (Blonder et al. 2014). We also report demographic spaces with underlying
295 abundance heatmaps to indicate observed shifts in the dominance of certain demographic

296  strategies.

297  To quantify overlap of demographic strategies in different successional stages, we calculated
298  overlap statistics for all hypervolumes using the hypervolume_overlap_statistics function. We
299  used bootstrapping and rarefaction techniques (r = 100 replicates, n = 10 species per replicate)
300 to account for differences in the number of species included and to obtain 95% confidence
301 intervals. Likewise, we derived volumes of all two-dimensional hypervolumes (i.e. areas) to
302 quantify the amount of demographic diversity using the hypervolume_gaussian function. We

303  assumed statistically significant differences if the confidence intervals did not overlap.
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304  To evaluate whether shifts in the range of demographic strategies were due to intra-specific
305 variation in demographic rates across successional stages, we performed major axis regressions
306  between species’ demographic rates in different successional stages. To evaluate whether shifts
307 inthe range of demographic strategies were due to species turnover, we assessed successional
308 trends in the abundance of species that exhibited a demographic strategy that was exclusive to
309  one particular successional stage. As we only found unique demographic strategies in the early
310  successional stage, we modeled abundances per ha of the species with this unique strategy as a
311  function of stand age with the form: Ln(abundance) = a * stand age®. Parameters a and b were
312  estimated using the nls R function. For parameter estimation, we only used data points from the

313  point in time when species reached their highest abundance onwards.

314  All analyses were carried out in R version 4.2.2 (R Core Team 2022). Taxonomy was
315 standardized according to The Plant List version 1.1 (http://www.theplantlist.org) using the

316  Taxonstand package (Cayuela et al. 2012).

317 RESULTS
318  We used 1,385,018 observations from 352,243 individual trees to calculate demographic rates
319  for atotal number of 503 species from 77 families. The number of individual trees ranged from

320 3,302 in Oaxaca to 312,328 in Panama (Table S2).

321  Overlap in demographic strategies across succession

322 In all forest sites, the ranges of demographic strategies present in the three successional stages
323  largely overlapped (Figure 2), except for recruitment rates that shifted slightly towards fewer
324 recruits during succession in all sites except Yucatan. In the wet sites, we found a demographic
325  strategy exclusive to early successional forests, which was primarily associated with
326  exceptionally high mortality rates of 10% or more (Figure 2A&B). This group of high mortality
327  species consisted of 17 and 28 species in Costa Rica and Panama, respectively. Many of these

328  species are typically considered pioneer species (e.g. Cecropia insignis, Ochroma pyramidale,
14
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329  Trema integerrima, Byrsonima crassifolia, Conostegia xalapensis, Vernonanthura patens,
330  Vismia baccifera, Vismia macrophylla; see Figures S15 & S16). Many species within this group
331  did not grow particularly fast, especially in Panama. In Costa Rica, no recruits were recorded
332  for most of the species in this group (Figure 21), whereas in Panama, most of these species had

333  fairly high recruitment rates (Figure 2J).
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335 Figure 2: Two-dimensional hypervolumes representing ranges of demographic strategies for different pairs of
336 demographic rates (A-D: growth-mortality, E-H: growth-recruitment, I-L: mortality-recruitment) for all sites and
337 successional stages (ESF = early successional forest, LSF = late successional forest, OGF = old-growth forest). All
338 axes are log-transformed (Ln). Growth and mortality rates are from individuals assigned to canopy layer 2
339 because this layer contains the most individuals and species. Hypervolume boundaries represent the smallest
340 volume that captures 80% of the total gaussian probability densities. All species contributed equally to the
341 hypervolume calculation. Points represent species and point sizes indicate relative abundances within the
342  successional stage.

343 In the dry sites, we did not identify generalizable shifts of demographic strategies across

344 succession. In Oaxaca, but not in Yucatan, the range of growth rates shifted slightly towards
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345  slower growth during succession. In Oaxaca, but not in Yucatan, the range of mortality rates
346  shifted slightly towards lower values in older forests. The range of growth and mortality rates

347  was smaller in Yucatan compared to Oaxaca.

348  These results were robust to the choice of canopy layer (Figures S3-S5) and were not biased by
349  the number of species included (Figure S6). The measured average hypervolume overlap across
350 pairs of demographic rates between successional stages did not differ across sites and was also

351  similar among all successional stages within sites (Figure 3Figure 6, Figure S7).

Costa Rica Panama Yucatan Oaxaca

< _

g T

o

540 “V

>

o

[¢}]

1=

3 201

o

Pt 1

[0}

o

>

I 04

ESF- ESF-  LSF- ESF- ESF-  LSF- ESF- ESF-  LSF- ESF- ESF-  LSF-

357 LSF  OGF OGF LSF OGF OGF LSF  OGF OGF LSF  OGF OGF

353 Figure 3: Mean overlap statistics of the two-dimensional hypervolumes representing the ranges of demographic
354 strategies for all successional stages (ESF = early successional forest, LSF = late successional forest, OGF = old-
355 growth forest). Colored bars represent the median rarefied and bootstrapped values, error bars represent 95%
356 confidence intervals (r = 100 replicates, n = 10 species per successional stage). All values are means across pairs
357 of demographic rates. Individual values per pair of demographic rates are given in Figure S7.

358  Except for Oaxaca, species abundance was more evenly distributed across the range of
359  demographic strategies in early successional forests compared to later successional stages,
360  where species with the highest abundances were more concentrated around conservative

361  strategies (Figures S8-S11).

362  Are shifts in demographic strategies due to intra-specific variation or due to species
363  turnover?

364  Owverall, intra-specific variation in demographic rates across succession was low in all sites
365  (Figure 4, Figures S12-S14). Especially growth and mortality rates were generally consistent

366  across successional stages. In Panama and Oaxaca, recruitment rates were higher in secondary
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367  forests than in old-growth forests (Figure 4, Figure S14), whereas in Costa Rica and Yucatan,

368  results for the major axis regressions on recruitment rates were inconclusive (Figures S12 &
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371 Figure 4: Major axis regressions for species’ demographic rates in early successional forests (ESF), late
372 successional forests (LSF) and old-growth forests (OGF) in Panama (for other sites see Figures S12-S14). Each
373 point represents a species and its demographic rates in the respective successional stage. Solid lines represent
374 the 1:1-line, dashed lines represent the major axis regression lines and areas highlighted in grey represent the
375 confidence intervals. Growth and mortality rates are from canopy layer 2. Only species with at least 5
376 observations for growth and survival in both successional stages were included, respectively. If no confidence
377 intervals are given, the model was not statistically significant (i.e., the variables are unrelated, p = 0.05).

378 Most of the species that exhibited an exclusive demographic strategy (i.e., species with

379  mortality >10% in wet ESF) decreased substantially in abundance during the first 30 years of

17
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380  succession (Figure 5, Figures S15 & S16). In Costa Rica, only five out of the 17 species were
381 also found in LSF (four species) or OGF (one species). In Panama, eleven out of the 28 species
382  forming this group in ESF were also found in LSF (two species) or OGF (nine species), albeit
383  at low abundances. Species from this group that were present in more than one successional

384  stage generally had lower mortality rates in later successional stages (Figure 4, Figure S14).
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386 Figure 5: Observed (grey) and modelled (black) abundances > 1 cm dbh over time of species with annual mortality
387 >10% exclusive to wet early successional forests in (A) Costa Rica and (B) Panama. Models are of the form
388 Ln(abundance) = a*stand age”b. Parameters a and b were estimated using the nls R function. The model did not
389 converge for two species in Costa Rica and three species in Panama due to irregular patterns in abundance over
390 time. The model does not accurately capture that one species in Costa Rica and seven species in Panama had
391 increased abundances in OGF. Individual models are shown in Figures S15 and S16.

392 Demographic diversity does not increase with succession

393 We found that demographic diversity (quantified as the area of the 2-dimensional
394  hypervolumes) did not increase with succession (Figure 6, Figure S17). In the wet sites,
395  demographic diversity tended to decrease, but not significantly. In the dry sites, demographic

396  diversity tended to increase, but not significantly.
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398 Figure 6: Mean areas of the two-dimensional hypervolumes representing the ranges of demographic strategies
399 for all successional stages (ESF = early successional forest, LSF = late successional forest, OGF = old-growth
400 forest). Colored bars represent the median rarefied and bootstrapped values, error bars represent 95%
401 confidence intervals (r = 100 replicates, n = 10 species per successional stage). All values are means across pairs
402 of demographic rates. Individual values per pair of demographic rates are given in Figure S17.

403 DISCUSSION

404  We used demographic rates from 503 woody plant species to compare ranges of demographic
405  strategies along successional gradients in four Neotropical forests. Contrary to our expectations,
406  we found not only that demographic strategies largely overlapped across successional stages,
407  but also that the amount of demographic diversity was similar along succession. Interestingly,
408 we found a group of species with exceptionally high mortality rates that occurred exclusively
409 inearly successional forests in wet sites. Our results suggest that insights gained from analyses
410 of demographic rates in old-growth forests are largely representative for forests of all
411  successional stages, with the exception of a strategy associated with high mortality that, in wet

412  forests, only occurs in early successional forests.

413  Demographic strategies largely overlap across succession

414  In contrast to our expectations, we found large amounts of overlap of demographic strategies
415  across successional stages in all four sites. Almost all demographic strategies that were present
416 in old-growth forests were present in secondary forests after 30 years of succession in both wet
417 and dry tropical forests. This could suggest that most species, regardless of their life-history
418  strategies, can establish in early successional forests as long as their seeds reach the site, and

419  highlight the importance of stochastic processes in general and of dispersal limitation in
19
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420  particular for successional trajectories (Chazdon 2008, Norden et al. 2015, Dent & Estrada-
421  Villegas 2021). At the same time, tropical wet forests recover quickly and the range of
422  microsites that can develop during the first 30 years of succession may accommodate the full
423  range of demographic strategies exhibited by species that occur in older forests. This does not
424  mean that abundances of species with different demographic strategies do not shift across
425  succession (Ruger et al. 2022), but here we focus on the presence or absence of demographic

426  strategies.

427  We found a shift towards lower recruitment rates during succession in all sites except Yucatan.
428  Recruitment rates strongly depend on seedling performance and, hence, on resource (primarily
429 light) availability at the forest floor (Montgomery & Chazdon 2001, Kitajima et al. 2013,
430  Kupers et al. 2019). Because light availability at the forest floor decreases during succession

431  (Denslow & Guzman 2000), recruitment rates are predicted to do the same.

432  In Oaxaca, the driest forest site, the range of demographic strategies shifted slightly towards
433  lower growth, mortality and recruitment rates, i.e., towards more conservative life-history
434  strategies during succession. In Yucatan, the second dry forest site, however, we detected a
435  slight shift towards higher recruitment, hindering our ability to generalize more broadly from
436  ourresults. The forest in Yucatan stands out in that it occurs in a landscape that has been shaped
437 by human land use for many centuries. Thus, the pool of tree species might have been restricted
438  over time to those species that are able to cope with frequent disturbance, including the ability
439  to resprout (Rico-Gray & Garcia-Franco 1991, Kammesheidt 1999, Sanaphre-Villanueva et al.
440  2017). This is also indicated by the smaller range of growth and mortality rates of the dry forest

441  in Yucatan compared to that of Oaxaca.

442  Species with high mortality rates are exclusive to early succession in wet forests
443  We expected to find the most acquisitive demographic strategies with highest growth, mortality
444 and recruitment rates in early successional wet forests. Yet, the group of species exclusively
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445  observed in these forests was associated with high mortality and moderately high recruitment
446  rates, but not particularly with fast growth. Potentially, higher growth rates might be masked
447  because the entire lifecycle of these short-lived species is completed within the early
448  successional stage (0-30 years since abandonment), including senescent stages when growth

449  might decline.

450  Although some of these high-mortality species were highly abundant in early successional
451  forests, no recruits were recorded for most of them in Costa Rica. Here, recruitment rates might
452  Dbe less informative than in other forests because only a few plots that were 12 years or older
453  had information on trees > 1 cm dbh and met our criterion for the calculation of recruitment
454  rates (Table S1). Additionally, recruitment in the plots at the La Selva Biological Station
455  (referred to in Table S1 as Sarapiqui) is known to be affected by collared peccaries (Kuprewicz
456  2013). Given their high abundance during the first ~15 years of succession, many of the high-
457  mortality species might actually have similarly high recruitment rates in early successional
458  forests as many of the high-mortality species in Panama, where data availability was more
459  consistent throughout the chronosequence. Hence, in contrast to common assumptions, early
460  successional specialist demographic strategies might trade off high mortality for high

461  recruitment rather than consistently high growth rates.

462 In tropical dry forests, species that are present in early successional forests can persist for a
463  longer time and do not have a unique demographic strategy. Because of a lower and (seasonally)
464  more open canopy, early and late successional environments are less contrasting in dry
465 compared to wet forests (Lebrija-Trejos et al. 2011, Letcher et al. 2015). Moreover, many
466  resprouting species in early successional forests might in fact be species that were abundant
467  pre-disturbance and therefore follow demographic strategies associated with late successional
468  environments (Boucher et al. 2001, Lebrija-Trejos et al. 2008). Additionally, resprouting trees

469 in early successional forests likely rely on belowground carbohydrate reserves of the old root
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470  system and therefore might have similar demographic rates as in old-growth forests (Poorter et

471  al. 2010).

472  Shifts in demographic strategies are mainly due to species turnover

473  The shifts that we identified mainly relate to the loss of a group of species with exceptionally
474 high mortality rates (>10%), that is present only in early successional tropical wet forests. The
475  majority of species within this group did not persist in later successional stages, suggesting that
476  their disappearance is primarily due to species turnover as projected by Finegan (1996).
477  However, the few species from this group that are present in old-growth forests do exhibit lower
478  mortality rates there, indicating that both species turnover as well as intra-specific variation

479  contribute to this process.

480 Demographic diversity does not increase with succession

481  Counter to our expectations, we did not find a general pattern of increasing diversity in
482  demographic strategies during succession. Indeed, demographic diversity seems to recover to
483  old-growth forest values within the first 30 years of succession. Similarly, Poorter et al. (2021)
484  found that structural heterogeneity and species richness in secondary tropical forests recovered
485  to 90% of old-growth forest values at around 30 years after abandonment, whereas species
486  composition only recovered after more than a century (Poorter et al. 2021). This suggests that
487  demographic diversity is more closely linked to species richness than to species composition,
488 indicating that many different species exhibit similar demographic strategies and fill similar

489  demographic niches.

490  Limitations

491  When interpreting our results, it should be considered that we use a chronosequence approach
492  that substitutes space for time and thus infers temporal trends from static data (Foster & Tilman
493 2000, Johnson & Miyanishi 2008, Walker et al. 2010). Moreover, data availability as well as
494  data collection methodologies varied widely across sites (Figure S1), and plots within each
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495  chronosequence also varied in extent and minimum dbh threshold (Table S1). Nevertheless, our
496  results are robust to this heterogeneity and independent from the number of species included

497  (e.g. Figure S6).

498 CONCLUSION

499  Overall, we find that secondary forests harbor similar levels of demographic diversity as old-
500 growth forests, indicating that early successional stages already contain the full spectrum of
501 life-history strategies found in old-growth forests, and that demographic data from old-growth
502  forests is surprisingly informative for understanding the diversity of demographic strategies in
503 tropical forests in general. Our results also suggest that the recovery of demographic diversity
504 is more closely linked to species richness than to species composition. Lastly, our results
505 indicate that, contrary to common assumptions, early successional specialists in tropical wet
506  forests trade off high mortality for high recruitment rates rather than consistently fast growth,

507 at least when integrating over 30 years of successional development.

508  Our results enrich the current understanding of tropical secondary succession by using a
509 demographic perspective that evaluates mechanisms that underpin succession. As ranges of
510  demographic rates are similar and species-specific demographic rates are largely consistent
511  across succession, we argue that demographic information from old-growth forests can be used
512  to predict successional changes in the dominance of different species or species groups and to
513  estimate future tropical forest carbon stocks with the help of demographic forest models (Purves
514  etal. 2008, Ruger et al. 2020), especially for tropical dry forests. Accurate predictions of early
515  successional dynamics in tropical wet forests, however, likely rely on information about

516  demographic strategies that occur uniquely during the first 30 years of succession.

23


https://doi.org/10.1101/2023.06.14.544754
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.06.14.544754; this version posted June 14, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

517  ACKNOWLEDGEMENTS

518  This paper is a product of the sDiv working group SUCCESS. We thank the owners of the forest
519  sites for access to their forests, all the people who have established and measured the plots, the
520 institutions and funding agencies that supported them (see below). Funding: This research was
521  supported by the German Centre for Integrative Biodiversity Research (iDiv) Halle-Jena-
522  Leipzig (sDiv W7.20 sUCCESS to LP, NR, and MvB, iDiv-Flexpool grants 34600967 and
523 34600970 to NR) funded by the Deutsche Forschungsgemeinschaft (DFG; FZT-118);
524  Netherlands Organisation for Scientific Research - NWO (ALW.OP241 to LP, MTvdS, and
525 CCJ; ALW.OP457 to FB, RM, LP and JAM; and Veni.192.027 to MTvdS); Fundacdo de
526  Amparo & Pesquisa do Estado de Sao Paulo (17418 NEWFOR to FB); Agencia Nacional de
527  Investigacion y Desarrollo (FONDECYT Regular No. 1201347 to DC); Conselho Nacional de
528  Desenvolvimento Cientifico e Tecnoldgico (SinBiose-REGENERA 442371/2019-5 to CCJ);
529  Fondo Mixto CONACYT - Gobierno del estado de Yucatan (FOMIX YUC-2008-C06-108863
530 to JMD and JLHS, FOSEMARNAT 2004-C01-227, Reinforcing REDD+ and the South-South
531  Cooperation Project, CONAFOR and USFS to JLHS); STRI, ForestGEO, Heising—Simons
532  Foundation, HSBC Climate Partnership, Stanley Motta, SmallWorld Institute Fund, the Hoch
533  family (to JSH and MvB); Universidad Nacional Autbnoma de México, Programa de Apoyo a
534  Proyectos de Investigacion e Innovacidn Tecnoldgica (DPAGA-PAPIIT IN218416, DPAGA-
535 PAPHT IN217620 to JAM and RM); SENACYT Panama Grant (COL10-052 to DHD, SJD and
536 ORL); US National Science Foundation (DEB-9208031 to DHD and SJD and EAR-1360391
537 to MvB); Yale-NUS College and MOE (through a startup grant and grant 1G16-LR004 to
538 MvB). The BCI forest dynamics research project was founded by S.P. Hubbell and R.B. Foster
539 and is now managed by R. Condit, S. Lao, and R. Perez under the Center for Tropical Forest
540  Science and the Smithsonian Tropical Research Institute in Panama. Numerous organizations
541  have provided funding, principally the U.S. National Science Foundation. Support for the

542  establishment and monitoring of permanent plots of RLC and BF in Costa Rica was provided
24


https://doi.org/10.1101/2023.06.14.544754
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.06.14.544754; this version posted June 14, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

543 by grants from the Andrew W. Mellon Foundation, the US National Science Foundation (NSF
544  DEB-0424767, NSF DEB-0639393 and NSF DEB-1147429), US NASA Terrestrial Ecology

545  Program, and the University of Connecticut Research Foundation.

546  CONFLICT OF INTEREST

547  The authors declare no competing interests.

548 AUTHOR CONTRIBUTIONS

549  The idea for this study was conceived during a workshop attended by LA, FB, RLC, DC, CEF,
550 BH, CCJ, SK, JAM, RM, NN, LP, NR, MES, MvB and MTvdS. RLC, DC, DHD, DD, SJD,
551 JMD, BF, JSH, JLHS, ORL, JAM, RM, and MvB contributed data. MES, NR and SK prepared
552  forest inventory data for analysis and calculated demographic rates. MES analysed the data.
553  MES wrote the first draft of the manuscript with support from NR. All authors contributed

554  critically to the drafts and gave final approval for publication.

555 DATA AVAILABILITY STATEMENT
556  Should the manuscript be accepted, the data supporting the results will be archived in an
557  appropriate public repository (e.g. Dryad) and the data DOI will be included at the end of the

558 article.

559 REFERENCES

560  Arroyo-Rodriguez, V., Melo, F. P. L., Martinez-Ramos, M., Bongers, F., Chazdon, R. L.,

561 Meave, J. A., Norden, N., Santos, B. A., Leal, I. R., & Tabarelli, M. 2017. Multiple

562 successional pathways in human-modified tropical landscapes: new insights from forest
563 succession, forest fragmentation and landscape ecology research. Biological Reviews of
564 the Cambridge Philosophical Society 92: 326-340. https://doi.org/10.1111/brv.12231.

25


https://doi.org/10.1101/2023.06.14.544754
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.06.14.544754; this version posted June 14, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

565  Becknell, J. M., & Powers, J. S. 2014. Stand age and soils as drivers of plant functional traits
566 and aboveground biomass in secondary tropical dry forest. Canadian Journal of Forest
567 Research 44: 604-613. https://doi.org/10.1139/cjfr-2013-0331.

568  Blonder, B. 2018. Hypervolume concepts in niche- and trait-based ecology. Ecography 41.:
569 1441-1455. https://doi.org/10.1111/ecog.03187.

570  Blonder, B., Lamanna, C., Violle, C., & Enquist, B. J. 2014. The n-dimensional hypervolume.
571 Global Ecology and Biogeography 23: 595-609. https://doi.org/10.1111/geb.12146.
572  Bohlman, S., & Pacala, S. 2012. A forest structure model that determines crown layers and
573 partitions growth and mortality rates for landscape-scale applications of tropical forests.
574 Journal of Ecology 100: 508-518. https://doi.org/10.1111/j.1365-2745.2011.01935.x.

575 Boucher, D. H., Vandermeer, J. H., La Granzow de Cerda, |., Mallona, M. A., Perfecto, I., &

576 Zamora, N. 2001. Post-agriculture versus post-hurricane succession in southeastern
577 Nicaraguan rain forest. Plant Ecology 156: 131-137.
578 https://doi.org/10.1023/A:1012672005360.

579  Boukili, V. K., & Chazdon, R. L. 2017. Environmental filtering, local site factors and

580 landscape context drive changes in functional trait composition during tropical forest
581 succession. Perspectives in Plant Ecology, Evolution and Systematics 24: 37-47,
582 https://doi.org/10.1016/j.ppees.2016.11.003.

583  Buzzard, V., Hulshof, C. M., Birt, T., Violle, C., & Enquist, B. J. 2016. Re-growing a tropical

584 dry forest: functional plant trait composition and community assembly during
585 succession. Functional Ecology 30: 1006-1013. https://doi.org/10.1111/1365-
586 2435.12579.

587  Cayuela, L., La Granzow-de Cerda, I., Albuquerque, F. S., & Golicher, D. J. 2012.

588 Taxonstand: An R package for species names standardisation in vegetation databases.
589 Methods in Ecology and Evolution 3: 1078-1083. https://doi.org/10.1111/j.2041-
590 210X.2012.00232.x.

26


https://doi.org/10.1101/2023.06.14.544754
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.06.14.544754; this version posted June 14, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

591 Chazdon, R. L. 2008. Chance and determinism in tropical forest succession. In W. P. Carson
592 and S. A. Schnitzer (Eds.). Tropical forest community ecology, pp. 384-408. Wiley-
593 Blackwell Pub, Chichester, Malden MA.

594  Chazdon, R. L. 2014. Second growth. The promise of tropical forest regeneration in an age of
595 deforestation. University of Chicago Press, Chicago.

596 Chazdon, R. L., Broadbent, E. N., Rozendaal, D. M. A., Bongers, F., Zambrano, A. M. A,

597 Aide, T. M., Balvanera, P., Becknell, J. M., Boukili, V., Brancalion, P. H. S., Craven,
598 D., Almeida-Cortez, J. S., Cabral, G. A. L., Jong, B. de, Denslow, J. S., Dent, D. H.,
599 DeWalt, S. J., Dupuy, J. M., Duran, S. M., Espirito-Santo, M. M., Fandino, M. C.,

600 César, R. G., Hall, J. S., Hernandez-Stefanoni, J. L., Jakovac, C. C., Junqueira, A. B.,
601 Kennard, D., Letcher, S. G., Lohbeck, M., Martinez-Ramos, M., Massoca, P., Meave, J.
602 A., Mesquita, R., Mora, F., Mufioz, R., Muscarella, R., Nunes, Y. R. F., Ochoa-Gaona,
603 S., Orihuela-Belmonte, E., Pefia-Claros, M., Pérez-Garcia, E. A., Piotto, D., Powers, J.
604 S., Rodriguez-Velazquez, J., Romero-Pérez, I. E., Ruiz, J., Saldarriaga, J. G., Sanchez-
605 Azofeifa, A., Schwartz, N. B., Steininger, M. K., Swenson, N. G., Uriarte, M., van

606 Breugel, M., van der Wal, H., Veloso, M. D. M., Vester, H., Vieira, I. C. G., Bentos, T.
607 V., Williamson, G. B., & Poorter, L. 2016. Carbon sequestration potential of second-
608 growth forest regeneration in the Latin American tropics. Science Advances 2:

609 e1501639. https://doi.org/10.1126/sciadv.1501639.

610 Chazdon, R. L., Letcher, S. G., van Breugel, M., Martinez-Ramos, M., Bongers, F., &

611 Finegan, B. 2007. Rates of change in tree communities of secondary Neotropical forests
612 following major disturbances. Philosophical Transactions of the Royal Society of

613 London. Series B, Biological Sciences 362: 273-289.

614 https://doi.org/10.1098/rsth.2006.1990.

27


https://doi.org/10.1101/2023.06.14.544754
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.06.14.544754; this version posted June 14, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

615 Clark, D., & Clark, D. 2000. Landscape-scale variation in forest structure and biomass in a
616 tropical rain forest. Forest Ecology and Management 137: 185-198.

617 https://doi.org/10.1016/S0378-1127(99)00327-8.

618 Clark, D. B., Oberbauer, S. F., Clark, D. A., Ryan, M. G., & Dubayah, R. O. 2021. Physical
619 structure and biological composition of canopies in tropical secondary and old-growth
620 forests. PloS one 16: e0256571. https://doi.org/10.1371/journal.pone.0256571.

621  Condit, R., Pérez, R., Aguilar, S., Lao, S., Foster, R., & Hubbell, S. 2019. Complete data from
622 the Barro Colorado 50-ha plot: 423617 trees, 35 years. Dryad.

623  Denslow, J. S., & Guzman, S. 2000. Variation in stand structure, light and seedling abundance
624 across a tropical moist forest chronosequence, Panama. Journal of Vegetation Science
625 11: 201-212. https://doi.org/10.2307/3236800.

626 Dent, D. H., DeWalt, S. J., & Denslow, J. S. 2013. Secondary forests of central Panama

627 increase in similarity to old-growth forest over time in shade tolerance but not species
628 composition. Journal of Vegetation Science 24: 530-542.
629 https://doi.org/10.1111/j.1654-1103.2012.01482.x.

630 Dent, D. H., & Estrada-Villegas, S. 2021. Uniting niche differentiation and dispersal
631 limitation predicts tropical forest succession. Trends in Ecology & Evolution 36: 700—
632 708. https://doi.org/10.1016/j.tree.2021.04.001.

633  Derroire, G., Powers, J. S., Hulshof, C. M., Cardenas Varela, L. E., & Healey, J. R. 2018.

634 Contrasting patterns of leaf trait variation among and within species during tropical dry
635 forest succession in Costa Rica. Scientific reports 8: 285.
636 https://doi.org/10.1038/s41598-017-18525-1.

637  Duong, T. 2007. ks: Kernel density estimation and kernel discriminant analysis for
638 multivariate data in R. Journal of Statistical Software 21.

639 https://doi.org/10.18637/jss.v021.i07.

28


https://doi.org/10.1101/2023.06.14.544754
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.06.14.544754; this version posted June 14, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

640  Dupuy, J. M., Herndndez-Stefanoni, J. L., Hernandez-Juarez, R. A., Tetetla-Rangel, E.,

641 Lopez-Martinez, J. O., Leyequién-Abarca, E., Tun-Dzul, F. J., & May-Pat, F. 2012.
642 Patterns and correlates of tropical dry forest structure and composition in a highly
643 replicated chronosequence in Yucatan, Mexico. Biotropica 44: 151-162.

644 https://doi.org/10.1111/j.1744-7429.2011.00783.x.

645  Ewel, J. J. 1977. Differences between wet and dry successional tropical ecosystems.

646 International Journal of Tropical Geology, Geography and Ecology 1: 103-117.

647  FAO. 2020. Global forest resources assessment 2020: Main report, Rome.

648  Finegan, B. 1996. Pattern and process in neotropical secondary rain forests: the first 100 years
649 of succession. Trends in Ecology & Evolution 11: 119-124.

650 https://doi.org/10.1016/0169-5347(96)81090-1.

651  Foster, B. L., & Tilman, D. 2000. Dynamic and static views of succession: Testing the

652 descriptive power of the chronosequence approach. Plant Ecology: 1-10.

653 https://doi.org/10.1023/A:1009895103017.

654  Gallardo-Cruz, J., Meave, J., Pérez-Garcia, E., & Hernandez-Stefanoni, J. 2010. Spatial

655 structure of plant communities in a complex tropical landscape: implications for 3-
656 diversity. Community Ecology 11: 202-210.
657 https://doi.org/10.1556/comec.11.2010.2.8.

658  Hernandez-Stefanoni, J., Dupuy, J., Johnson, K., Birdsey, R., Tun-Dzul, F., Peduzzi, A.,

659 Caamal-Sosa, J., Sanchez-Santos, G., & Lépez-Merlin, D. 2014. Improving species
660 diversity and biomass estimates of tropical dry forests using airborne LIDAR. Remote
661 Sensing 6: 4741-4763. https://doi.org/10.3390/rs6064741.

662 Johnson, E. A., & Miyanishi, K. 2008. Testing the assumptions of chronosequences in
663 succession. Ecology Letters 11: 419-431. https://doi.org/10.1111/j.1461-

664 0248.2008.01173.x.

29


https://doi.org/10.1101/2023.06.14.544754
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.06.14.544754; this version posted June 14, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

665 Kambach, S., Condit, R., Aguilar, S., Bruelheide, H., Bunyavejchewin, S., Chang-Yang, C.-

666 H., Chen, Y.-Y., Chuyong, G., Davies, S. J., Ediriweera, S., Ewango, C. E. N.,

667 Fernando, E. S., Gunatilleke, S., Hubbell, S., Itoh, A., Kenfack, D., Kiratiprayoon, S.,

668 Lin, Y. C., Makana, J.-R., McMahon, S. M., Mohamad, M. B., Pongpattananurak, N.,

669 Pérez, R., Rodriguez, L. J., Sun, I.-F., Tan, S., Thomas, D., Thompson, J., Uriarte, M.,
670 Valencia, R., Wirth, C., Wright, S. J., Yamakura, T., Yao, T. L., Zimmerman, J. K., &
671 Riger, N. 2022. Consistency of demographic trade-offs across 13 (sub)tropical forests.
672 Journal of Ecology 110: 1485-1496. https://doi.org/10.1111/1365-2745.13901.

673 Kammesheidt, L. 1999. Forest recovery by root suckers and above-ground sprouts after slash-
674 and-burn agriculture, fire and logging in Paraguay and Venezuela. Journal of Tropical
675 Ecology 15: 143-157. https://doi.org/10.1017/S0266467499000723.

676  Kitajima, K., Cordero, R. A., & Wright, S. J. 2013. Leaf life span spectrum of tropical woody
677 seedlings: effects of light and ontogeny and consequences for survival. Annals of

678 botany 112: 685-699. https://doi.org/10.1093/ach/mct036.

679  Kupers, S. J., Wirth, C., Engelbrecht, B. M. J., Herndndez, A., Condit, R., Wright, S. J., &

680 Riiger, N. 2019. Performance of tropical forest seedlings under shade and drought: an
681 interspecific trade-off in demographic responses. Scientific reports 9: 18784.
682 https://doi.org/10.1038/s41598-019-55256-X.

683  Kuprewicz, E. K. 2013. Mammal abundances and seed traits control the seed dispersal and
684 predation roles of terrestrial mammals in a Costa Rican forest. Biotropica 45: 333-342.
685 https://doi.org/10.1111/btp.12014.

686  Lebrija-Trejos, E., Bongers, F., Pérez-Garcia, E. A., & Meave, J. A. 2008. Successional

687 change and resilience of a very dry tropical deciduous forest following shifting

688 agriculture. Biotropica 40: 422-431. https://doi.org/10.1111/j.1744-7429.2008.00398.x.

30


https://doi.org/10.1101/2023.06.14.544754
http://creativecommons.org/licenses/by-nc-nd/4.0/

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

bioRxiv preprint doi: https://doi.org/10.1101/2023.06.14.544754; this version posted June 14, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Lebrija-Trejos, E., Pérez-Garcia, E. A., Meave, J. A., Bongers, F., & Poorter, L. 2010.
Functional traits and environmental filtering drive community assembly in a species-
rich tropical system. Ecology 91: 386-398. https://doi.org/10.1890/08-1449.1.

Lebrija-Trejos, E., Pérez-Garcia, E. A., Meave, J. A., Poorter, L., & Bongers, F. 2011.
Environmental changes during secondary succession in a tropical dry forest in Mexico.
Journal of Tropical Ecology 27: 477-489. https://doi.org/10.1017/S0266467411000253.

Letcher, S. G., & Chazdon, R. L. 2009. Rapid recovery of biomass, species richness, and
species composition in a forest chronosequence in Northeastern Costa Rica. Biotropica
41: 608-617. https://doi.org/10.1111/j.1744-7429.2009.00517 .X.

Letcher, S. G., Lasky, J. R., Chazdon, R. L., Norden, N., Wright, S. J., Meave, J. A., Pérez-
Garcia, E. A., Muiioz, R., Romero-Pérez, E., Andrade, A., Andrade, J. L., Balvanera, P.,
Becknell, J. M., Bentos, T. V., Bhaskar, R., Bongers, F., Boukili, V., Brancalion, P. H.
S., César, R. G, Clark, D. A,, Clark, D. B., Craven, D., DeFrancesco, A., Dupuy, J. M.,
Finegan, B., Gonzéalez-Jiménez, E., Hall, J. S., Harms, K. E., Hernandez-Stefanoni, J.
L., Hietz, P., Kennard, D., Killeen, T. J., Laurance, S. G., Lebrija-Trejos, E. E.,
Lohbeck, M., Martinez-Ramos, M., Massoca, P. E. S., Mesquita, R. C. G., Mora, F.,
Muscarella, R., Paz, H., Pineda-Garcia, F., Powers, J. S., Quesada-Monge, R.,
Rodrigues, R. R., Sandor, M. E., Sanaphre-Villanueva, L., Schiller, E., Swenson, N. G.,
Tauro, A., Uriarte, M., van Breugel, M., Vargas-Ramirez, O., Viani, R. A. G., Wendt,
A. L., & Williamson, G. B. 2015. Environmental gradients and the evolution of
successional habitat specialization: a test case with 14 Neotropical forest sites. Journal
of Ecology 103: 1276-1290. https://doi.org/10.1111/1365-2745.12435.

Lewis, S. L., Wheeler, C. E., Mitchard, E. T. A., & Koch, A. 2019. Restoring natural forests is
the best way to remove atmospheric carbon. Nature 568: 25-28.

https://doi.org/10.1038/d41586-019-01026-8.

31


https://doi.org/10.1101/2023.06.14.544754
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.06.14.544754; this version posted June 14, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

714  Lohbeck, M., Poorter, L., Lebrija-Trejos, E., Martinez-Ramos, M., Meave, J. A., Paz, H.,

715 Pérez-Garcia, E. A., Romero-Pérez, I. E., Tauro, A., & Bongers, F. 2013. Successional
716 changes in functional composition contrast for dry and wet tropical forest. Ecology 94:
717 1211-12186. https://doi.org/10.1890/12-1850.1.

718  Mascaro, J., Asner, G. P., Muller-Landau, H. C., van Breugel, M., Hall, J., & Dahlin, K. 2011.
719 Controls over aboveground forest carbon density on Barro Colorado Island, Panama.
720 Biogeosciences 8: 1615-1629. https://doi.org/10.5194/bg-8-1615-2011.

721  Metcalf, C. J. E., & Pavard, S. 2007. Why evolutionary biologists should be demographers.
722 Trends in Ecology & Evolution 22: 205-212. https://doi.org/10.1016/j.tree.2006.12.001.
723  Montgomery, R. A., & Chazdon, R. L. 2001. Forest structure, canopy architecture, and light
724 transmittance in tropical wet forests. Ecology 82: 2707-2718.

725 https://doi.org/10.1890/0012-9658(2001)082[2707:FSCAAL]2.0.CO;2.

726  Norden, N., Angarita, H. A., Bongers, F., Martinez-Ramos, M., La Granzow-de Cerda, I., van

727 Breugel, M., Lebrija-Trejos, E., Meave, J. A., Vandermeer, J., Williamson, G. B.,

728 Finegan, B., Mesquita, R., & Chazdon, R. L. 2015. Successional dynamics in

729 Neotropical forests are as uncertain as they are predictable. Proceedings of the National
730 Academy of Sciences of the United States of America 112: 8013-8018.

731 https://doi.org/10.1073/pnas.1500403112.

732  Pan, Y., Birdsey, R. A, Fang, J., Houghton, R., Kauppi, P. E., Kurz, W. A., Phillips, O. L.,

733 Shvidenko, A., Lewis, S. L., Canadell, J. G., Ciais, P., Jackson, R. B., Pacala, S. W.,
734 McGuire, A. D., Piao, S., Rautiainen, A., Sitch, S., & Hayes, D. 2011. A large and
735 persistent carbon sink in the world's forests. Science 333: 988-993.

736 https://doi.org/10.1126/science.1201609.

737  Pérez-Garcia, E. A., Meave, J. A., Villasefior, J. L., Gallardo-Cruz, J. A., & Lebrija-Trejos, E.

738 E. 2010. Vegetation heterogeneity and life-strategy diversity in the flora of the

32


https://doi.org/10.1101/2023.06.14.544754
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.06.14.544754; this version posted June 14, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

739 heterogeneous landscape of Nizanda, Oaxaca, Mexico. Folia Geobotanica 45: 143-161.
740 https://doi.org/10.1007/s12224-010-9064-7.

741  Pineda-Garcia, F., Paz, H., & Meinzer, F. C. 2013. Drought resistance in early and late

742 secondary successional species from a tropical dry forest: the interplay between xylem
743 resistance to embolism, sapwood water storage and leaf shedding. Plant, Cell &
744 Environment 36: 405-418. https://doi.org/10.1111/j.1365-3040.2012.02582.x.

745  Poorter, L., Craven, D., Jakovac, C. C., van der Sande, M. T., Amissah, L., Bongers, F.,

746 Chazdon, R. L., Farrior, C. E., Kambach, S., Meave, J. A., Mufioz, R., Norden, N.,

747 Riger, N., van Breugel, M., Almeyda Zambrano, A. M., Amani, B., Andrade, J. L.,

748 Brancalion, P. H. S., Broadbent, E. N., Foresta, H. de, Dent, D. H., Derroire, G.,

749 DeWalt, S. J., Dupuy, J. M., Duran, S. M., Fantini, A. C., Finegan, B., Hernandez-

750 Jaramillo, A., Hernandez-Stefanoni, J. L., Hietz, P., Jungueira, A. B., N'dja, J. K.,

751 Letcher, S. G., Lohbeck, M., Lépez-Camacho, R., Martinez-Ramos, M., Melo, F. P. L.,
752 Mora, F., Miller, S. C., N'Guessan, A. E., Oberleitner, F., Ortiz-Malavassi, E., Pérez-
753 Garcia, E. A., Pinho, B. X, Piotto, D., Powers, J. S., Rodriguez-Buritic, S., Rozendaal,
754 D. M. A,, Ruiz, J., Tabarelli, M., Teixeira, H. M., Valadares de Sa Barretto Sampaio, E.,
755 van der Wal, H., Villa, P. M., Fernandes, G. W., Santos, B. A., Aguilar-Cano, J.,

756 Almeida-Cortez, J. S. de, Alvarez-Davila, E., Arreola-Villa, F., Balvanera, P., Becknell,
757 J. M., Cabral, G. A. L., Castellanos-Castro, C., Jong, B. H. J. de, Nieto, J. E., Espirito-
758 Santo, M. M., Fandino, M. C., Garcia, H., Garcia-Villalobos, D., Hall, J. S., Idarraga,
759 A., Jiménez-Montoya, J., Kennard, D., Marin-Spiotta, E., Mesquita, R., Nunes, Y. R. F.,
760 Ochoa-Gaona, S., Pefia-Claros, M., Pérez-Cardenas, N., Rodriguez-Velazquez, J.,

761 Villanueva, L. S., Schwartz, N. B., Steininger, M. K., Veloso, M. D. M., Vester, H. F.
762 M., Vieira, I. C. G., Williamson, G. B., Zanini, K., & Heérault, B. 2021.

763 Multidimensional tropical forest recovery. Science 374: 1370-1376.

764 https://doi.org/10.1126/science.abh3629.

33


https://doi.org/10.1101/2023.06.14.544754
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.06.14.544754; this version posted June 14, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

765  Poorter, L., Kitajima, K., Mercado, P., Chubifia, J., Melgar, I., & Prins, H. H. T. 2010.
766 Resprouting as a persistence strategy of tropical forest trees: relations with carbohydrate
767 storage and shade tolerance. Ecology 91: 2613-2627. https://doi.org/10.1890/09-0862.1.

768  Poorter, L., Rozendaal, D. M. A., Bongers, F., Almeida-Cortez, J. S. de, Almeyda Zambrano,

769 A. M., Alvarez, F. S., Andrade, J. L., Villa, L. F. A., Balvanera, P., Becknell, J. M.,
770 Bentos, T. V., Bhaskar, R., Boukili, V., Brancalion, P. H. S., Broadbent, E. N., César,
771 R. G., Chave, J., Chazdon, R. L., Colletta, G. D., Craven, D., Jong, B. H. J. de,

772 Denslow, J. S., Dent, D. H., DeWalt, S. J., Garcia, E. D., Dupuy, J. M., Duran, S. M.,
773 Espirito Santo, M. M., Fandifio, M. C., Fernandes, G. W., Finegan, B., Moser, V. G.,
774 Hall, J. S., Hernandez-Stefanoni, J. L., Jakovac, C. C., Junqueira, A. B., Kennard, D.,
775 Lebrija-Trejos, E., Letcher, S. G., Lohbeck, M., Lopez, O. R., Marin-Spiotta, E.,

776 Martinez-Ramos, M., Martins, S. V., Massoca, P. E. S., Meave, J. A., Mesquita, R.,
777 Mora, F., Souza Moreno, V. de, Miller, S. C., Mufioz, R., Muscarella, R., Oliveira

778 Neto, S. N. de, Nunes, Y. R. F., Ochoa-Gaona, S., Paz, H., Pefia-Claros, M., Piotto, D.,
779 Ruiz, J., Sanaphre-Villanueva, L., Sanchez-Azofeifa, A., Schwartz, N. B., Steininger,
780 M. K., Thomas, W. W., Toledo, M., Uriarte, M., Utrera, L. P., van Breugel, M., van der
781 Sande, M. T., van der Wal, H., Veloso, M. D. M., Vester, H. F. M., Vieira, I. C. G.,
782 Villa, P. M., Williamson, G. B., Wright, S. J., Zanini, K. J., Zimmerman, J. K., &

783 Westoby, M. 2019. Wet and dry tropical forests show opposite successional pathways in
784 wood density but converge over time. Nature Ecology & Evolution 3: 928-934.

785 https://doi.org/10.1038/s41559-019-0882-6.

786  Poorter, L., van de Plassche, M., Willems, S., & Boot, R. G. A. 2004. Leaf traits and

787 herbivory rates of tropical tree species differing in successional status. Plant Biology 6:
788 746-754. https://doi.org/10.1055/s-2004-821269.

789  Purves, D. W., Lichstein, J. W., Strigul, N., & Pacala, S. W. 2008. Predicting and

790 understanding forest dynamics using a simple tractable model. Proceedings of the
34


https://doi.org/10.1101/2023.06.14.544754
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.06.14.544754; this version posted June 14, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

791 National Academy of Sciences of the United States of America 105: 17018-17022.
792 https://doi.org/10.1073/pnas.0807754105.

793 R CoRE TEAM. 2022. R: A language and environment for statistical computing. R Foundation
794 for Statistical Computing, Vienna, Austria.

795 Rico-Gray, V., & Garcia-Franco, J. G. 1991. The maya and the vegetation of the Yucatan
796 peninsula. Journal of Ethnobiology 11: 135-142.

797  Rozendaal, D. M. A., Bongers, F., Aide, T. M., Alvarez-Davila, E., Ascarrunz, N., Balvanera,

798 P., Becknell, J. M., Bentos, T. V., Brancalion, P. H. S., Cabral, G. A. L., Calvo-

799 Rodriguez, S., Chave, J., César, R. G., Chazdon, R. L., Condit, R., Dallinga, J. S.,

800 Almeida-Cortez, J. S. de, Jong, B. de, Oliveira, A. de, Denslow, J. S., Dent, D. H.,

801 DeWalt, S. J., Dupuy, J. M., Duran, S. M., Dutrieux, L. P., Espirito-Santo, M. M.,

802 Fandino, M. C., Fernandes, G. W., Finegan, B., Garcia, H., Gonzalez, N., Moser, V. G.,
803 Hall, J. S., Herndndez-Stefanoni, J. L., Hubbell, S., Jakovac, C. C., Hernandez, A. J.,
804 Jungueira, A. B., Kennard, D., Larpin, D., Letcher, S. G., Licona, J.-C., Lebrija-Trejos,
805 E., Marin-Spiotta, E., Martinez-Ramos, M., Massoca, P. E. S., Meave, J. A., Mesquita,
806 R. C. G., Mora, F., Muller, S. C., Mufioz, R., Oliveira Neto, S. N. de, Norden, N.,

807 Nunes, Y. R. F., Ochoa-Gaona, S., Ortiz-Malavassi, E., Ostertag, R., Pefia-Claros, M.,
808 Pérez-Garcia, E. A., Piotto, D., Powers, J. S., Aguilar-Cano, J., Rodriguez-Buritica, S.,
809 Rodriguez-Velazquez, J., Romero-Romero, M. A., Ruiz, J., Sanchez-Azofeifa, A.,

810 Almeida, A. S. de, Silver, W. L., Schwartz, N. B., Thomas, W. W., Toledo, M., Uriarte,
811 M., S& Sampaio, E. V. de, van Breugel, M., van der Wal, H., Martins, S. V., Veloso, M.
812 D. M., Vester, H. F. M., Vicentini, A, Vieira, I. C. G., Villa, P., Williamson, G. B.,
813 Zanini, K. J., Zimmerman, J., & Poorter, L. 2019. Biodiversity recovery of Neotropical
814 secondary forests. Science Advances 5: eaau3114.

815 https://doi.org/10.1126/sciadv.aau3114.

35


https://doi.org/10.1101/2023.06.14.544754
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.06.14.544754; this version posted June 14, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

816  Ruger, N., Comita, L. S., Condit, R., Purves, D., Rosenbaum, B., Visser, M. D., Wright, S. J.,

817 & Wirth, C. 2018. Beyond the fast-slow continuum: demographic dimensions
818 structuring a tropical tree community. Ecology Letters 21: 1075-1084.
819 https://doi.org/10.1111/ele.12974.

820  Rdger, N., Condit, R., Dent, D. H., DeWalt, S. J., Hubbell, S. P., Lichstein, J. W., Lopez, O.
821 R., Wirth, C., & Farrior, C. E. 2020. Demographic trade-offs predict tropical forest
822 dynamics. Science 368: 165-168. https://doi.org/10.1126/science.aaz4797.

823  Ruger, N., Schorn, M. E., Kambach, S., Chazdon, R. L., Farrior, C. E., Meave, J. A., Mufioz,

824 R., van Breugel, M., Amissah, L., Bongers, F., Craven, D., Hérault, B., Jakovac, C. C.,
825 Norden, N., Poorter, L., van der Sande, M. T., Wirth, C., Delgado, D., Dent, D. H.,

826 DeWalt, S. J., Dupuy, J. M., Finegan, B., Hall, J. S., Hernandez-Stefanoni, J. L., &

827 Lopez, O. R. 2022. Successional shifts in tree demographic strategies in Neotropical wet
828 and dry forests. https://doi.org/10.22541/au.165123910.08650742/v1.

829  Ruger, N., Wirth, C., Wright, S. J., & Condit, R. 2012. Functional traits explain light and size
830 response of growth rates in tropical tree species. Ecology 93: 2626-2636.
831 https://doi.org/10.1890/12-0622.1.

832  Russo, S. E., McMahon, S. M., Detto, M., Ledder, G., Wright, S. J., Condit, R. S., Davies, S.

833 J., Ashton, P. S., Bunyavejchewin, S., Chang-Yang, C.-H., Ediriweera, S., Ewango, C.
834 E. N., Fletcher, C., Foster, R. B., Gunatilleke, C. V. S., Gunatilleke, 1. A. U. N., Hart,
835 T., Hsieh, C.-F., Hubbell, S. P., Itoh, A., Kassim, A. R., Leong, Y. T., Lin, Y. C,,

836 Makana, J.-R., Mohamad, M. B., Ong, P., Sugiyama, A., Sun, I.-F., Tan, S., Thompson,
837 J., Yamakura, T., Yap, S. L., & Zimmerman, J. K. 2021. The interspecific growth-

838 mortality trade-off is not a general framework for tropical forest community structure.
839 Nature Ecology & Evolution 5: 174-183. https://doi.org/10.1038/s41559-020-01340-9.

840  Saenz-Pedroza, I., Feldman, R., Reyes-Garcia, C., Meave, J. A., Calvo-Irabien, L. M., May-

841 Pat, F., & Dupuy, J. M. 2020. Seasonal and successional dynamics of size-dependent
36


https://doi.org/10.1101/2023.06.14.544754
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.06.14.544754; this version posted June 14, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

842 plant demographic rates in a tropical dry forest. PeerJ 8: €9636.
843 https://doi.org/10.7717/peerj.9636.

844  Salguero-Gomez, R., Jones, O. R., Jongejans, E., Blomberg, S. P., Hodgson, D. J., Mbeau-

845 Ache, C., Zuidema, P. A., Kroon, H. de, & Buckley, Y. M. 2016. Fast-slow continuum
846 and reproductive strategies structure plant life-history variation worldwide. Proceedings
847 of the National Academy of Sciences of the United States of America 113: 230-235.
848 https://doi.org/10.1073/pnas.1506215112.

849  Sanaphre-Villanueva, L., Dupuy, J. M., Andrade, J. L., Reyes-Garcia, C., Jackson, P. C., &

850 Paz, H. 2017. Patterns of plant functional variation and specialization along secondary
851 succession and topography in a tropical dry forest. Environmental Research Letters 12:
852 55004. https://doi.org/10.1088/1748-9326/aabbaa.

853  Schnitzer, S. A., & Carson, W. P. 2001. Treefall gaps and the maintenance of species diversity
854 in a tropical forest. Ecology 82: 913-919. https://doi.org/10.1890/0012-
855 9658(2001)082[0913: TGATMO]2.0.CO;2.

856  Slik, J. W. F., Arroyo-Rodriguez, V., Aiba, S.-1., Alvarez-Loayza, P., Alves, L. F., Ashton, P.,

857 Balvanera, P., Bastian, M. L., Bellingham, P. J., van den Berg, E., Bernacci, L., Da
858 Conceicdo Bispo, P., Blanc, L., Bohning-Gaese, K., Boeckx, P., Bongers, F., Boyle, B.,
859 Bradford, M., Brearley, F. Q., Breuer-Ndoundou Hockemba, M., Bunyavejchewin, S.,
860 Calderado Leal Matos, D., Castillo-Santiago, M., Catharino, E. L. M., Chali, S.-L.,

861 Chen, Y., Colwell, R. K., Chazdon, R. L., Robin, C. L., Clark, C., Clark, D. B., Clark,
862 D. A., Culmsee, H., Damas, K., Dattaraja, H. S., Dauby, G., Davidar, P., DeWalt, S. J.,
863 Doucet, J.-L., Duque, A., Durigan, G., Eichhorn, K. A. O., Eisenlohr, P. V., Eler, E.,
864 Ewango, C., Farwig, N., Feeley, K. J., Ferreira, L., Field, R., Oliveira Filho, A. T. de,
865 Fletcher, C., Forshed, O., Franco, G., Fredriksson, G., Gillespie, T., Gillet, J.-F.,

866 Amarnath, G., Griffith, D. M., Grogan, J., Gunatilleke, N., Harris, D., Harrison, R.,
867 Hector, A., Homeier, J., Imai, N., Itoh, A., Jansen, P. A., Joly, C. A., Jong, B. H. J. de,

37


https://doi.org/10.1101/2023.06.14.544754
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.06.14.544754; this version posted June 14, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

868 Kartawinata, K., Kearsley, E., Kelly, D. L., Kenfack, D., Kessler, M., Kitayama, K.,
869 Kooyman, R., Larney, E., Laumonier, Y., Laurance, S., Laurance, W. F., Lawes, M. J.,
870 Amaral, I. L. d., Letcher, S. G., Lindsell, J., Lu, X., Mansor, A., Marjokorpi, A., Martin,
871 E. H., Meilby, H., Melo, F. P. L., Metcalfe, D. J., Medjibe, V. P., Metzger, J. P., Millet,
872 J., Mohandass, D., Montero, J. C., Morisson Valeriano, M. de, Mugerwa, B.,

873 Nagamasu, H., Nilus, R., Ochoa-Gaona, S., ONRIZAL, Page, N., Parolin, P., Parren, M.,
874 Parthasarathy, N., Paudel, E., Permana, A., Piedade, M. T. F., Pitman, N. C. A., Poorter,
875 L., Poulsen, A. D., Poulsen, J., Powers, J., Prasad, R. C., Puyravaud, J.-P.,

876 Razafimahaimodison, J.-C., Reitsma, J., Dos Santos, J. R., Roberto Spironello, W.,

877 Romero-Saltos, H., Rovero, F., Rozak, A. H., Ruokolainen, K., Rutishauser, E., Saiter,
878 F., Saner, P., Santos, B. A., Santos, F., Sarker, S. K., Satdichanh, M., Schmitt, C. B.,
879 Schéngart, J., Schulze, M., Suganuma, M. S., Sheil, D., Da Silva Pinheiro, E., Sist, P.,
880 Stevart, T., Sukumar, R., Sun, I.-F., Sunderland, T., Sunderand, T., Suresh, H. S,

881 Suzuki, E., Tabarelli, M., Tang, J., Targhetta, N., Theilade, I., Thomas, D. W., Tchouto,
882 P., Hurtado, J., Valencia, R., van Valkenburg, J. L. C. H., van Do, T., Vasquez, R.,

883 Verbeeck, H., Adekunle, V., Vieira, S. A., Webb, C. O., Whitfeld, T., Wich, S. A,,

884 Williams, J., Wittmann, F., WG6ll, H., Yang, X., Adou Yao, C. Y., Yap, S. L., Yoneda,
885 T., Zahawi, R. A., Zakaria, R., Zang, R., Assis, R. L. de, Garcia Luize, B., &

886 Venticinque, E. M. 2015. An estimate of the number of tropical tree species.

887 Proceedings of the National Academy of Sciences of the United States of America 112:
888 7472-7477. https://doi.org/10.1073/pnas.1423147112.

889  Stearns, S. C. 1992. The evolution of life histories. Oxford University Press, Oxford.
890 Tilman, D. 1988. Plant strategies and the dynamics and structure of plant communities.
891 Princeton Univ. Press, Princeton, NJ.

892  van Breugel, M., Hall, J. S., Craven, D., Bailon, M., Hernandez, A., Abbene, M., & van

893 Breugel, P. 2013. Succession of ephemeral secondary forests and their limited role for
38


https://doi.org/10.1101/2023.06.14.544754
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.06.14.544754; this version posted June 14, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

894 the conservation of floristic diversity in a human-modified tropical landscape. PloS one
895 8: 82433. https://doi.org/10.1371/journal.pone.0082433.

896  Vieira, D. L. M., & Scariot, A. 2006. Principles of natural regeneration of tropical dry forests
897 for restoration. Restoration Ecology 14: 11-20. https://doi.org/10.1111/j.1526-

898 100X.2006.00100.x.

899  Walker, L. R., Wardle, D. A., Bardgett, R. D., & Clarkson, B. D. 2010. The use of

900 chronosequences in studies of ecological succession and soil development. Journal of
901 Ecology 98: 725-736. https://doi.org/10.1111/j.1365-2745.2010.01664.x.

902  Wright, S. J., Kitajima, K., Kraft, N. J. B., Reich, P. B., Wright, I. J., Bunker, D. E., Condit,

903 R., Dalling, J. W., Davies, S. J., Diaz, S., Engelbrecht, B. M. J., Harms, K. E., Hubbell,
904 S. P., Marks, C. O., Ruiz-Jaen, M. C., Salvador, C. M., & Zanne, A. E. 2010. Functional
905 traits and the growth-mortality trade-off in tropical trees. Ecology 91: 3664-3674.

906 https://doi.org/10.1890/09-2335.1.

907

39


https://doi.org/10.1101/2023.06.14.544754
http://creativecommons.org/licenses/by-nc-nd/4.0/

