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Abstract Litter production and decomposition are critical
to forest productivity, nutrient cycling, and carbon seques-
tration in tropical woody ecosystems. However, nutrient
release and leaf litter stoichiometry in tropical legume tree
plantations over the long term after outplanting are poorly
understood or even unknown. Toward improving our under-
standing of the pattern of changes in the decomposition of
N-fixing leaf litters and their possible impact on carbon stor-
age, we measured litter production, mass loss and nutrient
release for 240 d during litter decomposition for two tropical
legume tree species (Plathymenia reticulata and Hymenaea
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courbaril), in Rio de Janeiro, Brazil. Litter production for P.
reticulata was 5.689 kg ha=! a~! and 3.231 kg ha™! a™! for
H. courbaril. The patterns of mass loss rates were similar;
however, nutrient release was greater for P. reticulata, while
H. courbaril showed immobilization of nutrients, especially
for N, which increased by almost 20% in the early phase
of decomposition followed by gradual release. Litter from
the N-fixing species did differ in nutrient chemistries over
time, which was not surprising given that initial nutrient
concentrations varied broadly, except for C and P. Most of
the nutrient concentrations increased as the remaining litter
mass decreased in both species, except for C and K. The C:N
and N:P ratios differed between the species, but N:P did not
correlate to mass loss. Both species had N-rich leaves, but
P. reticulata decomposition was very likely P-limited, while
H. courbaril seemed to be co-limited by N and P. The results
showed different patterns in nutrient release and the stoichi-
ometry involved in the decomposition dynamics of the two
tropical N-fixing species, even though they have similar litter
decay rates. Both species, but especially P. reticulata, may
help re-establish nutrient cycling in disturbed ecosystems.

Keywords Nutrient dynamics - Legume species - Litter
chemistry - Ecological stoichiometry - Tropical forest

Introduction

The Atlantic Forest biome has been identified as one of the
world’s hotspots of biodiversity (Myers et al. 2000). How-
ever, only a small part of this tropical diversity has been
studied. As a consequence, the lack of information and
limited experience have led to logging of native species in
natural forests rather than new plantations.
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Among tropical N-fixing species belonging to the
Fabaceae family, Plathymenia reticulata Benth and Hyme-
naea courbaril Linnaeus have, for instance, high growth
rates and good timber production (Barroso et al. 2018),
which can be of interest for forestry plantations, reclamation
of degraded areas and/or intercropping systems. In addition,
both species have medicinal properties (Cartaxo et al. 2010;
Nicole et al. 2011).

The multiple purpose potential of P. reticulata and H.
courbaril and the necessity of mitigating the impacts of
natural forest exploitation highlight the importance of
exploring the ecology of these species in relation to nutri-
ent cycling (Cornwell et al. 2008; Martins et al. 2020). In
highly weathered, low-fertility soils such as tropical soils,
litter decomposition supplies most of the nutrients through
the soil-plant system, especially N-fixing species (Tripathi
et al. 2006; Waring et al. 2014; Ludvichak et al. 2016). Lit-
ter decomposition also plays a major role in maintaining
forest productivity and the soil fauna (Barantal et al. 2014;
Liu et al. 2019).

Several factors drive organic matter mineralization and
nutrient release in woody ecosystems, but recent studies
have shown that the chemical quality of litter is the major
influencer of decomposition rates (Bradford et al. 2016;
Bhatnagar et al. 2018; Lanuza et al. 2018; Vivanco and
Austin 2019; Bo et al. 2020). Determining the necessary
balance of various nutrients and how this balance is affected
by the environment (Agren and Weih 2020; Yu et al. 2020) is
critical to better understanding litter decomposition (Zhang
et al. 2018).

In this sense, C, N and P stand as the main drivers of the
decomposition dynamics and are good predictors of litter
decay (Tripathi et al. 2006). Positive correlations between
N and P concentrations with litter decay rates were found by
Cornwell et al. (2008) and Hobbie (2015) at a global scale.
However, leaf litter decomposition in tropical forest eco-
systems has been reported to be more regulated by P limita-
tion rather than other nutrients, which may lead to limited C
assimilation (Bo et al. 2020; Cassart et al. 2020).

C compounds have also been reported to control decom-
position rates in tropical forest ecosystems (Hittenschwiler
and Jgrgensen 2010). Leaf litter rich in recalcitrant com-
pounds (such as lignin) was found to have lower leaf litter
decomposition rates (Duarte et al. 2013; Butenschoen et al.
2014). It is noteworthy that C turnover is more rapid in tropi-
cal ecosystems, which is directly related to C storage and
global climate warming (Villela et al. 2012; Martinelli et al.
2017; Ochoa-Hueso et al. 2019).

The relationships among C, N and P (expressed as C:N:P
ratios) are utilized to determine which nutrient is limiting
litter decomposition rates based on optimal or critical ratios
for maintaining populations of decomposers (Tessier and
Raynal 2003; Bachega et al. 2016; Bo et al. 2020). High
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critical C:P ratios were found in tropical conditions driven
by low P availability (Manzoni et al. 2010) and a low N:P
ratio (Hittenschwiler and Jgrgensen 2010).

Better knowledge of litter decomposition and nutrient
release, especially in the threatened Atlantic Forest biome,
will inform the design strategies for forest plantations and
restoration projects and inform land managers about the
long-term consequences of planting certain species (Duarte
et al. 2013; Austin et al. 2014; Caldeira et al. 2019; Vitéria
et al. 2019). The main objectives of this work were there-
fore to (1) assess the pattern of decomposition and nutri-
ent release of two important tropical legume species, and
(2) understand the ecological stoichiometry involved in the
decomposition of each species. This study quantifies these
variables for the first time for two important tropical N-fix-
ing species over the long-term after outplanting.

Material and methods
Site description

The study was carried out in the mountain region of Rio
de Janeiro, Brazil, within the municipal limits of Trajano
de Moraes. The site is 720 m a.s.l., and rainfall averages
1000 mm a~'. For monthly precipitation, humidity, and air
temperature, see Fig. S1. At 0—10 cm depth, the soil com-
prises 340 g kg™! sand, 119 g kg™ ! silt, and 541 g kg~! clay
and has a bulk density of 1.07 g cm™>. Previously a pas-
ture, the site had experienced erosion and unplanned fires,
and in 1992, Atlantic Forest species were planted to restore
the area. The plantation was done as minimum tillage, with
manual weeding, 0.40 mx0.40 mx 0.40 m planting pits,
with cattle manure at 10 L per pit and 10-28-06 NPK ferti-
lizer (100 g per pit) applied only at planting. A total of 49
seedlings per tree species were planted in single plots and
spaced at 3 m X3 m (21 mXx21 m each plot). The seedlings
were produced from seeds collected in the region that con-
tained no description of the matrices collected. In total, the
site has 23 species planted in single plots (at the same age),
and during the first year after planting, ants were controlled
with baits. There is no long-term record of these Atlantic
Forest plantations after outplanting.

Among the species planted and evaluated by our research
group (Barroso et al. 2018), we selected two that had higher
survival rates and belong to the Fabaceae family: P. reticu-
lata and H. courbaril. The study site map, additional plant-
ing details, and the topsoil chemical properties were detailed
by Barroso et al. (2018).
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Litter collection and decomposition

Fresh leaf litter was collected in each plantation for 1 year.
In each plantation, 20 litter traps (0.75 m X 0.75 m) were
fixed to the ground at 1.5 m above the ground to collect
litter. The traps were emptied monthly, and the leaves from
each forest plantation were hand-sorted from the other frac-
tions (unknown leaves from understory vegetation, branches,
fruits, flowers, and miscellanea) and oven-dried for 72 h at
65 °C.

To evaluate leaf decomposition, we used the litterbag
methodology described by Bocock and Gilbert (1957). The
experiment was installed in September 2018 for P. reticulata
(time 0) and in December 2018 for H. courbaril (time 0),
according to the natural peak of leaf litter productivity of
each species. The 20 cm X 20 cm (2-mm nylon mesh) lit-
terbags containing 10 g of leaf litter were randomly placed
on the soil. Leaves with disease symptoms and/or herbivory
were avoided. A total of 96 litterbags (48 in each species)
were installed and six bags each were extracted after 10, 30,
60, 90, 120, 150, 180, and 240 d.

The collected litterbags were cleaned by eliminating
insects, soil particles, and other undefined materials. Then,
the samples were oven-dried for 72 h at 65 °C, weighed
(0.01 g), and ground (to pass through 1 mm mesh) to
determine chemical concentrations. The C concentrations
were measured according to Tedesco et al. (1995), N was
measured using the Kjeldahl method after sulphuric acid
digestion, P using colorimetry (Braga and Defelipo 1974),
K using fusion-flame photometry, and calcium (Ca), mag-
nesium (Mg), and manganese (Mn) using atomic absorption
spectroscopy (Bataglia et al. 1983). Lignin and cellulose
were measured only at time 0 and determined using the acid
detergent fiber method (Van Soest and Wine 1967).

Calculations and data analyses

For the lignin and cellulose data, we calculated confidence
intervals using Students #-test to illustrate the initial varia-
tion in the leaf litter data. Nutrient release patterns for C, N,
P, K, Ca, Mg, and Mn were calculated as the percentage loss
for each nutrient at each sampling time based on the original
content (nutrient concentration multiplied by dry mass at
each sampling time and multiplied by 100).

The mass loss data (expressed as a percentage; dry mass
at the sampling time multiplied by 100 and divided by 10 as
the initial dry mass) was submitted to regression adjustments
and analysis of variance (ANOVA) of the adjusted models.
To verify whether the data met ANOVA assumptions, they
were submitted to diagnostic plots (normality, linearity, and
homoscedasticity of residuals) and maximum likelihood
function (Box—Cox test) using the MASS package (Venables
and Ripley 2002) in R environment (R Core Team 2019).

The confidence intervals (P <0.05) of the predicted
adjusted models were calculated. We calculated the decom-
position rate constant (k) based on the model proposed by
Olson (1963):

WI/WO = exp(_kt)

where W is initial mass of the litter, W, is mass remaining
after time 7 (d), and k is a decomposition constant.

When investigating the ecological stoichiometry rela-
tionships as a function of mass lost over the decomposition
period, the same procedure was applied before the regres-
sion adjustments, but only phosphorus concentration from
H. courbaril required log-transformation.

Principal component analysis (PCA) was conducted to
evaluate variability among the nutrient concentrations and
litter decay in each forest species. For this analysis, data was
standardized through z-scale transformation to avoid scale
influence and plotted using the ggbiplot package (Vu 2011)
in R environment (R Core Team 2019).

Results
Initial litter quality

Annual litterfall productivity varied from 5.689 kg ha™! in
the P. reticulata plot to 3.231 kg ha™! in the H. courbaril
plot, 43% lower than in the P. reticulata plot. For initial lit-
ter quality, P. reticulata had higher lignin content compared
to H. courbaril. However, cellulose and lignin:N ratio were
almost similar between the species (Table 1).

Litter decay and nutrient release

The nutrients were seemingly not exhausted (Fig. 1) up to
240 days, the end of the experiment. Over the 240 days, the
remaining mass of litter linearly decreased for both species
(Fig. 2a), as confirmed by the overlapping adjusted decay
models. At the end of the experiment, the remaining mass
was similar between the species; 59% for P. reticulata and
61% for H. courbaril litters. The decomposition rate con-
stant (k d™!) also was similar between P. reticulata and H.
courbaril, 0.0021 and 0.0020, respectively.

Table 1 Initial leaf litter lignin, cellulose, and lignin:N ratio +con-
fidence interval of tropical Plathymenia reticulata and Hymenaea
courbaril species, Southeast Brazil

Lignin (gkg™")  Cellulose (gkg™))  Lignin:N
P. reticulata ~ 595.00+16.29 123.67+12.76 30.89+1.56
H. courbaril ~ 358.67+101.96  198.00+84.90 27.98+4.03
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Fig. 1 Percentage of original nutrient content (%) as a function of time during the decomposition of litter from tropical Plathymenia reticulata
(a) and Hymenaea courbaril (b) tree species over 240 days in Southeast Brazil

During the first 10 days, mass and all nutrients except Ca
in the H. courbaril litter decreased (Fig. 1a, b). Potassium,
P, and Mn showed a greater drop from their original contents
in P. reticulata, while the release of the other nutrients was
not as steep. Nutrient accumulation was observed, especially
for H. courbaril, where N content was increased by almost
20% in the early stage of decomposition followed by gradual
release.

Carbon, N, Ca, and Mg had a more pronounced decrease
in P. reticulata leaves 180 days after the start of the experi-
ment, whereas H. courbaril did not show a strong pattern
for nutrient release up to 240 days.

Nutrient relations in litter

Linear correlations with similar slopes were observed when
H. courbaril nutrient concentrations were plotted against the
mass lost for all nutrients, except C. However, P. reticulata
did not show correlations for C, Ca, and Mg, while K had a
nonlinear correlation (Fig. 2b-h).

Linear relationships for C:N and C:P ratios were
observed, and both ratios decreased over the decomposition
period. The C:P slope was similar in both species, whereas
H. courbaril had a higher C:N drop. No correlations were
found when plotting the N:P ratio as a function of the mass
lost for both species (Fig. 3a—c).

The PCA for P. reticulata (explaining 78.9% of the data
variability) showed a direct association between litter decay
and N concentrations with PC1 (Fig. 4a), and all nutrients
had a negative correlation to PC1. Phosphorus, Mn, K, Mg,
and Ca showed a positive correlation to PC2, but C and C:N,
C:P, and N:P ratios had negative correlations.
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The PCA for H. courbaril (explaining 79% of the data
variability) revealed an indirect correlation among litter
decay, nutrient concentrations, and ratios with PC1 (indi-
cated by the arrows in opposite directions), except for C and
N:P ratio, which were negatively related to PC2 (Fig. 4b).
On the other hand, none of the variables in the PCA for P.
reticulata were directly negatively correlated to mass loss.

With respect to the relation of species with nutrient con-
centrations, the species were organized in different groups
in the PCA (accounting for 78.9% of the variability), where
P. reticulata was more associated with N, C, N:P, and C:P
and H. courbaril with C:N, K, Mn, Ca, Mg and P (Fig. 4c).

Discussion
Litter decay and nutrient release

Litter mass loss was not significantly affected by the species,
regardless of the litter traits and sampling date. The micro-
bial communities decomposing the litter might adapt to leaf
litter chemistry of each species (Pandey et al. 2007) and may
help explain the lack of differences between the litter decay
rates. The decomposition rate constant (k) was similar to
another tropical N-fixing species (Inga subnuda), but other
tropical leguminous species (Erythrina verna and Senna
macranthera) had higher decay rates (Duarte et al. 2013).

In our site, average air temperature and humidity did vary
slightly over time (Fig. S1). Low temperatures may strongly
affect decomposition rates, but physical and chemical traits
of leaves also play a role in regulating decomposition rates
at higher temperatures (Bradford et al. 2016).
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Physical leaf traits, e.g., specific leaf area and toughness,
also influence mass loss (Pérez-Harguindeguy et al. 2000;
Giisewell and Verhoeven 2006). Although we did not assess
these traits, P. reticulata clearly has a higher leaf specific
area and tenderer leaves compared with H. courbaril (see
Fig. S2 for an overview of the leaves). Therefore, faster
decomposition could be expected for P. reticulata, but was
not found, mainly due to the maintenance of the decompos-
ers through resource availability (Lanuza et al. 2018; Ochoa-
Hueso et al. 2019; Bo et al. 2020).

With respect to chemical traits, litter decomposers pro-
duce enzymes to assimilate C from complex organic matter
and use it as an energy source (Waring et al. 2014). Energy
deprivation may also drive decomposition processes (Hit-
tenschwiler and Jgrgensen 2010). Carbon showed a pattern
similar to mass loss across both species, and C concentration
was stable over time. Declines in decomposition rates are
expected when recalcitrant C compounds are present in litter
(Duarte et al. 2013), which suggests that probably the only
easily accessible C (such as cellulose and hemicellulose) was
released jointly with the mass loss during the experiment.

Nitrogen accumulation during litter decomposition might
be due to external factors such as atmospheric deposition.
The N accumulation peaks occurred in the months with
higher precipitation records at our site (November for P.
reticulata, and March and May for H. courbaril, Fig. S1).
In addition, other factors such as biological N fixation and
decomposers (fungi and bacteria) that assimilate the required
nutrients and remain stuck in the leaves can also contrib-
ute to N accumulation; the latter factor can explain the P
accumulation in both species (Fanin et al. 2013). The same
pattern for N and P accumulations was already reported by
Parsons and Congdon (2008), Bachega et al. (2016) and
Lanuza et al. (2018). On the other hand, N and P accumula-
tion may contribute to nutrient conservation in nutrient-poor
sites (Singh et al. 1999).

The fast K decrease, also reported by others (Osono
et al. 2008; Lanuza et al. 2018), can be explained by its
high solubility, which makes interpretation complex. K is an
important nutrient because it might influence organic matter
degradation and ecosystem productivity (Fay et al. 2015;
Ochoa-Hueso et al. 2019).

Calcium release occurs mainly in the late decomposition
phases because it is a major component of cell structures,
which are degraded last (Osono and Takeda 2004). Evalu-
ating decomposition for longer periods would clarify this
point, because this pattern was not clearly revealed for both
species.

Mn, P, Mg, and K were released quickly in the first 10
days of P. reticulata decomposition. Mg tends to be released
faster (Osono and Takeda 2004) and is essential for soil
fauna (Makkonen et al. 2012). The same pattern was not
observed for H. courbaril, which varied more over time.

Additionally, the presence of cations is related to litter acid-
ity and decomposers consumption (Cornelissen et al. 2003).

Nutrient relations in litter

Carbon leaf concentrations did not correlate to mass lost for
either tree species because variations in C levels were small
over the decomposition period, supporting our prior assump-
tion that only easily accessible C such as cellulose is released
after the mass loss (Moorhead et al. 2013; Bachega et al.
2016), providing the decomposers with energy. The lack of
correlation between C and litter decay means that elements
other than C exerted a major influence over decomposition.

Both species had high initial lignin concentration, espe-
cially P. reticulata, when compared to other species (Men-
donca and Stott 2003; Tripathi et al. 2006; Duarte et al.
2013), which could lead to energy starvation in late stages
of decomposition when it regulates the processes more (Berg
and Matzner 1997; Chapin et al. 2002). The recalcitrance of
this compound, which few organisms can degrade (Sigoillot
et al. 2012) may almost stop decomposition rates (Marchante
et al. 2019), but we did not find any decreases in the decom-
position rate. On the other hand, a large recalcitrant fraction
in the litter can be important for long-term C sequestration
(Leblanc et al. 2006), especially in P. reticulata leaf litter.

Our species differed broadly in their N:P ratio; P. reticu-
lata ranged from 40 to 60, H. courbaril from 20 to 30. This
ratio reflects which variable could be limiting litter decom-
position: N-limited when litter has low N:P ratio (< 14), and
P-limited when high N:P ratio (> 16) (Tessier and Raynal
2003). Thus, for both species, litter decomposition was likely
P-limited, but apparently less so in H. courbaril. P-limitation
in plant litter is reportedly common in tropical sites (Aerts
1997; Vivanco and Austin 2006; Cassart et al. 2020) includ-
ing tropical N-fixing species plots (Mendonca and Stott
2003; Duarte et al. 2013).

Both species had C:P ratios above 300, where as a
general rule, litter decomposition is P-limited (Stevenson
and Colle 1999; Duarte et al. 2013). Duarte et al. (2013)
reported the same pattern for another tropical legume tree
species (Inga subnuda), which suggests a broad N-fixing
effect that needs to be investigated more closely. Although
we considered the critical N:P and C:P ratios proposed
by Tessier and Raynal (2003) and Stevenson and Colle
(1999), the nutrient limitations may vary depending on
the microbial populations in each site (Giisewell and
Gessner 2009), which must be further investigated in our
stands. N-limitation may occur with N concentrations
below 11.3 g kg~! (Giisewell and Verhoeven 2006); both
studied species had greater initial concentrations than that
threshold, which could increase the mass loss during the
early stages of decay (Héttenschwiler and Jgrgensen 2010;
Hobbie 2015). However, this pattern was not observed
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«Fig. 2 Changes in the concentration of C, N, P, K, Ca, Mg, and Mn
as a function of mass lost during the decomposition of leaf litter
from Plathymenia reticulata and Hymenaea courbaril over 240 days
in Southeast Brazil. Confidence interval of the adjusted model for
P. reticulata is in blue and in purple for H. courbaril
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(c) in Southeast Brazil. The area of the ellipses was determined according to
the normal distribution of the data (ellipses level =68%)
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probably due to the available P regulating the process.
Indeed, the PCA for P. reticulata (Fig. 4a) indicated a
weak correlation between litter decay and P concentra-
tions, but in H. courbaril the negative relation between
the variables was more robust (Fig. 4b).

The critical role exerted by C, N and P in litter decom-
position can commonly lead to co-limitation of these ele-
ments during the process (Fanin et al. 2013). A co-limitation
may also explain the high N accumulation in H. courbaril
(Fig. 1b), given that N-limited microbes immobilize N more
efficiently (Giisewell and Gessner 2009).

For the C:N ratio, 25:1 is considered ideal for micro-
bial maintenance and organic matter decomposition;
lower microbial activities could thus be associated with
lower (Bachega et al. 2016) or higher C:N ratios (Berg and
Matzner 1997; Hittenschwiler and Jgrgensen 2010), leading
to N mineralization or limitation, respectively.

Our results did not indicate N starvation for P. reticulata
litter, so N mineralization may be occurring, and the spe-
cies might be a good choice to reestablish N cycling in for-
est ecosystems. However, H. courbaril had a higher initial
C:N ratio (about 30:1), which suggests that decomposition is
N-limited even with N concentrations above the threshold as
mentioned by Giisewell and Verhoeven (2006). In addition,
Vivanco and Austin (2019) noted that N can be trapped in
complex plant polymers, but other nutrients, such as man-
ganese, might facilitate N release.

Little attention has been addressed to micronutrients such
as manganese, which is directly involved in the lignin degra-
dation through the enzyme manganese peroxidase and thus
very important in the decomposition of lignified litters (Berg
et al. 2007, 2015) such as P. reticulata leaf litter. H. cour-
baril had almost fourfold more Mn than P. reticulata did,
and lower lignin, but the C concentration remained similar
in both over the incubation period. Since easily degradable
C remained available, Mn did not play a key role until that
point.

This study reports for the first time the decomposition
rates and nutrient release of two tropical N-fixing species
and may help us better understand the ecological role of each
species. However, some topics remain unclear and need fur-
ther tests to provide a greater ecological overview of tropical
N-fixing species. This study also leads us to a new question:
Do stoichiometrically distinct litters affect soil microbiota
(e.g., fungi to bacteria ratios) and their metabolic capabili-
ties (e.g., enzymatic activities)?

Conclusion

Both tropical N-fixing species had similar litter decay rates,
but P. reticulata litter released more nutrients compared to

@ Springer

H. courbaril litter. N and P concentrations, rather than other
elements, in the litters controlled the decomposition pro-
cesses because P. reticulata decomposition was primarily
limited by P and H. courbaril was co-limited by N and P. P.
reticulata is a good choice to reestablish N cycling in forest
ecosystems.
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