European Journal of Forest Research
https://doi.org/10.1007/510342-024-01671-3

RESEARCH q

Check for
updates

Patterns of deadwood amount and deadwood diversity
along a natural forest recovery gradient from agriculture to
old-growth lowland tropical forests

Ana Falconi-Lépez'2® - Nina Grella*® - David A. Donoso'*® . Heike Feldhaar®® - Constance J. Tremlett’
Jorg Miiller*®

Received: 16 June 2023 / Revised: 23 January 2024 / Accepted: 21 February 2024
©The Author(s) 2024

Abstract

Deadwood is a key component of nutrient cycling in natural tropical forests, serving as a globally important carbon storage
and habitat for a high number of species. The conversion of tropical forests to agriculture modifies deadwood pools, but
we know little about deadwood dynamics in forests recovering from human disturbance. Here we quantified the volume
and diversity of coarse woody debris (CWD, >7 cm diameter) and the mass of fine woody debris (FWD, <7 cm) along a
chronosequence of natural forest recovery in the lowlands of the Ecuadorian Choc6 region. We sampled forest plots ranging
from 1-37 years of recovery post-cessation of agricultural use as either cacao plantation or cattle pasture, as well as actively
managed cacao plantations and cattle pastures, and old-growth forests. In contrast to our expectation, we found no significant
increase in deadwood volume with recovery time. The diversity in size, decay stage and type of CWD increased along the
recovery gradient, with no effect of previous land use type. The mass of FWD increased overall across the recovery gradient,
but these results were driven by a steep increase in former pastures, with no change observed in former cacao plantations.
We suggest that the range of sizes and decomposition stages of deadwood found in these two major tropical agricultural
systems could provide suitable resources for saproxylic organisms and an overlooked carbon storage outside old-growth
forests. Our estimates of deadwood in agricultural systems and recovering forests can help improve global assessments of
carbon storage and release in the tropics.
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Introduction

Deadwood plays a central role in maintaining forest structure
and function (Seibold et al. 2015; Magnusson et al. 2016).
It is a key component of the global nutrient cycle, serving
as carbon and nitrogen sinks (Hérault et al. 2010). Dead-
wood decomposes much faster in tropical forests than in
temperate or boreal forests; thus >90% of carbon released
from deadwood globally originates within tropical forests
(Seibold et al. 2021). Deadwood also provides habitat and
food for myriad of facultative and obligate wood depend-
ing, so called saproxylic species (Graf et al. 2022), which
directly or indirectly depend on dead or dying wood dur-
ing part of their life cycle. Obligate saproxylics comprise
between 6 and 25% of terrestrial biodiversity (Grove 2002;
Brin et al. 2011; Stokland et al. 2012) with a high propor-
tion of endangered species in areas with long-term history
of intense forest management (Seibold et al. 2015; Stok-
land et al. 2012). Furthermore, deadwood provides human
populations with necessary resources such as firewood
and construction materials (Pfeifer et al. 2015). Despite its
importance, however, our understanding of the factors that
shape deadwood amount and diversity has been identified as
a knowledge gap particularly for tropical regions (Seibold
et al. 2015). Many deadwood studies have either focused
exclusively on coarse pieces or were carried out in primary
forests unaffected by logging. As a result, we still know lit-
tle about the amount of carbon stored in deadwood across
recovery gradients (but see Kissing and Powers 2010, for
tropical dry forests), which is worrying given that the pro-
portion of tropical forests undergoing selective logging or
conversion to agriculture continues to increase worldwide
(Fernandez Barrancos et al. 2022; Pfeifer et al. 2015). This
lack of information on wood debris stocks and their impor-
tance for biodiversity particularly in the tropics (Kissing and
Powers 2010; Brown 1997; Seibold et al. 2015) impedes our
ability to inform policymakers on ecological problems such
as habitat degradation, global warming, and biodiversity loss
associated with forest use.

Many tropical forests have suffered and recovered from
intermittent periods of disturbance over the last thou-
sand years. For example, while large tracts of the Ama-
zon basin have been continuously covered by forest for at
least 5000 years with only small-scale perturbation by fires
(Piperno et al. 2021), agricultural land in what is now north-
ern Guatemala likely took 80-260 years to recover into for-
ests after abandonment by the Maya civilization around the
year AD 1000 (Mueller et al. 2010). Likewise, land used
intensively until the sixteenth century by indigenous popu-
lations in Ecuadorian Andean landscapes recovered to old-
growth levels in around 130 years (Loughlin et al. 2018).
Literature on current anthropogenic impacts attests to the
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ability of tropical forests to recover from different sources
of human intervention within a few decades (Rozendaal
et al. 2019). Recovery time is faster when there is a higher
cover of primary forest in the surrounding landscape, with a
higher abundance and richness of retention trees remaining
in the agricultural matrix, when the intensity or duration of
disturbance is lower, and with active restoration programs
(Crouzeilles and Curran 2016; Palomeque et al. 2017; Pérez-
Cérdenas et al. 2021). Recovery time is also impacted by the
size of soil carbon and nutrient pools and seed banks (Pal-
omeque et al. 2017; Jakovac et al. 2021). Furthermore, soils
in recovering forests may benefit from nutrients originating
from deadwood (Holzwarth et al. 2013). While we know that
tropical forests post-disturbance recovers relatively fast, our
understanding of the trajectories of different forest compo-
nents and functions, such as the amount of deadwood and its
decomposition rate, during recovery remains scant (Jakovac
et al. 2021; Fernandez Barranco et al. 2022). Several factors
may affect the amount and diversity of deadwood in agricul-
tural lands. For example, some agricultural practices main-
tain retention trees for shade in pastures or as trees within
agro-forestry systems (Harvey et al. 2011; Furtado et al.
1990). Local management practices such as tillage before
agricultural use, harvesting of firewood or timber for house
building, or logging of specific tree species, may also have
legacy effects on deadwood availability (Szymaiiski et al.
2017). Therefore, specific trajectories of recovering forests
should reflect human legacies and site-specific conditions,
though these have seldom been investigated concurrently
(Jakovac et al. 2021).

Here we used the distinction of deadwood into fine woody
debris (FWD) and coarse wood debris (CWD). Thereby,
CWD is defined as standing and fallen dead trees larger
than 7 cm in diameter that cannot be captured by littertraps,
including sound, and rotting snags, stumps, logs and large
branches (Harmon et al. 1986; Idol et al. 2001). Small dead-
wood pieces, such as small branches and twigs (i.e., fine
woody debris, FWD), are an often overlooked component of
soil ecology. FWD is a vital ecological resource in agricul-
tural systems, where humans remove pieces of large dead-
wood CWD as firewood, construction timber, or to make
working on the soil possible with animals or machines.
Besides functioning as an additional carbon storage, FWD
is important for myriad litter-dwelling species, including
invertebrates, fungi, and bacteria that benefit from a woody
substrate with large surface area to volume ratios (Heilmann-
Clausen and Christensen 2004; Brabcova et al. 2022; Ibarra-
Isassi et al. 2021). Fungi (and likely the invertebrate fauna
feeding upon them) living in FWD within the forest matrix
are particularly responsive to microclimate variables, such
as those found in forest gaps (Bissler et al. 2010). Then,
FWD increases the heterogeneity of forest soil ecosystems
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(Armbrecht et al. 2004). Despite their high ecological and
socio-economic importance, FWD has seldom been quan-
tified in tropical settings and even less so in agricultural
landscapes or recovering forests. This study aims to assess
the impacts of agricultural activity on the volume and diver-
sity of CWD and the mass of FWD in Canandé, a tropical
lowland Chocé rainforest of northern Ecuador. Specifically,
we asked how land management legacy in a chronosequence
from cacao plantations and pastures to secondary forests
recovering < 37 years, to old-growth forests affects the diver-
sity (Siitonen index based on type, diameter category, and
decay stage) and volume of CWD (deadwood with>7 cm
diameter) and FWD (deadwood with < 7 cm diameter). Such
insights have critical conservation implications for one of
the most endangered ecosystems of Ecuador (Myers et al.
2000; Gonzalez-Jaramillo et al. 2016). Based on the general
observation that deadwood amount increases with the grow-
ing stock of a forest (Christensen 2014; Miiller and Biitler
2010), we expect a continuous increase of CWD and FWD
from intensive agricultural habitats along the gradient of
forest recovery. Furthermore, as old-growth forests comprise
large-diameter trees, diverse tree species, and facilitate long-
lasting decomposition processes offering a wide range of
habitat niches (Grove 2001; Miiller et al. 2010) we expect
the highest diversity of CWD in old-growth forests. Finally,
we expect a steeper gradient of deadwood recovery from
pastures to old-growth forests than from cacao plantations
due to the higher initial tree density already present in cacao
plantations.

Fig. 1 Distribution of the

62 study plots of the REAS-
SEMBLY project in the Choco
Forest of Canandé, Ecuador.
Symbols indicate different
habitat and land use types

Plot type
m Active cacao
A Regenerating cacao
v Old-growth forest
Active pasture
Regenerating pasture

Materials and methods
Study area

This study was carried out in Canandé and Tesoro Escondido
reserves, Esmeraldas Province, in the Choc6 region in north-
ern Ecuador. We conducted our study in the framework of
64 study plots selected by the research unit REASSEMBLY
(www.reassembly.de) — a collaborative Ecuadorian-German
research approach to study the shift of species networks
along a tropical forest recovery gradient. Our plots followed
a chronosequence of forest recovery and included (i) active
pastures (PA) and cacao plantations (CA) (n=6 plots of
each); (ii) secondary forests originating from formerly used
pastures and cacao plantations in an early stage of recovery
(pasture recovery PR1, n=10 plots, mean =5.8 years, sd =4,
range 0—11 years; and cacao recovery: CR1, n=11 plots,
mean=06.5 years, sd=4.1, range 0-14 years), (iii) second-
ary forests in a late stage of recovery (pasture recovery PR2,
n=_8 plots, mean=25.75 years, sd=6.8, range 19-37 years;
and CR2, n=7 plots, mean=27.4 years, sd =6.8, range
19-37 years), and (iv) old-growth forests OG (n=16), with
no indication of recent use by humans at the time of the
study (Figs. 1 and 2 and Table 1). The plots were between
159 to 615 m above sea level, with mean annual temperature
of ca. 22-23 °C and annual precipitation of 3000—-6000 mm
with a dry season between June-July and October—November
based on the nearest weather stations 20-50 km away (Santo
Domingo: 2800 mm, Luis Vargas Torres: 6200 mm). All
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Fig.2 Pictures of different deadwood objects among the differ-
ent habitat types, CA=Cacao, PA=Pasture, CR1 Cacao regen-
eration <20y, CR2 Cacao regeneration >20y, PR1 Pasture regenera-
tion < 20y, PR2 Pasture regeneration > 20y, OG = Old-growth forests

Table1 Table with estimated mean and SD values for CWD and
FWD per ha over the 7 chronosequences stages using a threshold of a
diameter of 7 cm for FWD and CWD

Category Number Range (years) FWD (m*ha) CWD (m*/ha)

of plots

CA 6 0 1.2+0.6 19.3+13.7
CR1 11 0-14 1.5+1.1 82.4+108.5
CR2 7 19-37 1.7£1.2 30.1+£29.8
PA 6 0 0.3+0.2 32.749.3
PR1 10 0-11 0.8+0.8 45.6+44.1
PR2 8 19-37 1.7£1.2 34,9+20.8
oG 16 Not known 23x14 76.1+54.8

recovery processes were natural after abandonment, without
active planting.

In each of the 64 plots, we calculated CWD volume by
the following formula:
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V—(g>2*n’*(—L )
“\2 100 * 100 = 100

where V was volume (m®) d was diameter (cm), and L was
the length (cm) for all objects of CWD >7 cm diameter.
Volume was sampled per area within a circle of 0.1 ha
around the center of each plot (Dorfler et al. 2018). Only
tree parts within the circle were considered. We estimated
CWD diversity per plot using the Siitonen Index (Siitonen
et al. 2000), which counts the number of different dead-
wood types providing habitat for species with different
niches. In our case, the Siitonen Index was calculated using
five deadwood qualities (1 =fallen whole tree, 2 =stand-
ing whole tree, 3 =standing broken tree, 4 =rootstock,
5 =downed branches and trunks), five diameter classes (class
1=7-15cm, 2=16-30 cm, 3=31-60 cm, 4=61-99 cm,
5=100-220 cm); and four decay classes (1 =newly dead,
2 =beginning of decomposition, 3 =advanced decomposi-
tion, and 4 =strongly decayed) (according to Albrecht 1991).
The Siitonen Index (hereafter CWD diversity) of a plot then
ranges from O (no deadwood) to 14 (presence of deadwood
pieces of all qualities, decay and diameter classes). FWD
mass was assessed by collecting and weighing all wood
pieces in the field (<7 cm diameter) in a 5X5 m square.
Unfortunately, we were not able to identify the tree spe-
cies of the objects because of the decomposition stage and
the high tree diversity in general (> 100 tree species/ha). To
estimate the mass of deadwood per m® per hectare in total
for further comparisons with literature, we assessed the mass
for FWD per ha by as following.

kg
m3

k
FWD(ha) = FWD | —2_ )  400/1200
25m?

The value 1200 kg/m? is commonly used in calculations of
fresh wood of European beech in calculations of firewood as
a rule of thumb. As European beech wood shows very simi-
lar density of 0.69 as estimated as species weighted estimate
of wood density in Amazonian forests (Fearnside 1997) this
assumption seems justified. However, we are fully aware that
high density wood is underrepresented in the input of woody
debris but overrepresented relative to its input as it decom-
poses slowly. To compare deadwood amounts reported in the
literature as Mg/ha with our estimates in m*/ha and because
individual tree species specific density estimates were not
available, we divided the m*/ha by 0.271 according to Gora
et al. (2019) as measured mean value across tropical tree spe-
cies in the lowland Choc¢ forest.

Data analysis

All analyses were conducted using R Statistical Software
(v. 4.2.2, R Core Team 2021). First, we used linear models
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to test our prediction of increasing deadwood (CWD vol-
ume and diversity, and FWD mass) along the forest recovery
gradient, according to land use. Prior to analyses, we log-
transformed the values of CWD volume and FWD mass to
reach a normal distribution. We did not include old-growth
forests because they do not have a known recovery age. Sec-
ond, we used linear models to test the relationship between
deadwood and recovery categories. For this second set of
models, we divided sampling plots into seven recovery cat-
egories, from active pasture and cacao (PA and CA) to early
recovery plots (PR1 and CR1), to advanced recovery plots
(PR2 and CR2), to old-growth plots (OG). We consistently
ranked pasture first because of a vast lack of trees compared
to cacao. Here the models test if along the seven ranks one
of our dependent variables significantly increases following
a linear, quadratic or other models. The advantage of this
approach was the option to include old-growth with a clear
rank but no age into a statistic model. To check the residuals
of these models for spatial independence, we used cross-
correlograms provided in the package ncf (Bjgrnstad 2020).

Results

Along the chronosequence of the 64 plots, we recorded
a total of 778 coarse woody debris (CWD) pieces with a
total volume of 338.1 m?> (mean=5.28m3/0.1 ha, range
0.06-31.91) and 287 kg of fine woody debris (mean

Fig.3 To illustrate composi- a)
tion of deadwood quality (a) 1.0 -
and decay classes (b) the mean
values per category for 62 08 -
plots along a gradient of forest
recovery from pasture and cacao 0.6 -
plantations to recovery forests, a )
to old-growth forests are shown 2 04|
3 .
..6
e 021
9
.
'g 0.0 -
g P
o 1.0 -
o
S 0.8
o U
=
0.6 - L___
0.4
0.2 1
0.0 -

mass =4.48 kg/25m2, range 0 to 17.6). The relative dis-
tribution of CWD quality types varied across the recovery
gradient (Fig. 3). CWD pieces found in active agricultural
plots consisted mostly of snags and downed branches, with
the highest percentage of snags at cacao plantations (43%)
and of downed branches at pastures (72%). A small but con-
stant volume of CWD was also present in active agricultural
plots in the form of standing trees and rootstock (Fig. 3a),
the latter also present in early recovery plots. On the con-
trary, CWD in the form of fallen trees occupied an increas-
ingly higher percentage of total CWD with increasing age
of recovery plots, with the highest percentage (56%) found
in old-growth forests. The distribution of the decomposition
class of CWD pieces was similar across the recovery gradi-
ent, with most CWD pieces in early (stage 2, mean=55%)
and advanced (stage 3, mean =41%) stages of decomposi-
tion (Fig. 3b). Newly dead CWD (stage 1) was only found in
early recovery plots, while strongly decayed CWD (stage 4)
was mostly present in old-growth forests (Fig. 3b), though
both types were only found in minor amounts. Putting these
values together, mean CWD diversity was 7.44/0.1 ha (range
2-14) per plot.

CWD volume and diversity did not change across the
recovery chronosequence in either former pasture or cacao
plots (Fig. 4). FWD showed legacy effects of previous land
use, increasing continuously in forests recovering from
pasture land uses but remaining constant in forests recov-
ering from cacao plantations (Fig. 4c). Allocation of plots

Downed branches & trunks
Rootstock

Standing broken tree
Standing whole tree

Fallen whole tree

111

Q
N

PA CA PR1 CR1 PR2 CR2 OG

Succession stages
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to discrete categories (i.e., active cacao and pasture plots,
recovering secondary forests of two age classes with dif-
ferent land use legacies, and old-growth forests) allowed us
to include old-growth plots in the model (Fig. 4d—f). Even
here, CWD volume did not significantly increase along the
ordered succession categories, but CWD diversity and FWD
mass did. The spline correlograms of the residuals of our
CWD volume, CWD diversity, and FWD mass models sup-
port spatial independence (Fig. 5).

Discussion

In contrast to our expectation of continuous recovery (i.e.,
increase) of deadwood along the chronosequence, we found
a high variation in both CWD volume and diversity in recov-
ering cacao plantations and pastures over the first decades

of recovery. CWD volume did not increase across the recov-
ery gradient even when old-growth forests were included in
the analyses, though the diversity of CWD increased. As
opposed to CWD, FWD showed a linear increase along the
chronosequence in secondary forests that were formerly pas-
tures but not cacao plantations.

Volume of deadwood along the succession gradient

The lack of an apparent increase of CWD volume along our
succession gradient might be surprising, considering that
in cacao plantations and especially pastures, the volume of
wood locked in standing trees is highly reduced compared to
old-growth forests. Besides, our results revealed high vari-
ability in local volumes of CWD in early succession stages,
contrasting with more homogenous volumes of CWD in old-
growth forests. In principle, tree mortality shows a U-shaped
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Fig.4 Correlation of the coarse woody debris volume and diversity
as well as fine woody debris mass with recovery time (a—c), separated
by the history of management (cacao or pasture). The old-growth val-
ues are added for illustrative purposes and are jittered to increase visi-
bility. They have had no value for years since recovery. For deadwood
measures along the ordered categories (d—f) p values are extracted
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Regeneration categories

Regeneration categories

from a linear model using the ordered categories as displayed. All p
values correspond to linear models only. Other models were not sig-
nificant. Note the log transformation of the dependent variable. To
avoid zeros in our log-transformed value we added 1 to all FWD val-
ues
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Fig.5 Spline correlogram plots to test for spatial independence of
model residuals of the three linear models along the seven recov-
ery categories. In all plots the 95% pointwise grey confidence band

relationship with tree diameter (Holzwarth et al. 2013), with
the lowest mortality found in mid-sized or mid-aged trees,
which are more common in mid-aged successional stages.
The amount of CWD observed in different succession stages
in temperate rainforests in Chile first decreased and then
increased over time, with high volumes of deadwood in early
successional stages caused by fire and logging disturbance
by locals (Carmona et al. 2002). A similar U-shaped pattern
was observed along a succession gradient in an evergreen
broad-leaved forest in Eastern China, with the lowest values
in mid-successional stages (Yan et al. 2007). Deadwood in
secondary tropical forests recovering from pastures in Costa
Rica increased with active restoration by planting relative
to natural regeneration, though there was high variation
between recovering forests (Fernandez Barrancos et al.
2022). In contrast to these, our study found a high mean
volume of CWD along the whole succession gradient and
little support for a U-shaped relationship. This seems to
be caused by the origin of deadwood. In contrast to legacy
effects in the studies mentioned before, in our plots dead-
wood objects are not residuals from clearing the old-growth
forest, but simply caused by mortality of retention trees in
the agriculture area or former retention trees in recovering
forests. This more continuous supply together with a tradi-
tion not to remove single huge dead trees from farmland due
the effort (pers. observation and information by local people)
might cause the lack of a trend in CWD along the gradient.

The lack of a clear trend in deadwood volume along the
recovery gradient in Canandé could reflect both, the his-
tory of anthropogenic disturbance in the study area as well
as natural deadwood processes in moist tropical forests.
Firstly, the time since recovery in our study landscape might

0.00 0.02 0.04 0.06 0.08 0.10 0.12

Distance

T T T T T T T T T T T
0.00 0.02 0.04 0.06 0.08 0.10 0.12

Distance

widely includes the zero line, underlining the spatial independence of
residuals in our models

be too short to fully explore patterns of CWD volume in
late recovery stages. A decrease in CWD volume may be
observed in the phase between 40 and 100 years, when the
total amount of growing stock begins to reach that found in
old-growth forests. For example, it took more than 50 years
for deadwood volumes in naturally regenerating former cof-
fee plantations in a premontane forest landscape in Costa
Rica to reach that of old-growth forests (Fernandez Bar-
rancos et al. 2022). However, even tree species composition
might affect the pattern significantly with pioneer species
such as Ochroma spp. or Cecropia spp. adding deadwood
already after 20-30 years. The recent influx of human set-
tlers to Canandé occurred in the 1960s and 70 s; thus, with
max 37 years of age, patches of recovering forest measured
in this study, and existing naturally within the landscape, are
likely to be too young to have reached these later stages. A
decrease of CWD later in succession might be supported by
the lower median values in the late recovery stage of both
agricultural types (Fig. 4d), even though these differences
to early succession stages were slight. Secondly, U-shape
patterns may be challenging to see in warm and moist tropi-
cal forests, which exhibit a much faster regrowth of trees
and higher decomposition rates of deadwood coupled with
increased activities of insects and fungi. The global study
by Seibold et al. (2021) suggests decomposition times
below a decade under the climate conditions of our study.
It is therefore unlikely, although possible for individual tree
species, that the deadwood on our agricultural and early suc-
cession plots originates from the clearing phase. Here fur-
ther research on deadwood in old-growths and clearings is
required to clarify the role of residuals from natural forests.
In summary, the regular occurrence of dead retention trees in
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active agriculture and early regrowth forests, together with
fast tree growth and rapid decomposition rates may blur the
distinct dynamics of deadwood in recovery gradients in the
tropics. Similarly considerable amounts of deadwood even
in early succession forests have been shown for disturbance
gradients in temperate rainforests (Carmona et al. 2002; Yan
et al. 2007), or in temperate and boreal forests in general
(Hilmers et al. 2018; Priewasser et al. 2013).

Diversity of deadwood along the succession
gradient

Experiments and field surveys have shown that the diversity
of deadwood and the associated higher habitat heterogeneity
has a greater impact on the biodiversity of saproxylic organ-
isms than the amount of deadwood alone (Heidrich et al.
2020; Seibold et al. 2016). The variation we observed among
CWD categories are in accordance with our prior expecta-
tions. Higher percentages of CWD in the form of rootstock,
snags, and whole dead trees standing in active agricultural
and early recovery plots are expected either when trees are
felled to make room for cacao and pasture, or when shade-
retention and cacao trees die.

The high percentage of CWD surveyed in decay stages
2 and 3 (94%), with freshly fallen wood (decay stage 1, 3%
of all CWD) found only in early recovery plots, could sup-
port the idea that recovery time in the system might be too
short to fully understand deadwood patterns along the suc-
cessional gradient. While reduced volume of CWD in cat-
egory 4 is expected in active plantations and early recovery
plots (Lachat et al. 2006), the relative lack of highly decom-
posed wood in late recovery plots and old-growth forests
may signal that wood stocks in live trees are still growing
(Baker et al. 2007). While some pioneers should already
die off before biomass accumulation stops, these decompose
so quickly that there is hardly any accumulation of volume
(Seibold et al. 2021). Moreover, a relative lack of highly
decomposed wood in old-growth relative to early recovery
may also indicate greater decomposition rates which may be
even higher if wood density at the forest or stand level is low,
soils are nutrient rich, and insect activity is high.

The high mean diversity of deadwood between plots as
well as across the whole gradient, and especially at very
early stages, provides high within-plot heterogeneity and
reshapes our understanding of the importance of agricul-
tural landscapes for saproxylic organisms. A variation in
deadwood availability between recovering forest plots pro-
vides diverse habitats for saproxylic organisms (Miiller et al.
2020; Seibold et al. 2022). However, despite the high varia-
tion in deadwood in agriculture and early recovering plots,
we found on average lower values of deadwood diversity
than in old-growth forests, as found in other tropical forests
(Fernandez Barrancos et al. 2022; Navarrete et al. 2016).

@ Springer

The question arises of how this result was affected by our
choice of categories in quantifying the diversity index. We
included diameter class, decay stage, and deadwood type;
which are all known to significantly affect the composition
of saproxylic organisms (Grove 2002; Miiller et al. 2020;
Seibold et al. 2015). Host identity is another important
driver of habitat heterogeneity in deadwood and has been
proven relevant for saproxylic beetles and particularly for
fungi (@degaard 2006; Miiller et al. 2020). However, we
ignored tree identity because of the difficulty of assessing
the identity of decomposed trees in the field. The inventory
of tree diversity in our plots is currently underway and has
shown an increase in alpha diversity along our succession
gradient (Sebastian Escobar, pers. comm.). This suggests
that true deadwood diversity in our old-growth forests is
even more diverse compared to early succession forests than
shown in this study.

The unexpected and generally high diversity of deadwood
in small-scale agriculture found in the present study under-
lines the value even of early succession forest as habitat for
saproxylic organisms. In temperate regions, agricultural
habitats with a fixed proportion of overmature trees and
deadwood have been identified as important for saproxylic
organisms that have been able to survive there (Horak 2017;
Miklin et al. 2018). In some cases, more endangered dead-
wood organisms are found in such pastures in Europe today
than in production forests (Stokland et al. 2012). In the trop-
ics, these aspects have received little attention so far. Many
of the agricultural areas are also still relatively young, and it
remains to be seen whether this type of use will also provide
valuable deadwood habitats in the long term. This is only
possible with a continuous supply of overmature trees in
pastures or cacao plantations.

Amount of fine woody debris along the gradient

FWD is regularly understudied in forest ecosystems but is
an essential habitat for many species and plays an important
role in nutrient cycling. Particularly for fungi it has been
shown that the diversity is higher in FWD, when compared
to the same amounts of CWD, due to high competition
among fungi within deadwood objects (Bissler et al 2010;
Heilmann-Clausen and Christensen 2004). Unfortunately,
logistics forced us to quantify the FWD in the field measur-
ing the wet FWD, which is imperfect since its mass may
change due to changes in daily weather conditions. However,
as FWD was in majority in contact with soil and our survey
was conducted during the same season and because decay
stage, another important variable affecting density, could
not be measured, we do not believe significant impacts on
the results by our rapid assessment. Of course, drying some
subsamples from all plots would be preferred for valida-
tion; such data were not available here. Nevertheless, based
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on our FWD values we found a consistent increase in the
amount of FWD along the regeneration gradient, measured
as wet mass, in contrast to CWD. Furthermore, we, found
a strong effect of land use legacy on the amount of FWD,
with a strong increase in FWD found in pastures after aban-
donment, while FWD in cacao was present throughout the
recovery gradient. We suggest several arguments for why
FWD increased along the gradient in pastures but not in
cacao. First, increasing FWD in pastures might result from
increasing tree stem density with recovery time, resulting
in higher competition and subsequent higher self-thinning
mortality of small-diameter trees (Holzwarth et al. 2013).
In contrast, cacao trees already present in active plantations
may provide important amounts of FWD to the forest floor
as twigs and branches, additionally with mortality of small-
diameter trees due to competition, as has been observed in
coffee plantations (Ibarra-Isassi et al. 2021). Another reason
for the low amount of FWD in active and early recover-
ing pasture plots might be the pressure of domestic animals
such as cattle and horses. Both feed not only on grass but
also on leaves and shoots of small-diameter trees, and they
are much more abundant on pastures than cacao plantations
(Grella et al. in prep). Therefore, the active pastures might
be rather poor in this resource and would need time during
the recovery process for trees to recolonize and start to lose
branches or die via competition among trees. In our study,
FWD amounts in recovering pastures reached levels similar
to old-growth forests after about 30 years. Beyond regenera-
tion dynamics, this study supports the idea that FWD could
serve as an essential resource for taxa relevant to ecosystem
processes (Lachat et al. 2006; Miklin et al. 2018; Priewasser
et al. 2013; Sebek et al. 2013), such as termites (Davies et al.
2003), or ants (Armbrecht et al. 2004; Ibarra-Isassi et al.
2021) that regularly occur or recover fast in both agricultural
systems (Hoenle et al. 2022).

Deadwood amount in tropical forests of different
land use

Deadwood and its related biodiversity remains understud-
ied in the tropics compared to the temperate and boreal
biome, and the few available studies reflect variability in
CWD volumes across sites. The quantity of deadwood in
old-growth plots at our study site (mean =76.07 m>/ha,
range = 15.03-227.31 m*/ha) was lower compared to values
found in a separate study in native old-growth plots in Hoja
Blanca, located in northwestern Ecuador (range 135.9 +18.3
m?>/ha; Gale 2000). The higher values of Hoja Blanca with
respect to Canandé may be partly due to regional differences,
as Gale (2000) sampled CWD only in one area of 10 ha. The
volume of CWD found in Canandé is higher than in premon-
tane tropical forests in Costa Rica (45 m>/ha; Fernandez Bar-
rancos et al. 2022) and Peru (44 m>/ha, Baker et al. 2007),

but lower than that of found in wet rainforests in Brazil and
tropical lowland rainforests in Colombia (range 130-190 m®/
ha; Keller et al. 2004; Navarrete et al. 2016). However, the
pattern of CWD observed in our study in the NW Ecua-
dorian Chocé rainforest corresponds well with the detailed
assessment of deadwood amounts in Panama representing
the northern part of the Choc6 rainforest (Gora et al. 2019).

Our study is one of the first to assess CWD and FWD
across agricultural lands and recovering forests in Ecuador.
Fernandez Barrancos et al. (2022) showed a logistic recovery
of deadwood amount in both active and natural recovering
plots. Importantly, they found that active recovery plots of
~ 16 years old accumulated 40% of CWD volume compared
to old-growth forests, which was much higher than only
1.7% of CWD volume recovered in natural recovery plots.
Here the high potential of natural recovery in our study sys-
tems seems to show similar effects due to the high number
of regrowing trees. However, in contrast to our study, they
found no higher amounts of deadwood in the first years of
recovery, indicating a lack of overmature retention trees and
more consequent removal of trees. In general, several studies
show remarkably high amounts of deadwood also in early
succession forests with about 60 m>/ha in lowland tropical
forests of Australia (Grove 2001) and up to> 300 m>/ha in
evergreen moist forests in Brazil (Keller et al. 2004). Even
for mid and late-succession tropical forests, high values are
reported within 30-50 m*/ha in Australia (Grove 2001) and
with more than 200 m*/ha in tropical wet montane forests in
Venezuela (Delaney et al. 1998).

Conclusions

Our survey of deadwood along a recovery gradient from
cacao plantations and pastures over about four decades of
recovery to old-growth forests revealed a surprisingly high
amount and diversity of deadwood in agriculture and recov-
ering forests. Our data provide new baselines for estimat-
ing carbon released from deadwood in tropical ecosystems.
Refining these values in the tropics is important because
these ecosystems contribute >90% of annual carbon release
from deadwood globally (Seibold et al. 2021). Moreover, the
deadwood resources found in our study underline that dead-
wood in the tropics should be considered in habitat manage-
ment in old-growth forests and human-transformed land-
scapes. Further studies on the importance of the diversity of
deadwood objects to saproxylic communities in recovering
and old-growth forests are now required. Moreover, these
data suggest that deadwood measures might be an important
indicator in tropical forests for selecting new conservation
areas and for biodiversity credits in the future. Here existing
systems for biodiversity monitoring and financial incentives
from temperate and boreal forests may serve as a blueprint.

@ Springer
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