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GRAPHICAL ABSTRACT

Soil seed banks regenerating after
shifting cultivation practices are domi-
nated by herbs.

Tree seed density and diversity increase
with regeneration time and vegetation
structure.

Allochthonous seeds highlight the role
of habitat connectivity in natural regen-
eration.

Animal-dispersed, recalcitrant, slowly
growing, large-fruited species increase
with time.

Long fallow periods guarantee the sus-
tainability of shifting cultivation
practices.
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Secondary forests emerging during traditional shifting cultivation practices are increasingly recognized for their ful-
fillment of ecosystem services and mitigation potential of climate change and biodiversity losses. The soil seed bank
as a recruit reservoir is a limiting factor for natural forest regeneration of such secondary forests and is decisive for
the formation and restitution of the post-disturbance community. The aim of this study was to compare the compo-
sition of the soil seed bank along a natural regeneration chronosequence from the Caxiuana National Forest, eastern
Amazon, including old-growth reference sites. We sampled standing vegetation, soil properties and soil seed banks
and compared the density and species richness of different life forms among different regeneration stages. Using
nonmetric, multiple scaling, we compared the composition of the soil seed bank among different regeneration stages
and with standing vegetation composition. Furthermore, we outlined the influence of stand age, vegetation struc-
ture and soil properties on the density, richness and functional characterization of the soil seed bank using mixed
effect models. The soil seed bank was dominated by herb seeds in all regeneration stages, and the density and rich-
ness of tree seeds increased with regeneration time and recovery of vegetation structure. Seed bank composition
changed gradually with regeneration advance and differed from standing vegetation, containing a high amount of
allochthonous seeds, especially in older stands. This observation highlights the importance of dispersal and habitat
connectivity for the natural regeneration of these secondary forests. Shifts in soil seed bank composition towards
slow-growing, animal-dispersed, non-pioneer species with larger, recalcitrant seeds in older regeneration stands in-
dicate changes in vegetation composition along succession. Thus, our data indicate the importance of connectivity
for forest regeneration and long fallow periods (> 40 years) to increase the performance of ecosystem services, re-
silience and stability of secondary forests arising during shifting cultivation practices.
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1. Introduction

Shifting cultivation, or slash-and-burn agriculture, is a traditional
land use system that guarantees the subsistence of many indigenous
and non-indigenous people within the Amazon rainforest (Joslin et al.,
2019; Ribeiro Filho et al., 2013; van Vliet et al., 2012). Clearcutting and
burning of small areas of old-growth or regenerating forests give rise
to short cultivation periods (mostly cassava), after which the areas
were abandoned and regenerate naturally. Despite being considered a
traditional form of land use, these practices and their intensification
contribute to deforestation and the advance of secondary forests in
the Amazon biome (Jakovac et al., 2017; Villa et al., 2018). Challenges
faced to maintain biodiversity despite declining amounts of primary for-
ests (Levis et al., 2020; Lovejoy and Nobre, 2019) increasingly recognize
the importance of secondary forests for the performance of ecosystem
services and as a mitigation strategy of climate change and biodiversity
losses (Arroyo-Rodriguez et al., 2017; Barros et al., 2020; Chazdon,
2017; Elias et al., 2020), including that emerging after shifting cultiva-
tion (Villa et al,, 2019, 2020).

The success of natural regeneration (Rezende and Vieira, 2019), an
economic strategy for ecosystem restoration and the emergence of sec-
ondary forests (Brancalion et al., 2016; Shiferaw et al., 2018), depends
on the physical characteristics of the surrounding landscape
(Sprengelmeyer and Rebertus, 2015), the intensity and frequency of
disturbances (Sanou et al., 2018) and the arrival of plant propagules
for the colonization of the areas (Chazdon and Guariguata, 2016;
Wandrag et al., 2015). As an important component of plant communi-
ties, the soil seed bank represents a reservoir of recruits that may
emerge when environmental conditions are favorable (Faist et al.,
2013; Vandvik et al., 2016). The soil seed bank is thus a limiting factor
for natural forest regeneration, being decisive for the formation and res-
titution of the post-disturbance community (Sanou et al., 2018) and
contributing to the conservation of genetic diversity and recovery of
biodiversity (Nielsen et al., 2018; Taiwo et al.,, 2018).

In studies that assess the environmental factors shaping plant com-
munities along regeneration gradients, most analyses are restricted to
above-ground diversity patterns, resulting in a low understanding of
how plant diversity below ground, e.g., seed bank diversity, can shape
plant communities above ground (Plue et al., 2017). Community alter-
ations following land use changes, such as shifting cultivation, cause
not only the loss of aboveground biodiversity but furthermore change
soil seed banks regarding their size, diversity and composition, signifi-
cantly influencing the resilience and regeneration potential of natural
vegetation (Bourgeois et al., 2017; Sanou et al., 2018; Sousa et al.,
2017). The understanding of changes in the soil seed bank along sec-
ondary succession thus provides necessary information about the re-
generation potential of the Amazon rainforest and the maintenance of
biodiversity in this ecosystem, which is indispensable for land use plan-
ning as well as conservation and restoration policies.

In this context, functional approaches have improved the under-
standing of aboveground successional processes in tropical secondary
forests (Meira-Neto et al., 2019; Muscarella et al., 2016). Gradual
changes in the functional characterization of regenerating communities
along successional trajectories, such as the substitution of acquisitive to
more conserved species (Pinho et al., 2018), may follow shifts in the soil
seed bank. Specifically, one might expect shifts towards more animal-
dispersed, slower-growing species with larger fruits along regeneration
advance. Thus, the functional characterization of the soil seed bank
throughout the successional process and its relation with the above-
ground community may provide useful insights into the ecological
mechanisms driving successional dynamics.

The objective of this study was to compare the composition and
functional changes of the soil seed bank along a natural regeneration
chronosequence from the eastern Amazon, including old-growth refer-
ence sites, to subsidize the sustainable management of these areas. For
that, we sampled standing vegetation, soil properties and soil seed

banks. We outlined changes in density and species richness of the entire
soil seed bank and different life forms among regeneration stages. Addi-
tionally, we analyzed the composition of the soil seed bank and com-
pared it to that of standing vegetation using non-metric multiple
scaling. We classify trees from soil seed banks regarding their storage
capability, dispersal syndrome, wood density and fruit length. We
focus on the tree species of the soil seed bank, as trees represent the
main part of vegetation biomass in forest ecosystems and are thus the
most important contributor to the performance of ecosystem services
(Zengetal,, 2019). Finally, we modelled seed density, richness and func-
tional characteristics of the soil seed bank as functions of different pre-
dictor variables to outline whether stand age, structural parameters
such as canopy openness or standing tree density, standing tree diver-
sity or soil properties are the best determinants of soil seed banks.

2. Methods
2.1. Study site

This study was carried out in terra firme forests, i.e., forest stands on
well-drained, non-flooded oxisols and latisols (Stropp et al.,2011), from
the Estacdo Cientifica Ferreira Penna (1°14'S; 48°17'W), Caxiuana Na-
tional Forest, situated between the interflows of the Xingu and Tocan-
tins Rivers, Para, Brazil (Fig. 1). The study site is situated in the
ecoregion Xingu - Tocantins - Araguaia, an area considered priority
for conservation and sustainable use (Castro et al., 2020).

Old-growth terra firme forests represent the dominant vegetation
formation in the Caxiuana National Forest, but shifting cultivation prac-
tices during a long history of indigenous and riverine occupation created
a mosaic of secondary forests embedded within an old-growth forest
matrix (Lisboa et al., 2013). Additionally, minor anthropogenic impacts
result from hunting, fishing, and extraction of timber and non-timber
products. Shifting cultivation starts with the logging of vegetation,
followed by cultivation for 2 to 3 years and a subsequent fallow period
of eight or more years, before the cycle starts again. The main crop in
shifting cultivation systems of the region is cassava, representing staff
of life of the local population.

The climate is tropical warm and humid, Am in the Képpen classifi-
cation (ICMBio, 2012). The mean air temperature oscillates at approxi-
mately 27 °C, with minimum and maximum values of 22 °C and 32 °C,
respectively (ICMBio, 2012). The mean annual precipitation amounts
to 2144 mm (Costa et al., 2018); precipitation is concentrated between
January and June, while the season between July and December is con-
sidered the less rainy period.

2.2. Data collection

For sampling, we installed 40 permanent plots of 20 x 20 m in old
growth (3 plots) and secondary forest patches (37 plots) varying in
age from 1 to 40 years (Fig. 1). Information on regeneration age of dif-
ferent patches was achieved by means of interviews with people from
local riverside communities. Due to a long occupation history of the re-
gion, we cannot eliminate the possibility that sampled patches suffered
impacts from more than one shifting cultivation cycle, but we assured
during our interviews that fallow time before the last logging event
was 30 years or larger, and that forest patches presented a structure
similar to old-growth forests.

Additionally, careful selection of patches with similar biotic and abi-
otic conditions guarantees that plots differ only regarding regeneration
time, so spatially distinct areas constitute a temporal representation of
the succession process. To avoid edge effects, each patch had a mini-
mum size of 0.75 ha, and sampling was carried out in the patch's cen-
ters, at least 50 m from its edge. For statistical reasons we grouped
forest patches in different regeneration stages. Stage I plots are
regenerating for up to 10 years after abandonment of agricultural
shifting cultivation, Stage Il plots are regenerating for 11 to 25 years,
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Fig. 1. Geographic localization of the permanent plots and the study site in relation to the Caxiuand National Forest and Brazil. The classification in regeneration stages refers to age after
abandonment of shifting agricultural activities. Stage I is up to 10 years, Stage Il is 11-25 years, Stage Il is 26-40 years and Stage IV refers to old-growth forests without clearcutting for at

least 80 years.

Stage III plots are regenerating for 26 to 40 years and Stage IV plots are
old-growth forests not used for shifting cultivation practices for more
than 80 years. Number of plots per stage differed, reflecting the avail-
ability of different regeneration stages within the region.

The soil seed bank was sampled six times in each plot between July
2013 and May 2014 at two month intervals to track seasonal variation
along a single year. We used a 0.5 x 0.5 m template to mark 0.25 m?
and collected the upper 8 cm of soil after removing the litter layer. Dur-
ing each field campaign, we collected three replicates homogeneously
distributed within each plot. To avoid resembling the soil seed bank
on the same place during the following campaigns, the exact localiza-
tion of sampling points was marked using PVC tubes. After collection,
soil samples were stored in unsealed plastic bags and kept in shady
places to minimize seed degradation by overheating until the end of
each field campaign. Samples were transported to a greenhouse in
Belém as soon as possible and, upon arrival, immediately distributed
in round plastic containers (45 cm in diameter, filling height approxi-
mately 15 cm). Soils were maintained at approximately 70% field capac-
ity for germination for six months. Monthly emerging seedlings were
counted, separated into morphospecies and identified to the species
level. After the removal of emerging seedlings, remaining soils were
thoroughly mixed to give all seeds the same chance to germinate. No-
menclature of species names follows the guidelines from the Missouri
Botanical Garden (Missouri Botanical Garden, 2020), and systematic
classification follows APG IV (The Angiosperm Phylogeny Group, 2016).

To control contamination of containers by seeds dispersed to the
greenhouse during the germination experiment, we maintained identi-
cal plastic containers containing sterilized sand during the entire germi-
nation period. No emerging seedlings were detected in these control
containers during the germination period, indicating that all emerging

seedlings belong to the original soil seed bank from Caxiuand
National Park.

Emerging seedling species were classified according to their life
form (herbs, lianas and trees as proposed by (Jardim Botanico de Rio
de Janeiro, 2020)), dispersal syndrome (zoochoric and non-zoochoric
species) and resistance of seeds for drying and freezing (orthodox and
recalcitrant seeds). For each plot, we computed the community
weighted mean value of the functional traits wood density and fruit
size. For all identified seedling species, we gathered wood density
using the ‘getWoodDensity’ function from the BIOMASS package
(Réjou-Méchain et al., 2017) in R Environment (R Development Core
Team, 2018), setting the region to Tropical South America. This function
grasps mean wood density for species from the Global Wood Density
Database (Chave et al., 2009; Zanne et al., 2009). For species not avail-
able in this database, ‘getWoodDensity’ builds means from all species
in the database belonging to the same genus. Fruit size was detected
by measuring fruits from three herbarium exsiccatae per species from
the Museum Paraense Goeldi Herbarium or, when not available there,
from online sources. For each exsiccatae used for measurement, we
checked the occurrence in terra firme forests as close as possible to our
study site.

During the first field campaign, all trees within plots with diameters
at breast height (dbh) larger than 10 cm were identified to the species
level to obtain the species richness and tree density of standing vegeta-
tion. To detect canopy openness, we used a commercially available dig-
ital camera that was adjusted on a tripod to take vertical photos at five
homogeneously distributed points within each plot. By means of a mag-
netic compass, the upper margem of the photo was oriented to the
north. All photos were taken during dust or down or during cloudy
days to avoid reflections of solar radiation by vegetation and subsequent
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misinterpretation of pixels. Photos were analyzed using Image] soft-
ware. For that, the original photos were transformed into black and
white images, where black pixels represent the dossel and the propor-
tion of white pixels was considered the canopy openness.

2.3. Soils samples and analysis

Soil texture and fertility for each plot were assessed using a compos-
ite sample per plot. For that, 12 homogeneously distributed sampling
points were defined within each plot. Litter layers were removed, and
a soil cylinder was collected with an auger (0-20 cm depth). The cylin-
ders from all sampling points within a plot were mixed, and 500 g was
weighed, air dried and analyzed for organic matter, fertility (N, P, K, Ca,
Mg), pH and texture (coarse sand, find sand, silt and clay) in the soil lab
of Embrapa Amazonia Oriental.

2.4. Statistical analysis

All statistical analyses were carried out in R software (R
Development Core Team, 2018). As far as not stated otherwise, we
pooled seed amounts and species richness of the soil seed bank from dif-
ferent campaigns for each plot. To check for sample sufficiency, we built
species-accumulation curves for each regeneration stage for the entire
soil seed bank and the tree species from the soil seed bank separately.
For that, we used the ‘INEXT function from the homonymous package
to rarefy and extrapolate the 95% confidence intervals of the species-
sampling curve from the species abundance distribution (Hsieh et al.,
2016). As all curves' inclinations decrease with sampling effort
(Fig. S1), we conclude that sampling was sufficient within our study.

To compare old-growth forests and further regenerations stages re-
garding species richness, tree density and canopy openness of standing
vegetation and seed density and richness of the entire soil seed bank
and different life forms therein, we used one-way ANOVAs followed
by post hoc Tukey tests after checking the data distribution for normal-
ity and homoscedasticity.

Differences in soil properties between regeneration stages were
outlined using PERMANOVA analysis. To illustrate differences in soil
properties between regeneration stages and to reduce the number of
soil variables for modelling, we computed the principal components
(PCs) using ‘princomp’ function from R Environment. This principal
component analysis transforms soil data to a new, orthogonal coordi-
nate system such that the greatest variance comes to lie on the first co-
ordinate (called PC1), the second greatest variance on the second
coordinate, and so on. Individual PCs are statistically independent (or-
thogonal) of each other and summarize more variance than single var-
iables, which predestines them for modelling purposes. We used the
parallel analysis to decide on the number of PCs in subsequent analysis:
If the PC's eigenvalue based on observed data is larger than the average
corresponding eigenvalues from a set of random data matrices, PC is
maintained (Hayton et al., 2004). For that, functions and scripts pro-
vided in the ‘factorAnalysis’ package were used (Kabacoff, 2020). For vi-
sualization, soil variables were fitted on this ordination using the ‘envfit’
function (vegan package).

Community composition was assessed by nonmetric multiple scal-
ing (NMDS) using the ‘metaMDS’ function from the ‘vegan’ package
(Oksanen et al., 2017). Significance levels for differences among regen-
eration stages and between seed bank and standing vegetation were
outlined using the R statistic from the analysis of similarity (‘anosim’
function). Additionally, we computed the dissimilarity matrix based
on the Jaccard-type overlap among plots and between the soil seed
bank and standing vegetation using the ‘pair_dis’ function and built
the qgraph network diagram with the ‘pair_dis_plot’, both functions
from the ‘hilldiv’ package (Alberdi and Gilbert, 2019).

To check whether species richness or density of entire soil seed bank
species richness or that belonging to distinct life forms, zoochoric dis-
persal strategy and orthodox seeds in regenerating sites are influenced

by stand age, canopy openness, standing tree density, standing tree spe-
cies richness or soil attributes (significant soil PCs revealed by the paral-
lel analysis), we used a model-selection procedure. Using the same
model-selection procedure, we further outlined whether abundance-
weighted mean values of wood density and fruit length of seed bank
species change as a function of the mentioned predictor variables. As
no accurate age estimations are available for old-growth plots, we with-
draw Stage IV plots from modelling.

For modelling, data were fitted by general linear mixed effect
models using the ‘glmer’ function from the ‘Ime4’ package (Bates
et al,, 2014), considering the effects of plots as fixed effects, as different
field campaigns were considered separately. Count data, i.e., species
richness and seed densities, were modelled using the Poisson family,
and Gaussian error distributions were assumed for abundance-
weighted mean trait values.

For each response variable, we built a global model containing all five
predictor variables. Then, we selected the most parsimonious models
containing three or less uncorrelated (r < 0.6), scaled predictor variables
by the ‘dredge’ command from the MuMIn package (Bartén, 2015) using
the Akaike Information Criterion (AIC) (Symonds and Moussalli, 2011).
Models with more than three predictor variables were ignored to avoid
overfitting; to compute the maximum correlation coefficient between
predictor variables, we used the dredge_mc function (https://github.
com/rojaff/dredge_mc). All models with AAIC less than 2 were considered
equally parsimonious (Burnham and Anderson, 2002). When more than
one model was selected, we calculated model-averaged parameters and
unconditional standard errors using the ‘model.avg’ function from the
‘MuMIn’ package, and likelihood ratio tests evaluated the significance of
each parameter estimate in this conditional averages model.

3. Results

The standing vegetation in all plots was composed of 1.073 trees be-
longing to 192 species from 130 genera and 53 families. Tree density
and tree species richness were lower in Stage I plots than in more ad-
vanced regeneration stages or old growth forests, and canopy openness
showed the opposite tendency, being higher in Stage I than in further
stages (Fig. S2).

From a total of 13 principal components, the first three PCs each ex-
plained more than 10% of the variance in soil data; together, they cap-
ture more than 75% of the overall soil variance (Fig. S3a). pH, Ca, fine
and coarse sand contents were positively related with PC1, and N, K, or-
ganic matter, clay content and A" availability reduced with PC1 (Fig.
S4). K increased significantly with PC2 and P with PC3 (Fig. S3b). Soil
properties differed between regeneration stages according to a
PERMANOVA (F-value = 4.6314, p = 0.003). In the PCA biplot, old-
growth forests were placed near the transition between the second
and third quadrants, indicating average soil texture and Al availability
(PC1) but lower K availability than average (PC2). Plots from further re-
habilitation stages showed higher variation regarding soil texture and
higher average fertility, especially in Stage I plots (Fig. S3b).

In total, 16,073 seedlings belonging to 47 families, 106 genera and
158 species emerged from the collected soil seed banks (Table S1). Of
these seedling species, 51.9% were trees, 33.5% herbs and 14.5% liana.
With a total of 67% seedlings, herbs were the most abundant life form,
followed by trees (30.15%) and liana (2.85%). From the overall soil
seed bank, 99 seedling species were zoochorous (62.7% of overall seed-
lings), and 125 species were orthodox (79%). Among tree seedlings
only, 72 species (87.8% of all trees) were zoochorous, and 70 (85.4%)
were orthodox. Overall, seedling richness and density were higher in
regenerating plots than in old-growth forests (Fig. 2). The number and
density of seedlings belonging to herb species were higher in Stage [
plots than in further stages. The number of tree species seedlings in re-
generation stages did not differ from the scores achieved in old-growth
forests, but the richness of this life form was higher in Stages Il and III
(Fig. 2). Further life forms showed no differences (data not shown).
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Fig. 2. Seedling richness and density for the overall seed bank and distinct life forms from four different regeneration stages from the Caxiuana National Forests, Eastern Amazon, Brazil. For
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Regarding seed bank composition, we found significant differences
among regeneration stages (all seeds: R = 0.191, p = 0.001, trees
only: R = 0.110, p = 0.019, Fig. 3). In both NMDS ordination biplots,
there is a strict separation between plots from Stage I (first and second
quadrants) and further stages (third and fourth quadrants). For tree
species only, plots from Stages Il and IIl are placed nearer to old-
growth forests (Stage IV) than Stage I plots, indicating that the seed
bank becomes closer to that of regenerating forests with regeneration
time. Additionally, variability in seed bank composition decreased
with regeneration time, as plots belonging to Stage I are widely dis-
persed along axes 1 and 2, Stage Il showed dispersion along axis 2
only (explains less variance in the overall dataset), and Stage Il showed
little variance regarding both axes (Fig. 3).

Additionally, we found significant differences among the composi-
tion of the seed bank and the standing tree communities (R = 0.136,
p = 0.001, Fig. 3). Standing vegetation in Stage I plots showed higher
similarity with seed bank species than in more advanced stages.

In regenerating sites, stand age reduced the richness of herbaceous
seeds from soil seed bank, but increased the number and the richness
of all and orthodox tree species (Fig. 4). Richness of standing vegetation
reduced density and richness of the entire soil seed bank, herbs and or-
thodox trees. Tree density increased the number of zoochoric tree spe-
cies in the soil seed bank. Soil PC1 contributed positively to the
richness of entire seed bank and the number of orthodox tree species,
while PC2 increased richness and density of the entire seed bank,
herbs, all, zoochoric and orthodox trees and PC3 reduced the density
of the entire and herbaceous seed bank (Fig. 4). Abundance-weighted
wood density and fruit length of tree seed bank species were positively

related to stand age; additionally, PC2 and standing tree richness in-
creased wood density and fruit length, respectively.

4. Discussion

In terms of abundance, soil seed bank in all regeneration stages, in-
cluding old-growth forests, was dominated by herbs, confirming previ-
ous studies (Martins and Engel, 2007), although their abundance and
richness decreased with regeneration advance (Fragoso et al., 2018).
This is because herbaceous species tend to produce more and smaller
sized seeds compared to trees, which are more easily dispersed by abi-
otic agents or generalist dispersers. Furthermore, herbaceous species
tend to have more persistent seeds (Bossuyt and Honnay, 2008). Never-
theless, the abundance and richness of herbaceous species in the soil
seed bank decreased with standing tree diversity and/or regeneration
time, indicating lower seed rain, larger dispersal limitations and/or
larger seed predation of herbaceous seeds in older regeneration stages.
In contrast, seeds of tree species become more abundant and more di-
verse with regeneration time, indicating that tree seed arrival and/or
persistence in the soil seed bank depends on the recovery of the forest
structure.

The overall richness of tree species in the soil seed bank was lower
than the established tree species richness in all regeneration stages, in-
cluding old-growth forests. This indicates that soil seed banks do not
mirror above-ground communities because not all established tree spe-
cies deposit viable seeds in the soil seed bank. Some established tree
species may not have achieved maturity yet; furthermore, not all trees
may fruit and produce viable seeds within each year. Third, some
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codes, please see Fig. 1.

established species may produce short-lived seeds that stay short pe-
riods only in the soil seed bank. Specifically, large seeds without hard
shells persist for only periods only in the soil seed bank (Shiferaw
et al,, 2018), and two-month sampling intervals may be enough for
transient seeds to die or germinate and to escape sampling within this
study. Fourth, findings are consistent with the Connell-Janzen hypothe-
sis, which postulates that seedling emergence and establishment in-
creases with distance to the mother plants to reduce pathogen and
predation pressure (Comita et al., 2014; Mangan et al., 2010). As soils
containing microbial communities have been transferred, it is possible
that specific pathogens and predators were conveyed unintentionally
together with the seeds in the seed germination experiment.

The lower richness of the soil seed bank compared to standing veg-
etation and differences in the composition of standing vegetation and
soil seed bank in all regeneration stages, including old-growth forests,
demonstrate that some tree species recruit without maintaining persis-
tent propagules in the soil seed bank. This highlights the importance of
allochthonous seed arrival to maintain natural regeneration dynamics
(Gomes et al., 2019; Shiferaw et al., 2018). As 50 to 90% of tree species

from tropical forests are dispersed by animals (Howe and Smallwood,
1982), the landscape context, the fauna conservation status and the
connectivity of restoring areas with net seed sources such as old-
growth or primary forests (Gastauer et al., 2015; Gastauer and Meira-
Neto, 2013; Sousa et al., 2017; Zimmerman et al., 2000) are thus deci-
sive for the success of natural regeneration (Arroyo-Rodriguez et al.,
2017; Reid et al., 2015). Based on that, we conclude that the evaluation
of naturally regenerating forests by age only (e.g., Barros et al., 2020)
may thus be oversimplified.

Regarding tree species only, the variation in soil seed bank composi-
tion among plots and regeneration stages was smaller than that in
standing vegetation, indicating that soil seed banks are spatially more
homogeneous than the established vegetation. Additionally, the degree
of seed bank similarity to standing vegetation decreased with regener-
ation time, indicating that tree recruitment from the soil seed bank re-
duces with regeneration advance, and species less abundant or not
persistent in the soil seed bank establish in later regeneration stages
only, increasing the differences between the soil seed bank and standing
vegetation. Spatially homogeneous seed persistence in the soil seed
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Fig. 4. Model-averaged coefficients (points) and standard errors (lines) for predicting soil seed bank characteristics from stand age, canopy openness, tree density, standing tree richness
and soil PCs in a regeneration chronosequence from the Caxiana National Forests, Eastern Amazon, Brazil; model selection results are shown in Table S2 from ESM. Error bars not touching
or crossing the zero-line are significant with p < 0.05. S is the number of seed species, N is the seed density, all is the entire soil seed bank, herbs are herbaceous species, lianas are liana
species, trees are tree species, zoo are zoochorous tree species, orth are tree species with orthodox seeds, WD and FL are abundance-weighted mean wood density and fruit lengths of trees

from the soil seed bank.

bank highlights the importance of dispersal of non-persistent seeds for
the regeneration of spatially heterogeneous, diverse forest communi-
ties, especially in older regenerating stands.

Stand age, standing tree density and standing tree richness influence
soil seed bank characteristics, reducing entire seed bank density and
species richness and that of herbaceous species, while tree species
gain in dominance, highlighting the importance of regeneration

advance for the recovery of the tree component of the soil seed bank.
Our models showed that most seed bank properties are furthermore in-
fluenced by soil properties. First, influence of PC1 indicates that finer
textured soils with higher contents of soil organic matter and nitrogen
favor emergence, survival and/or arrival of overall seed bank richness
and the number of orthodox seeds. Once this is plausible, as finer
textured soils maintain water availability and may facilitate seed
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imbibition and seedling emergence. Furthermore, nitrate is successfully
used to accelerate germination in some species (Yan and Chen, 2020).
On contrast, underlying mechanisms how these factors influence seed
survival or arrival are unknown. Increasing with pH, Ca and Mg avail-
ability, PC2 influenced positively the richness and the density of the en-
tire seedbank, different life forms, zoochoric and orthodox seeds; the
influence of pH on seed emergence, seed arrival and survival in the
soil seed bank requires further investigation.

Although differences in soil seed bank composition among regener-
ation stages are smaller than in standing vegetation, our data show
changes in the functional characterization of the soil seed bank along
the observed regeneration gradient. The importance of zoochorous spe-
cies and the community-weighted wood density of species from the soil
seed bank increased with stand age, while desiccation-tolerant ortho-
dox seeds declined with standing tree vegetation richness and mean
fruit length increased with stand age and standing diversity. As larger
fruits require larger dispersers such as birds or mammals, the addition
of larger-fruited, animal dispersed species to the soil seed bank with re-
generation advance highlights the gradative regeneration of animal dis-
persal with regeneration time within the analyzed forest fragments.
This indicates that larger, effective seed-dispersing animals are attracted
by denser, more mature forest stands, where they are compensated by
shelter or foraging opportunities (fruits, leaves). This finding is consis-
tent with observations of fauna return after stand establishment in
regenerating forests (Acevedo-Charry and Aide, 2019; Edwards et al.,
2017; Omeja et al,, 2016).

Furthermore, the amount of desiccation-tolerant, longer living or-
thodox seeds declines with standing tree vegetation richness, indicating
their substitution by recalcitrant species along the regeneration gradi-
ent as the pattern of overall tree seed richness and abundance does
not follow this tendency. Finally, wood density is inversely related to
growth speed, so that the increase in the soil seed bank's wood density
indicates the incorporation of slower growing, non-pioneer species in
the soil seed bank. Species with higher wood density are able to seques-
ter higher amounts of carbon, so that their increase in soil seed banks
plus subsequent establishment indicates that regenerating forests may
exponentiate their performance to mitigate climate change
(Cavanaugh et al., 2014).

Our results thus show that the sustainability of shifting cultivation
depends on the connectivity of the logged patches to old-growth forests
and long fallow periods of four decades or more. This is because initial
regeneration stands represent sinks for secondary and climax species
that are able to colonize secondary forests after recovery of forest struc-
ture only, benefiting biodiversity and ecosystem services after long pe-
riods of abandonment. In regions without an old-growth forest matrix
or elevated population density reducing fallow periods, other forms of
subsistence should be preferred, as shifting cultivation can further de-
grade the forests of a region.

5. Conclusion

By analyzing a regenerating chronosequence after shifting cultiva-
tion using multivariate analysis, we showed that the recovery of impor-
tant soil seed bank characteristics is possible in short time periods only,
including biological (life form) spectra, seed density and species rich-
ness. Nevertheless, small differences in soil seed bank composition
resulting from the addition of slow-growing, animal-dispersed,
non-pioneer tree species with large fruits and recalcitrant seeds were
detected along the chronosequence and affect the functional character-
ization of the soil seed bank. These differences contribute to tree recruit-
ment and the establishment of species-rich, resilient forest
communities with regeneration advance. Simultaneously, the amounts
of allochthonous seeds within soil seed banks and the recruitment
from allochthonous seeds increased with the advance of regeneration,
increasing thus the importance of dispersal for regeneration and forest
maturing. Unclear remains, why some regenerating tree species do

not persist in the soil seed bank and by which mechanisms soil proper-
ties affect seed dispersal, survival and/or persistence in the soil seed
bank and should be addressed by follow-up research, as this informa-
tion may be useful for active forest restoration approaches. In conclu-
sion, our data highlight the importance of connectivity for forest
regeneration to increase the performance, resilience and stability of sec-
ondary forests. As long as practiced traditionally in large forested areas,
with low population density and long fallow periods, shifting cultivation
can thus be considered sustainable.
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