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Abstract Young tropical forests have higher rela-
tive plant densities of potentially nodulating Legu-
minosae species than old forests, but comparisons 
of their proportions of effective N-fixing plants and 
amounts of fixed N are scarce. We determined leaf 
N stocks derived from symbiotic biological N fixa-
tion in woody legumes of young and old forests 
under the following five edaphoclimatic conditions, 
in Northeastern Brazil: (1) humid lowland coastal; 
(2) humid montane; (3) subhumid high fertility soil; 
(4) semiarid high fertility soil; and (5) semiarid mon-
tane low fertility soil. N amounts derived from fixa-
tion and stocked in the leaves were estimated using 
the 15N natural abundance technique. Fixed N stocks 
in the leaves were low in both young and old for-
ests of the nutrient-poor semiarid montane forests 
(< 0.3  kg   ha−1) due to the low relative densities of 

nodulating legume plants (15 and 10 pl  ha−1, respec-
tively), despite most individuals of the nodulating 
species fixing N. The relative density of nodulat-
ing species in the four other sites was higher in the 
young (148 to 635) than in the old forests (42 to 
327  pl   ha−1), as was the density of effectively fix-
ing plants (96 to 265 vs. 9 to 140  pl   ha−1). Leaf N 
stocks were also higher in the young than in the old 
forests, especially in the coastal humid forest (15.6 vs. 
3.2  kg   ha−1), except in the humid montane site (2.4 
vs. 6.2 kg  ha−1), due to the large N-fixing legume leaf 
biomass of the old forest. N fixation seems to provide 
an ecological advantage over non N-fixing plants in 
young tropical forests, usually growing on N poor 
soils, but not in semiarid forests growing on soils 
which are poor in other nutrients, like P, in which fix-
ation is very low. However, the advantage of N-fixing 
legumes may also be related to other environmental 
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variables and fixation continues to play a role in old 
forests.

Keywords Leaf biomass · 15N natural abundance · 
Nodulation · Rhizobia · N concentrations · Native 
vegetation

Introduction

Nitrogen (N) is one of the most limiting nutrients 
for plant growth but can be provided by diazotrophic 
bacteria capable of biological N fixation (BNF) in 
symbiosis with vascular plants. Symbiotic N fixation 
has been considered the most important natural N 
input in terrestrial ecosystems (Boddey et  al. 2000), 
but other sources (biological or not) may contribute, 
and this contribution may be smaller (Davies-Barnard 
and Friedlingstein 2020; Moreira et al. 2021; Sullivan 
et al. 2014), similar, or even higher (Reis et al. 2020). 
There is a large diversity of potentially nodulating 
or potentially N-fixing Leguminosae species in neo-
tropical forests, indicating that the contribution of N 
fixation is an important ecological strategy (Gei et al. 
2018). Interest in understanding BNF has increased 
in recent years, both in dry (Freitas et al. 2015; Silva 
et al. 2017) and humid tropical forests (Nardotto et al. 
2014; Taylor et  al. 2019; Wong et  al. 2020). How-
ever, the number of studies is still small, particularly 
for forests in different successional stages (Batterman 
et al. 2013; Lai et al. 2018; Sullivan et al. 2014; Tay-
lor et al. 2019; Winbourne et al. 2018), and for those 
growing in nutrient-poor soils, where other nutri-
ents may be more limiting than N (Gei et  al. 2018; 
Vitousek et al. 2013).

The abundance of Leguminosae populations and 
especially of potentially nodulating species tend to 
be higher during early forest regeneration stages than 
in old neotropical forests (Batterman et  al. 2013; 
Brookshire et  al. 2019; Costa et  al. 2021; Sullivan 
et  al. 2014). It has been hypothesized that BNF can 
supply the demand of N while biomass is accumulat-
ing (Gehring et al. 2005), and that the occurrence of 
high BNF is generally associated with a low N sup-
ply relative to the availability of other resources, such 
as phosphorus, molybdenum, and potassium (Crews 
2016; Vitousek et al. 2013). Nodulating species in old 
successional stages may lose their ecological advan-
tage if the soil–plant system has already accumulated 

enough N. In this case, non-nodulating species may 
dominate the vegetation, resulting in little N input 
through BNF (Sullivan et  al. 2014). The nodulating 
species may also maintain high proportions of the 
vegetation biomass and plant density but limit pho-
tosynthate transfer to the N-fixing bacteria in the 
nodules which, in turn, reduce N fixation (Faye et al. 
2007; Hedin et al. 2009). Thus, an individual belong-
ing to a potentially nodulating species may not nec-
essarily be an effectively N fixing plant. The higher 
enrichment in the 15N isotope in the soil–plant sys-
tem indicates that there are higher relative N losses 
in dry than in humid tropical forests, losses prefer-
entially involving the lighter 14N isotope (Aranibar 
et  al. 2004; Craine et  al. 2009, 2015; Freitas et  al. 
2015; Swap et  al. 2004; Viani et  al. 2011). There-
fore, it would be expected that N fixation would be 
proportionally higher in dry than in humid forests 
and especially in younger than in older stands before 
enough N accumulates in the soil–plant system. How-
ever, humid forests have higher biomass than dry for-
ests and may also have higher Leguminosae biomass 
(Costa et al. 2021). Higher biomass may compensate 
for the lower Leguminosae proportions and absolute 
N fixation could be as high or even higher than in dry 
forests.

Northeastern Brazil has great variability of rain-
fall, soil, and geomorphological conditions, which 
create a large diversity of forest types (Sampaio 
2010). Following an east-to-west transect, there are 
humid low-land forests in the coastal area (Atlantic 
Forest), followed by subhumid deciduous thorny for-
ests (Agreste caatinga), semiarid deciduous thorny 
forests (Sertão caatinga), montane humid forests in 
crystalline inselbergs within the semiarid area (mon-
tane forest) and semiarid deciduous non-thorny mon-
tane forests (carrasco) in the sedimentary plateau of 
the far west. The first four forests grow in medium to 
high fertility soils, while the semiarid montane for-
est grows in nutrient-poor, phosphorus-deficient soils 
(Salcedo et  al. 1997). Leguminosae species, mainly 
nodulating ones, are dominant among families in the 
four first forests and have higher aboveground bio-
mass and plant density in young than in old stands 
(Costa et al. 2021). The number of nodulating plants 
in the semiarid montane forest growing in nutrient-
poor, phosphorus-deficient soils are low in both 
young and old stands, indicating that BNF would be 
low. However, a few plants of nodulating species are 
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present in both young and old stands, and they could 
have different fixation proportions, since plants in the 
old stand could have already accumulated enough N 
and could tend to transfer less carbohydrates to the 
symbiotic bacteria, by deriving less benefit from the 
fixation (Faye et al. 2007; Hedin et al. 2009).

The soil and plant 15N signals of these Brazilian 
forests indicate that they differ in the relative losses 
and internal cycling of the N in their soil–plant sys-
tems, with higher losses in the drier areas and espe-
cially high in the semiarid low-fertility montane for-
est (Freitas et al. 2015). Thus, fixation may also differ 
among these forest types, but data on amount of fixed 
N in Brazilian Northeast forests is only available for 
those in the dry areas where fixation was higher in old 
than in young stands (Silva et  al. 2017; Souza et  al. 
2012), contrary to the pattern assumed to be more 
common in other areas (Gei et al. 2018).

Considering the current interest in BNF and the 
possibility of studying nearby young and old forest 
stands under different environmental conditions, we 
estimated the proportions of N stocks derived from 
BNF in the leaves of woody species of potentially 
nodulating Leguminosae in forest stands with dif-
ferent regeneration ages. Our objectives were: (1) to 
elucidate if the amounts of fixed N in the leaves cal-
culated in a land area base vary across forests under 
five contrasting edaphoclimatic conditions in the Bra-
zilian Northeastern region; and (2) to determine if 
the amounts of N stocks in the leaves derived from 
fixation are higher in the young than in the old forests 
under these conditions. Our first hypothesis is that the 
proportion of individuals of nodulating species fixing 
N is higher in the dry forests, except in the dry for-
est growing on low fertility soil, but that the fixed N 
stocks may be higher in the humid forests because of 
their higher leaf biomass of nodulating species. Our 
second hypothesis is that the proportions of N-fixing 
Leguminosae plants and leaf N stocks derived from 
fixation are higher in the young than in the old stands 
of these forests.

Material and methods

Characteristics of the study areas

A total of 10 native vegetation fragments distributed 
in five sites were selected for the study, each one with 

two forest stands, one old and one young, comprising 
forests with different land-use histories, and following 
an east–west transect of about 560  km of extension 
in the Brazilian Northeastern region (Supplementary 
Fig.  S1). The area ranged from 7°  42′  51.7″  S and 
34° 59′ 35.4 W to 7° 19′ 25.5″ S and 40° 05′ 00.1″ W. 
The vegetation of the selected sites (Table 1) corre-
sponds to: (1) humid coastal forest, henceforth des-
ignated as coastal forest; (2) subhumid deciduous 
forest, part of the hypoxerophytic caatinga, growing 
on medium to high fertility soils, henceforth desig-
nated as subhumid forest; (3) semiarid deciduous for-
est, part of the hyperxerophytic caatinga, growing on 
medium to high fertility soils, designated as semiarid 
high fertility forest; (4) humid montane forest, grow-
ing in high fertility soils, designated as humid mon-
tane forest; and (5) semiarid deciduous forest, grow-
ing in low fertility soils, henceforth called semiarid 
low fertility forest. The two forest stands in each site 
were at least 0.3 and at most 17 km apart. The ages 
and previous land uses were based on information 
obtained from local residents, property appointments 
and satellite image sequences. The native forest in all 
sites had been clearcut and crops had been planted for 
some years, with the cultivation being abandoned for 
a longer period in the old stands. A few small trees in 
the humid montane forest had been cut for firewood 
in the old stand 30  years before the study was con-
ducted. The soils of the sites and the average annual 
temperatures were described in previous articles 
(Costa et al. 2021; Freitas et al. 2015).

Leaf and soil collection and estimate of leaf biomass

First, ten 20 × 20  m plots were established along 
one transect in each forest stand with 10 m distance 
between each consecutive plot (Costa et al. 2021). All 
living plants with stem diameter at 1.3 m from the soil 
(DBH) equal to or higher than 0.03 m were identified 
and had their stem diameters measured in each plot 
of the subhumid and semiarid forests. DBH measure-
ment and identification were also performed in the 
humid coastal and montane forests, but the inclu-
sion criterion was DBH ≥ 0.05  m. Maximum DBH 
in the old stands were: 0.62 m in the coastal forest; 
0.47  m in the subhumid forest; 0.53  m in the semi-
arid high fertility forest; 0.86 m in the humid montane 
forest; and 0.2 m in the semiarid low fertility forest. 
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Densities of the plants per unit area in the same for-
est stands had been determined before, counting all 
the plants in the same plots and extrapolating to the 
standard area of one hectare by multiplying the den-
sity in each plot by 25 (Costa et al. 2021).

The leaf biomass of each plant (B, kg) in all 
plots of all sites was estimated by allometric equa-
tions using DBH as the independent variable. The 
biomass equations for the subhumid and semiarid 
forests were (Silva and Sampaio 2008): B = 0.0681 
 DBH1.5829 for species with large stem diameters and 
B = 0.0180  DBH1.845 for species with small stem 
diameter. The classification of large (≥ 0.2 m DBH) 
and small stem diameters (< 0.20  m DBH) were 
based on the potential size of each species (Sampaio 
and Silva 2005). Considering the absence of specific 
allometric equations for leaf biomass in the humid 
forests of the region, the total aboveground bio-
mass of the tree was estimated using the equation 
developed by Chave et al. (2001), in which B = EXP 
(− 2.19 + 2.54  LN (DBH)), and adopting the pro-
portions of 10% of leaf biomass for trees with 
DBH < 0.1 m and 5% of leaf biomass for trees with 

DBH ≥ 0.1  m in relation to the total aboveground 
biomass (Burger and Delitti 1999). The sum of the 
leaf biomasses of all plants of each species and of 
the total for all plants in the plots of each stand 
(4000  m2) was extrapolated to 1 ha (10,000  m2).

Leaf samples were collected in each plot from 
up to five plants of each Leguminosae species 
indicated in the literature as a potentially nodulat-
ing species or from all plants when less than five 
plants of the species occurred in the plot. Leaves 
of non-nodulating Leguminosae species and spe-
cies of other families were also collected to serve 
as reference species in the calculations of biological 
N fixation by the 15N natural abundance technique 
(Supplementary Table  S1). The leaf material was 
composed of green, fully expanded and apparently 
healthy leaves (blades without holes, cuts or bruises 
and with green color typical of the species), being 
cut from various canopy positions to form a mixed 
sample. All collections were done when the leaf 
canopies were fully developed and before the leaves 
started to senesce and dry, approximately past the 
middle of the usual rainy season (Supplementary 

Table 1  Characteristics of the studied tropical forest stands in the Brazilian Northeastern region (Costa et al. 2021). Temperature is 
mean annual temperature

Forest (municipality) Altitude Rainfall Temperature Age Coordinates Land-use history
m a.s.l mm  y−1 °C Years

Humid coastal lowland (Igarassu) 20–115 1687 24.9 20 7° 47′ 53.6′′ S
35° 02′ 25.6′′ W

Sugarcane followed by pasture

 > 40 7° 42′ 51.7′′ S
34° 59′ 35.4′′ W

Already forest 40 years ago

Subhumid, deciduous, high fertil-
ity (Caruaru)

561 764 21.7 21 08° 13′ 54′′ S
35° 55′ 13′′ W

Caatinga clearcut; Opuntia fícus 
indica Mill planted and aban-
doned

 > 50 08° 13′ 47′′ S
35° 55′ 09′′ W

No use for at least 50 years

Humid montane (Triunfo) 1028 1250 18 20 7° 50′ 32′′ S
38° 07′ 15′′ W

Corn and beans crops in itinerant 
agriculture

 > 80 7° 51′ 51.7′′ S
38° 07′ 49.4′′ W

Forest for at least 80 years 
with selective cutting of trees 
30 years ago

Semiarid, deciduous, high fertility 
(Serra Talhada)

500 686 26 15 7° 54′ 24′′ S
38° 18′ 02′′ W

Caatinga openned to be used as 
native pasture

 > 50 7°53′49.9′′ S
38°18′ 14.7′′ W

Selective cutting of trees 30 years 
ago

Semiarid, montane, deciduous, low 
fertility (Araripe)

867 700 24 18 7° 20′ 05.6′′ S
40° 03′ 33.2′′ W

Cassava crops in itinerant agri-
culture

 > 40 7° 19′ 25.5′′ S
40° 05′ 00.1′′ W

Cassava crops in itinerant agri-
culture
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Fig. S2). These samples were used to determine the 
leaf N and 15N concentrations of each potentially 
nodulating species and to calculate their N and 15N 
contents based on the leaf biomass stock of each of 
these species (described below).

Botanical material of each species was collected 
for identification by specialists by comparison with 
information from the specialized literature and with 
specimens deposited in the Federal Rural University 
of Pernambuco herbarium (PEUFR). The scientific 
names of the species were confirmed consulting the 

W3 Tropics database (www. tropi cos. org). The cur-
rent classification of the Leguminosae subfamilies 
followed The Legume Phylogeny Working Group 
(LPWG 2017).

In addition, 10 samples were randomly collected 
from the 0.2  m superficial soil layer from each plot 
and mixed into a single composite sample per plot. 
Then, five from these 10 composite samples were ran-
domly selected to be sieved, air-dried and analyzed 
for their carbon (C) and N concentrations (Table  2) 
and their 15N abundances (Fig.  1) to estimate the 

Table 2  Soil carbon and nitrogen concentrations, C/N ratio and P content (standard errors of five replicates) in young and old stands 
of different forest types in the Brazilian Northeastern region

Averages followed by the same small letter comparing stands with different ages within each forest and by the same capital letter 
comparing all five older or all five younger stands are not significantly different by the Tukey test (p = 0.05)
*The P data was presented in a supplementary material table in a previous article (Costa el al. 2021)

Forest Soil type Age C N C/N P*
Year % % mg  kg−1

Humid coastal lowland Argisol 20 4.30 ± 0.68aB 0.28 ± 0.03aB 15.36aA 4.4
> 40 2.21 ± 0.38aB 0.19 ± 0.03aB 11.63bB

Subhumid, deciduous, high fertility Argisol 21 1.37 ± 0.09aC 0.12 ± 0.01aB 11.42aB 2.8
> 50 1.68 ± 0.14aB 0.14 ± 0.01aB 12.0aB

Humid montane Cambisol 20 7.79 ± 0.72bA 0.56 ± 0.06bA 13.91aA 11.0
> 80 14.6 ± 0.82aA 1.24 ± 0.06aA 11.77bB

Semiarid, deciduous, high fertility Luvisol 15 0.96 ± 0.10aC 0.09 ± 0.01aB 10.66aB 4.4
> 50 1.67 ± 0.20aB 0.16 ± 0.02aB 10.43aB

Semiarid, montane, deciduous, low fertility Latosol 18 2.67 ± 0.21aBC 0.18 ± 0.02aB 14.83aA 0.7
> 40 3.48 ± 0.26aB 0.23 ± 0.02aB 15.13aA

Fig. 1  Relation between 
leaf δ15N of reference 
plants and mean soil δ15N 
of each stand of different 
forest types in the Brazilian 
Northeastern region

http://www.tropicos.org
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magnitude of the N losses and to serve as a control 
for the 15N signals of the reference species.

Estimates of symbiotic biological N fixation

The plant and soil samples were dried at 65  °C for 
72 h and ground to fine powder. Their C and N con-
centrations and N isotope ratios were determined by 
mass spectrometry. A ThermoQuest-Finnigan Delta 
Plus (Finnigan-MAT; CA, USA) spectrometer, cou-
pled to an element analyzer (Carlo Erba model 1110; 
Milan, Italy), belonging to the Ecology Laboratory of 
CENA—(USP), was used. Reference materials (ath-
ropine, yeast and standard soil 502,308 (LECO Cor-
poration) were included in each analytical run. The 
15N abundances were expressed in δ units (‰) in 
relation to the international standard:

in which:  Rsample and  Rreference are the ratios of 
the sample and the international standard  (N2), 
respectively.

Effective atmospheric N fixation by potentially 
nodulating legume plants was assumed to have had 
occurred when the δ15N signal of each nodulating 
legume plant was lower than the average value of 
the reference species in the area, minus the standard 
deviation of the reference species signal multiplied by 
1.96 to account for the 95% confidence interval of the 
normal distribution. Alternatively, effective N fixation 
was also assumed to have occurred when the δ15N 
signal of each nodulating legume plant was lower 
than 2 ‰ of the average value of the reference spe-
cies in the plot (Silva et al. 2017). Both are conserva-
tive ways of estimating biologically fixed N, since 
plants with 15N signals above these thresholds may 
have some N derived from the atmosphere, although 
in small proportions. This may result in underestimat-
ing the fixed N stocks in the whole leaf biomass of all 
Leguminosae. The proportion of effectively nodulat-
ing plants in relation to the total plants of each spe-
cies in the young and old stands of each site were cal-
culated considering the 10 plots, since the numbers of 
plants of each species in each plot were often too low 
to enable a confident evaluation. Therefore, the data 
of these proportions had no replication and no statis-
tical analysis. These proportions were multiplied by 
the leaf biomass of each species in each plot of the 

� =
(

Rsample∕Rreference − 1
)

× 1000

young and old stands of each site and were then used 
to calculate the leaf biomass of the effectively fixing 
plants species.

Next, the proportion of plant N derived from the 
atmosphere (%Ndfa) in the plants identified as having 
effectively fixed N, was estimated using the formula 
described by Shearer and Kohl (1989):

in which: δ15N(reference) is the abundance of 15N of the 
non-fixing reference species in the area, δ15N(target) is 
the abundance of 15N of the N-fixing plant in the field 
of a certain Leguminosae species, and δ15N (no N) is 
the value of δ15N for fixing plants of this same spe-
cies grown in pots in the absence of N. The δ15N (no N) 
value was assumed to be − 1.24 ‰ (Silva et al. 2017).

We estimated two different amounts of fixed N 
(kg   ha−1): (1) the amounts in the leaves of the indi-
viduals which were randomly selected to be analyzed 
for their 15N signals. This was estimated by multiply-
ing the leaves biomass by the leaves N concentrations 
and the leaves %Ndfa; and (2) the amounts in the 
leaves of the set of the effectively fixing individuals 
of each species in each stand, which was estimated 
multiplying the amount of N in the leaves of all 
individuals of the species in the plot by the propor-
tion of the effectively fixing N individuals in relation 
to the total number of individuals of each species in 
the stand and by the average proportion of plant N 
derived from the atmosphere (%Ndfa) of each species 
in the stand of each site.

Statistical analyses

Data of total, Leguminosae and potentially nodulat-
ing Leguminosae leaf biomass (kg  ha−1) and of Legu-
minosae, potentially nodulating Leguminosae and 
effectively fixing plants’ leaf N contents (kg   ha−1) 
were submitted to analysis of variance considering a 
split-plot (nested) design in which the main plots cor-
responded to the five sites and the split-plots to the 
young and old stands in each site. The proportions 
(%) of the number of effectively fixing plants in rela-
tion to the number of nodulating, Leguminosae and 
total plants (densities) were analyzed considering the 
same design. The 10 plots of each stand were con-
sidered as replicates. Data on soil C and N concen-
trations (%) and isotope abundance (‰) were also 

%Nda = 100 ×
(

�
15N(reference) − �

15N(target

)/ (

�
15N(reference)−(�

15N(no N)

)
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analyzed as a split-plot design, considering the five 
composite samples in each stand of each forest as rep-
licates. The data were log-transformed to attend the 
normality criteria. The means were compared by the 
Tukey’s test at the 0.05 significance level. Analyzes 
were carried out using the split-plot function of the 
agricolae package of the R program (R Core Team 
2020).

Results

Differences in soil and plant 15N signals

The soil δ15N isotope signals (Fig.  1) significantly 
increased westward from the humid coastal forest (4.3 
and 6.8‰, in the old and young stands, respectively) 
to the semiarid low-fertility forest where they were 
very high (13.7 and 14.7‰). Lower values occurred 
in the humid montane forest (5.1 and 7.0‰) than in 
the geographically close semiarid forest (10.8 and 
10.2‰). Total carbon and nitrogen concentrations 
(Table  2) in the soil surface layer (0–0.0  m) were 
higher in the humid montane forest than in the coastal 
forest and in the other three deciduous forests, and 
they were lowest in the young semiarid high-fertility 
forest stand.

The pattern of soil δ15N signals was reflected in 
higher leaf δ15N values of reference species in the 
subhumid and semiarid forests, intermediate val-
ues in the humid montane forests and lower in the 
humid coastal forests (Fig.  1 and Supplementary 
Table S2). The signals of the reference species were 
slightly lower than those of the soils across all forests. 
The variability of the δ15N averages of the reference 
plants within each site was relatively low and the cal-
culations of %Ndfa using the standard deviation of 
the signals of the reference species or the fixed value 
of 2‰ (Boddey et al. 2000; Freitas et al. 2010, 2015) 
to establish the threshold of N fixation were not much 
different. Therefore, the calculations using the 2‰ 
fixed value are not presented.

Potentially nodulating species had a wide range of 
leaf δ15N values in all forests, which corresponded to 
high variations in %Ndfa on the same site, with an 
absence of or low symbiotically fixed N in the leaves 
of some plants, but proportions of fixed N greater 
than 60% in the leaves of other plants (Supplemen-
tary Table S2). The average %Ndfa of the effectively 

N-fixing Leguminosae was higher in the young than 
in the old stands of the subhumid forest and the 
humid montane forests, but the %Ndfa was not sig-
nificantly different between young and old stands of 
the other three forests. Thus, any difference between 
the amounts of fixed N in the leaves of young and old 
stands in the humid coastal and semiarid forests was 
not due to higher proportions of fixed N in the leaf 
tissues, but to differences in plant density per area, 
leaf biomass stock and/or leaf N content. These dif-
ferences could be influenced by the different inten-
sity of drivers in the young and old forests, including 
lower nutrient but higher light availability (Batterman 
et al. 2013).

Plant density, leaf biomass and N content in the 
young and old forests

Total, Leguminosae and potentially nodulating Legu-
minosae plant densities were presented in a previous 
article (Costa et al. 2021). In summary: (1) total plant 
densities were similar between the young and the old 
stands of all forests, except in the montane forest in 
which the plant density was significantly higher in 
the young than in the old stand; (2) plant densities of 
Leguminosae species were higher in the young stands 
of three of the forests (humid coastal, humid mon-
tane and semiarid high fertility) and similar in the 
other two forests; and (3) plant densities of potentially 
nodulating species were higher in the young than in 
the old stands of all forests, except in the semiarid 
low-fertility forest, where young and old stands had 
similar plant densities (Supplementary Table  S3). 
The density of the plants with leaf 15N signals indi-
cating that they had symbiotically fixed N (designated 
as effectively fixing plants), measured in the present 
article, followed the same trend, being significantly 
higher in the young than in the old stands of all for-
ests, except the semiarid low-fertility forest, which 
had low and the same density in both stands (Table 3). 
The proportions of effectively fixing plants in relation 
to the total number of plants of the same potentially 
nodulating species were higher in the young stands of 
three forests (50 to 65% vs. 21 to 43%) and similar in 
the semiarid high fertility (32 vs. 28%) and semiarid 
low fertility forest (67 vs. 100%), These proportions 
were high and not significantly different in the few 
nodulating species of both young and old stands of 
the semiarid low-fertility forest (67 and 100%).
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All five old forest stands had higher leaf biomass 
than the young stands considering the set of all spe-
cies (Fig. 2). However, considering the set of all leg-
ume species, only two of the old stands (the subhu-
mid deciduous forest and the humid montane forest) 
had higher leaf biomass than the young stands. This 
indicates that legume leaves comprised a smaller pro-
portion of the total leaf biomass in the old than in 
the young stands, but were at least 25% in all forests 
except in the old coastal forest stand (12%).Consider-
ing the set of the potentially nodulating species, the 
young stands of the humid coastal forest and of the 
semiarid high-fertility forest had higher leaf biomass 
than the old stands (Fig.  2). The opposite occurred 
with the humid montane forest and the subhumid high 
fertility forest, namely that the old stands had higher 
biomass. However, in calculating them as proportions 
to the leaf biomass of all legume trees, those of the 
nodulating legumes were higher in the young than 
in the old stands in all forests, except in the semiarid 
low-fertility forest where the proportions were low 
in both stands. These results are similar to those of 
aboveground biomass (Costa et al. 2021), since both 
were calculated based on the stem diameters.

The leaf biomass of the plants which were effec-
tively fixing N followed a similar trend to that of 
the potentially nodulating plants, except that not 
only the young stands of the coastal and semiarid 
high-fertility forests, but also the young stand of 
the subhumid forest had higher leaf biomass than 
the old stands. The leaf biomass proportions of the 

effectively fixing plants in relation to the total leg-
ume leaf biomass were higher in the young than in 
the old stands, except for the semiarid low-fertility 
forests, which were very low (2%). The ranges in the 
young (23 to 39%) and in the old stands (8–12%) of 
the first four forests were relatively narrow consid-
ering the large variations in their biomass. Despite 
the low density of legume trees (Supplementary 
Table S3), the very high legume leaf biomass of the 
montane forest (Fig.  2) means that these trees had 
high leaf biomass per plant.

Mean leaf N concentrations of all reference spe-
cies in the young and old stands of the five sites var-
ied from 1.4 to 2.8%, while those of the effectively 
fixing legumes varied from 2.7 to 4.1% (Supple-
mentary Table S2). In most cases, the N concentra-
tions were higher in the effectively fixing legumes 
than in the reference species of each site. The con-
centrations in the potentially N fixing legumes were 
higher in the old than in the young stands of all for-
ests, except for the humid coastal forest, while the 
concentrations in the reference species were higher 
in the old stands of only two forests (subhumid high 
fertility and humid montane).

Since biomass differences among forests were 
much larger than those in leaf N concentrations, the 
patterns of differences in N contents were similar to 
the biomass patterns (Figs. 2 and 3): the leaf N con-
tent of the Leguminosae species was higher in the 
young than in the old stands of all forests, except 
the montane forest, which was the only forest in 

Table 3  Number of effectively fixing plants and proportions in relation to the number of potentially nodulating (Nod), Leguminosae 
(Leg) and total plants in young and old stands of tropical forests under different edaphoclimatic conditions in Northeast Brazil

Averages followed by the same small letter comparing stands with different ages within each forest and by the same capital letter 
comparing all five older or all five younger stands are not significantly different by the Tukey test (p = 0.05)

Forest Stand Number Nod Leg Total
pl  ha−1 % % %

Humid lowland coastal Young 142aB 50aAB 50aA 13.3aB
Old 26bB 37bB 15bA 1.5bB

Subhumid deciduous high fertility Young 265aA 61aAB 36aAB 14.4aB
Old 140bA 43bB 20bA 8.2bA

Humid montane Young 96aB 65aA 19aBC 4.7aC
Old 9bB 21bB 5bA 0.7bB

Semiarid deciduous high fertility Young 203aAB 32aB 27aB 22.6aA
Old 50bB 28aB 11bA 3.4bAB

Semiarid montane deciduous low fertility Young 10aC 67aA 3aC 2.5aC
Old 10aCB 100aA 0.8aA 0.8aB
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Fig. 2  Leaf biomass of 
the plants which had 15N 
signals indicating that they 
had N originated from 
symbiotic fixed N (A) and 
belonging to potentially 
nodulating Leguminosae 
species (B) and of the plants 
belonging to Leguminosae 
species (C) and plants of all 
families in the stand (D), 
in young and old stands 
of different forest types in 
the Brazilian Northeastern 
region. Standard errors of 
ten replicates. Bars with the 
same small letters compar-
ing young and old stands of 
the same forest type and the 
same capital letter compar-
ing either all young or all 
old forest stands are not 
significantly different by the 
Tukey test (p = 0.05)
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Fig. 3  Actual amount 
of fixed N in the leaves 
(A) and leaf N stocks of 
the plants which had 15N 
signals indicating that they 
had N originated from sym-
biotic fixed N (B), leaf N 
stocks of the plants belong-
ing to potentially nodulating 
Leguminosae species (C) 
and of the plants belonging 
to Leguminosae species 
(D) in young and old stands 
of different forest types in 
the Brazilian Northeastern 
region. Standard errors of 
ten replicates. Bars with the 
same small letter compar-
ing young and old stands of 
the same forest type and the 
same capital letter compar-
ing either all young or all 
old forest stands are not 
significantly different by the 
Tukey test (p = 0.05)
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which the leaf N content of the potentially nodulat-
ing species and of the effectively fixing plants was 
also higher in the old than in the young stand.

Fixed N stocks in the leaves of the young and old 
forests

The amounts of N derived from N fixation in the 
leaf biomass per land area of the effectively fix-
ing plants in the subhumid and semiarid high fertil-
ity forests (Fig.  3) were higher in the young (3.1 
and 5.0 kg   ha−1, respectively) than in the old stands 
(1.0 and 1.6 kg   ha−1). The lower amount of N fixed 
in the old stand of the subhumid forest reflected the 
low proportion of effectively N-fixing A. colubrina 
plants (13% of the A. colubrina plants), which was 
the species with highest leaf biomass. The propor-
tions of N derived from fixation (%Ndfa) were higher 
in the young stands (46 and 58% in the subhumid and 
semiarid high fertility) than in the old stands (23 and 
27%, respectively), in both sites. Of the two humid 
montane stands, the old stand had more leaf fixed N 
than the young one (6.2 and 2.4 kg  ha−1), despite the 
absence of N fixation of A. colubrina. The low num-
ber of nodulating species in the semiarid low fertil-
ity forest and their low leaf biomass resulted in low 
amounts of fixed N in both young and old stands. The 
young stand in the humid coastal forest had the high-
est absolute amount of fixed N (15.6 kg  ha−1) among 
all forests due to the much higher leaf biomass among 
all young forests (6.7 Mg  ha−1 vs. 1.1 to 1.8 Mg  ha−1). 
The superiority of the fixed N stock in the coastal for-
est in relation to the stocks in the subhumid and semi-
arid forests could be even greater considering that the 
inclusion criteria in the dry forests (diameter ≥ 3 cm) 
resulted in relatively more plants being measured 
than in the humid forests (diameter ≥ 5 cm).

In addition to A. colubrina, only four other species 
occurred in more than one site, reflecting the different 
edaphoclimatic conditions of the sites. Of these four 
species, only one (Piptadenia cf. stipulacea) occurred 
in both the young and the old stand of two sites (the 
subhumid and semiarid high fertility sites, like A. 
colubrina), and also in the young stand of the mon-
tane forest. The proportion of N derived from fixa-
tion of this species was higher in the montane forest 
(67%) than in the other forests (32 to 42%). Albizia cf. 
polycephala and Inga thibaudiana occurred in both 
the coastal and the montane forest, but the former 

occurred in both stands of the montane forest and 
only in the young stand of the coastal forest, while the 
second species only in the young stand of the mon-
tane and in the old stands of the coastal forest. A. 
polycephala had high proportions of fixed N in both 
forests (60 to 78%), while the single sampled plant 
of I. thibaudiana in the coastal forest was not fixing, 
and the three plants in the montane forest seemed to 
derive all their N from fixation. Chloroleucon dumo-
sum occurred in both the high (only in the old stand) 
and the low fertility semiarid forests, with higher pro-
portions of fixed N in the low fertility semiarid forest 
(37 and 64% versus 24%).

Discussion

High soil 15N signals indicate high N losses in the 
soil–plant systems

The high 15N signals in the soil and reference plants 
(Fig.  1) indicate high accumulation of 15N which 
results from the preferential losses of the lighter 14N 
isotope from the soil–plant system (Handley et  al. 
1999). The higher signals in the semiarid than in the 
humid forests can be interpreted as higher N losses 
in the system under the seasonally dry climatic con-
ditions, contrasting with higher N recycling in the 
humid forests where water availability is higher (Ara-
nibar et  al. 2004; Coletta et  al. 2009; Craine et  al. 
2009, 2015; Eshetu and Högberg 2000; Freitas et al. 
2010b, 2015; Swap et  al. 2004; Viani et  al. 2011). 
The fact that the 15N signals of the leaves of the ref-
erence species were slightly lower in all forests than 
those of the soil reflect the absorption of mineralized 
forms of N which are depleted in the heavier isotope 
(Amundson et al. 2003; Freitas et al. 2015). The low 
variability of their 15N signals indicates that all the 
plants of the reference species absorbed N from the 
same soil sources and it is very likely that the plants 
of the target (Leguminosae) species also absorbed N 
from the same soil sources. This is a basic assumption 
in the use of the isotope technique to estimate N fixa-
tion (Boddey et al. 2000), and the low variability of 
the averages give more confidence that the technique 
was correctly used. The 15N signals of the N fixing 
target species are still lower, but much more variable 
due to the influx of atmospheric  N2 mediated by the 
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symbiotic bacteria (Boddey et  al. 2000), which may 
differ depending on the conditions of each individual.

Higher fixed N stocks in young than old forests, with 
exceptions

The higher leaf N fixed stocks in the young than in the 
old stands in three of the five forest types (coastal for-
est and subhumid and semiarid high-fertility forests) 
(Fig. 3) seems to confirm the hypothesis that N fixa-
tion confers an ecological advantage during the ini-
tial successional stages of neotropical forests (Batter-
man et al. 2013; Gei et al. 2018; Sullivan et al. 2014). 
However, the absence of a significant difference in 
the semiarid low-fertility forest and the higher N fixed 
stock in the old than in the young stand of the humid 
montane forest indicate that this advantage may be 
overrun by other factors. These exceptions deserve 
further attention and are discussed below. It also must 
be highlighted that the advantage of N-fixing of some 
legume species in the initial successional stages may 
occur concomitant with other adaptations to the eco-
logical conditions of these stages, such as facilitated 
seed arrival and seedling establishment and growth 
with high temperature and light penetration (Oliveira 
et al. 2023).The low N fixation in both young and old 
stands of the semiarid low-fertility forest due to the 
low plant density of potentially nodulating species 
(Costa et al. 2021) indicates that the contribution of 
N fixation to the N cycle of the soil–plant system is 
low and confers little ecological advantage in such 
environments. However, the relatively low soil N con-
centration (Table 2) and the high 15N signals of both 
stands, which indicate high N losses in the soil sys-
tem (Aranibar et  al. 2004; Craine et  al. 2009, 2015; 
Freitas et  al. 2015), suggest that N is not an abun-
dant factor in the system. It is likely that N fixation 
is limited by one or more soil factors. These limiting 
factors may not include the absence of diazotrophic 
bacteria, since the few plants of the three potentially 
nodulating species derived more than half of their N 
from the atmosphere (Supplementary Table S2). Soils 
in the Araripe plateau have low available P, Ca and 
Mg (Salcedo et  al. 1997; Sampaio 2010) and these 
low availabilities may limit N fixation. A connec-
tion of low P and low N fixation has been observed 
in a caatinga forest growing on a low-fertility sandy 
soil in the same Brazilian Northeastern region (Silva 
et al. 2017), as well as in forests of other tropical and 

temperate regions (Binkley et al. 2003; Vitousek et al. 
2013). The apparent stronger limitation of P or other 
nutrient than N limitation reduces the possibility of 
any ecological advantage of potentially nodulating 
species, with the advantage probably being attained 
by species which are efficient in P absorption and 
recycling.

Soils in the humid montane forest, especially in the 
old stand, had the highest N concentrations among all 
forests, and lower 15N signals than the surrounding 
semiarid, high-fertility forest, although still positive 
(Table 2 and Fig. 1). These results indicate that there 
are net N losses in the soil of the humid montane for-
est but lower than those of the semiarid forest. In this 
case, N fixation may not confer an ecological advan-
tage. In fact, the plant densities of potentially fixing 
species in relation to the total Leguminosae plant 
density were lower in the montane forest (29% in the 
young and 24% in the old stand) than in the semiarid, 
high-fertility forests (86 and 40%, respectively). The 
density proportions of the effectively fixing plants in 
relation to the total Leguminosae density were also 
lower in the humid montane forest (19 and 5%) than 
in the semiarid, high-fertility forests (27 and 11%). 
However, N fixation in both stands were of the same 
order as those of the semiarid, high-fertility forest 
and higher in the old (6.2 kg  ha−1) than in the young 
stand (2.4 kg  ha−1). When N is not limited in the sys-
tem, some plants may reduce or even stop N fixation 
to avoid the energy costs of symbiosis (Hedin et  al. 
2009; Sullivan et  al. 2014). The larger amount of 
fixed N in the old stand of the montane forest resulted 
from its large leaf biomass, since the proportion of 
effectively fixed leaf N in relation to the nodulating 
species’ leaf N was almost four-fold higher in the 
young than in the old stand (19 vs. 5%).

The estimates of the N stocks in the leaves (total, 
Leguminosae, nodulating and effectively fixed) are 
certainly underestimations of the total fixed N in the 
plants for two reasons. First, some fixed N was also 
directed to the other plant parts and the aggregate bio-
mass of these other parts (roots, trunks, and branches) 
is larger than that of leaves, but they usually have 
lower N concentrations and their biomass accumu-
lates over a longer period (Dickson 1986; Millard and 
Grelet 2010). Second, the leaf biomass and N stocks 
can be considered estimates of the annual production, 
considering that the leaf biomass is turned over every 
year in Brazilian (Amorim et  al. 2009) and other 
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dry deciduous forests (Chaturvedi and Raghubanshi 
2016). The leaves of most of the species in both for-
est types have high specific leaf area (Amorim et al. 
2009; Monteiro et al. 2017), which indicates short life 
spans (Monteiro et al. 2017; Selaya et al. 2008) and 
some of them may have fallen before or developed 
after the biomass peak when the measurements were 
done. Leaves are the most easily measured part of the 
plant and most of the published estimates of symbi-
otic N fixation using the 15N isotope technique are 
based on leaf N stocks and 15N abundances (Bodey 
et  al. 2000; Coletta et  al. 2009; Craine et  al. 2009; 
Crews et al. 2016; Freitas et al. 2010, 2015; Gehring 
et  al. 2005; Nardoto et  al. 2014; Roggy et  al. 1999; 
Silva et al. 2017; Souza et al. 2012; Viani et al. 2011). 
We could have estimated the fixed N stocks in the 
other plant parts if we had assumed that their 15N sig-
nals were equal to those of the leaves. However, com-
parisons of 15N abundances in different plant parts of 
tropical forests are scarce, with indication that roots 
and shoots have different abundances (Gathumbi 
et  al. 2002). Data on these comparisons are badly 
needed because they are critical to estimate the total 
N fixation of the forests.

Higher difference in fixed N between young than old 
stands in the coastal forest

The coastal forest had the largest difference between 
the young and the old stand among the three forests 
in which the young stands had significantly higher 
leaf N stocks than the old stands (Fig. 3). The young 
coastal forest stand had the highest absolute fixed N 
stock (15.6  kg   ha−1) among all stands of all forests 
and the differences for the dry forests could be even 
higher because the measurements in the humid for-
ests were made with less inclusive criteria (5 vs. 3 cm 
of stem diameter) than the dry forests. This large N 
stock in the young stand resulted from the highest 
leaf biomass among all young stands, and the fact 
that a large part of the Leguminosae leaf biomass 
belonged to effectively fixing plants (Figs. 2 and 3). 
All nodulating species present in the young stand of 
the coastal forest were absent in the old stand (Sup-
plementary Table S2), and the low 15N signal in both 
stands indicates that the soil–plant system may have 
a relatively high internal recycling, suggesting that N 
fixation may provide an ecological advantage in the 
initial successional stages, but then disappears in the 

later stages. Old stands of other tropical and subtropi-
cal humid forests also had low 15N signals and BNF 
fixation (Gehring et al. 2005).

Lower N fixation in old than younger stands has 
been estimated in a humid forest in Panama (Batter-
man et  al. 2013), but not in another humid coastal 
forest in Brazil (Winbourne et  al. 2018), both using 
the acetylene reduction assay. No evidence of facilita-
tive or competitive effect of  N2 fixers was found over 
the first three decades of growth of a humid forest 
in Panama (Lai et al. 2018). However, there may be 
higher free-living than symbiotic  N2 fixation in some 
of these forest (Gehring et al. 2005; Reis et al. 2020).

The amount of fixed N in the young stand 
(15.6  kg   ha−1), if assumed to represent the produc-
tion over one year as discussed before, is higher than 
the latest estimations of fixation in humid forests in 
general, which had varied from 5 (Reis et  al. 2020) 
to 8  kg  N   ha−1   y−1 (Davies-Barnard and Friedling-
stern 2020). Considering that the amounts of fixed 
N in the present work only refer to the stocks in the 
leaves, much higher figures would be expected if 
the amounts of fixed N in the rest of the plant were 
included. Certainly, more data and improved meth-
odologies of obtention are needed (Winbourne et al. 
2018) to refine the present estimations of symbiotic 
 N2 fixation in tropical forests.

Higher N fixation in young stands but also important 
in old stands of the dry forests

The young stands of the subhumid and semiarid high-
fertility forests also had higher N stocks than the old 
stands, but the fixed amounts were not as high as in 
the coastal forest because of the low leaf biomass 
(Figs. 2 and 3), probably caused by water limitation 
(Freitas et  al. 2015; Oliveira et  al. 2023). The 15N 
signals indicate systems with high N losses and the 
soil N concentrations are the lowest (Table 2), which 
indicates that N fixation may provide an ecologi-
cal advantage (Aranibar et  al. 2004). The advantage 
seems to be higher in the young stands but apparently 
persists, although to a lower degree, in the old stands. 
Both young and old stands had high proportions of 
their leaf biomass and N content belonging to nodu-
lating species, and higher in the young forest stands. 
Other reports also point to the dominance of poten-
tially nodulating species in regenerating caatinga 
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forests, but the plants in the young forests were not 
effectively fixing in some of these forests (Freitas 
et al. 2010; Silva et al. 2017; Souza et al. 2012).

Absence of N fixation in many plants of most of the 
potentially fixing species

Many plants of potentially nodulating species were 
not effectively fixing N in all forests, even in the 
young stand of the semiarid high-fertility forest. 
This pattern has been observed in other areas in the 
same region (Silva et al. 2017) and in other vegeta-
tion types elsewhere (Reis et  al. 2020; Sylla et  al. 
2002). The causes are not yet known, but are likely 
related to the physiology of each specific individual, 
since diazotrophic bacteria are present and establish 
effective symbiosis with nearby plants. Previous 
N accumulation above demand or low photosyn-
thate production due to shading are possible causes 
(Dickson, 1989; Millard and Grelet 2010).

Conclusions

The ecological advantage of fixation of some leg-
ume species in the initial forest successional stages 
is indicated by the higher amounts of fixed N in leaf 
biomass in the young than in the old stands in three 
of the five forest types (humid coastal, subhumid 
and semiarid high fertility forests). This advantage 
was higher in the young stands in the subhumid and 
semiarid high fertility forests, but seemed to per-
sist to a lower degree in the old stands. The advan-
tage of N fixation is lost when the forest grows on 
nutrient-poor soils, such as those with low P avail-
ability. The ecological advantage and the favorable 
growth conditions may result in high absolute accu-
mulation of fixed N in the leaves of young tropical 
forests, as in the studied Brazilian coastal forest 
(15.6 kg  ha−1). This amount of N, only measured in 
the leaves, indicates high total symbiotic N fixation 
in these humid tropical forests.

Considering that almost all determinations of 
fixed N in tropical forests using the isotope tech-
nique were done sampling only the leaves, which 
are only a small proportion of the plant biomass, 
determinations in flowers, roots and mainly stems 
are badly needed. The causes of fixation absence in 

some plants of almost all potentially fixing species 
must continue to be investigated.
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