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Abstract
The use of biochar is expected to improve soil fertility and close nutrient cycles 
in degraded strongly weathered tropical soils. We, therefore, hypothesized that 
biochar amendment to tree plantations (a) increases nutrient fluxes with litterfall 
alone and with mineral fertilizer plus lime and (b) reduces N losses reflected by 
lower δ15N values of litterfall and soils than in unamended controls. We grew the 
native leguminous Schizolobium parahyba var. amazonicum (Ducke) Barneby and 
the exotic Gmelina arborea Roxb at two sites. We used a replicated full factorial 
split–split plot design of amendment of mineral fertilizer plus lime, 3 and 6 t ha−1 
biochar, and a control. We collected litterfall biweekly (2012–2013) and topsoil 
samples (0–0.25 m) in 2009 before tree planting, in 2011 and 2013. Fertilizer plus 
lime increased the mean annual concentrations of P, Ca and Zn in litterfall but 
decreased that of Mn. At the same time, fertilizer plus lime increased the annual 
fluxes of nutrients, Na and Al with litterfall. During the dry season, biochar de-
creased the N concentration in litterfall and the K flux with litterfall. During the 
rainy season, biochar increased the concentrations of Ca and Zn in litterfall and 
their fluxes with litterfall. Biochar did not influence the δ15N values of soil and 
litterfall after 51 months of tree growth. Fertilizer plus lime decreased the δ15N 
values of soil, because of the lower δ15N value of the used urea (−0.30‰) than the 
soil (4.5‰–7.8‰). Moreover, fertilizer plus lime increased the δ15N values of lit-
terfall, possibly because of enhanced 14N leaching from the N-rich canopies. The 
amendment of up to 6 t ha−1 biochar did not contribute to close nutrient cycles.
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1   |   INTRODUCTION

Biochar is a product of biomass pyrolysis under limited 
oxygen supply and at high temperature (Lehmann, 2007; 
Lehmann et al.,  2006). It has been widely used as an 
amendment to increase soil quality (Bai et al.,  2015; 
Barrow,  2012; Chan et al.,  2008; Ding et al.,  2016; Song 
et al.,  2016). Biochar can improve soil physical proper-
ties, increase soil pH and cation-exchange capacity (CEC) 
(Chan et al.,  2008; Criscuoli et al.,  2014; Hernandez-
Soriano et al., 2016; Kookana et al., 2011) and serve as a 
slow-release fertilizer (Hu et al.,  2019; Shi et al.,  2020). 
Moreover, biochar can enhance nutrient retention (Deluca 
et al., 2015; El-Naggar et al., 2019; Novotny et al., 2015). 
It has been reported that biochar amendment to soils can 
increase the retention of N in forms that are bioavail-
able in the short and intermediate term and reduce N 
leaching (Drake et al., 2015; Nelissen et al., 2012; Pratiwi 
et al., 2016; Zhang et al., 2017). Therefore, it was suggested 
that biochar can particularly be used to remediate strongly 
weathered, degraded, nutrient-poor tropical soils includ-
ing Oxisols and Ultisols (Glaser et al.,  2000, 2001, 2002; 
Lehmann et al., 2003; Lima et al., 2002; Major et al., 2010).

An increased retention of bioavailable nutrients in 
soil following biochar amendment has been shown to 
be beneficial for plant growth (Arif et al.,  2017; Haider 
et al., 2017; Mandal et al., 2016; Zhang et al., 2017) and 
should, therefore, facilitate the uptake and cycling of nu-
trients by plants. In forests, nutrient recycling from plant 
to soil occurs via nutrient leaching from the canopy (Levia 
& Frost, 2006; Velescu et al., 2021; Wilcke et al., 2001) and 
litterfall (Likens, 2013; Wilcke et al., 2002). The increased 
nutrient availability in soils after mineral fertilization can 
be reflected by increased litterfall, nutrient concentrations 
in litterfall and nutrient fluxes with litterfall (Homeier 
et al.,  2012; Wullaert et al.,  2010). Thus, the addition of 
biochar might similarly increase nutrient concentra-
tions of litterfall and nutrient fluxes with litterfall (Lin 
et al., 2017).

An increased retention of N in the ecosystem after 
the amendment of biochar could be reflected by chang-
ing stable N isotope ratios because N losses by leaching 
or gaseous emissions shift the N isotope composition 
(δ15N values) of the soil N to higher contributions of the 
heavy 15N isotope (Dawes et al.,  2017; Högberg,  2008; 
Kellman & Hillaire-Marcel, 2003; Pardo et al., 2006; Sebilo 
et al.,  2006; Xia et al.,  2020). This implies that the δ15N 
values are the lower, the more closed the N cycle is. In 
plant communities containing legumes, the δ15N values 
of soils and plants are also influenced by the δ15N value 
of N2 in the atmosphere, which is by convention 0‰. If 
the legumes fix N2 from the atmosphere via their symbi-
otic rhizobia, the δ15N value of soil and plants is shifted 

towards 0‰ (Evans,  2001; Inglett et al.,  2004). Because 
mineral fertilizers frequently show negative δ15N values, 
mineral fertilization can also decrease the δ15N values of 
soils and plants (Choi et al., 2017; Coplen et al., 2002; Park 
et al., 2015). As a consequence, in legume-containing and 
fertilized ecosystems δ15N values could decrease even if 
the N cycling does not become tighter. Because the δ15N 
values of litterfall reflect that of the soil (Ibell et al., 2013), 
they will change in the same direction as those of the soil 
(Reverchon et al., 2015; Vigulu et al., 2019). Besides result-
ing from a more open N cycle, higher δ15N values in litter-
fall might, however, also indicate that the plants take up 
N from greater soil depth, because the δ15N values usually 
increase with increasing depth (Högberg, 2008) instead of 
reflecting a more open N cycling.

In the same tree plantations as reported here, González 
Sarango et al.  (2021) did not observe an effect of up to 
6  t ha−1 biochar on the growth of the two tree species 
Schizolobium parahyba var. amazonicum (Ducke) Barneby 
and Gmelina arborea Roxb during 51 months on degraded 
Ultisols at two study sites in the Ecuadorian Amazonia. In 
contrast, the amendment of a complete fertilizer plus lime 
had a strong effect on tree growth. The same was true for 
the annual litterfall of both tree species measured for 1 year 
at a tree age of 3–4 years (González Sarango et al., 2021). 
At the inherently less fertile of the two study sites, biochar 
increased pH, effective cation-exchange capacity (ECEC) 
and base saturation (BS) significantly. Moreover, González 
Sarango et al.  (2022) reported that biochar increased 
NaHCO3-extractable Ca (p < 0.05) and Zn (p < 0.1) and 
total N concentrations (p < 0.05) in the topsoil. Biochar 
increased Ca (p < 0.1) and Zn (p < 0.05) retention in min-
eral fertilized topsoils calculated as the difference between 
the initial element stock plus the amended nutrients with 
mineral fertilizer, lime and/or biochar and the final stock 
at the time of tree harvest. In unfertilized topsoils, the 
amendment of 6 t ha−1 of biochar decreased total N reten-
tion (p < 0.05), which González Sarango et al.  (2022) at-
tributed to a slight change in bulk density because of the 
amendment of biochar. While the previous studies at the 
same study sites addressed biochar effects on plant pro-
ductivity (González Sarango et al., 2021) and soil fertilility 
(González Sarango et al., 2022), it remains unclear if bio-
char helps close nutrient cycling and thus improves the 
long-term efficiency of the initial soil preparation effort.

Therefore, our overall goal was to determine, whether 
the amendment of up to 6  t ha−1 biochar helped close 
nutrient cycling in plantations of two tree species at two 
differently fertile locations in the Ecuadorian Amazonia. 
We hypothesized that (a) the amendment of biochar alone 
and in combination with fertilizer plus lime will increase 
the nutrient and Na concentrations of litterfall and fluxes 
with litterfall relative to the control plots. Further, we 
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hypothesized that (b) the simultaneous amendment of 
biochar will reduce N losses from the mineral fertilized 
plots and therefore result in N-isotopically lighter litterfall 
and soils compared with the plots that received only fer-
tilizer plus lime. In the latter plots, in contrast, the higher 
N loss will result in the accumulation of 15N in soil and 
litterfall.

2   |   MATERIAL AND METHODS

2.1  |  Study sites and selected tree species

The study sites were already described by González 
Sarango et al.  (2021, 2022). The experiment was con-
ducted at two sites (La Victoria and Los Zapotes) in the 
Province of Zamora-Chinchipe in the south Ecuadorian 
Amazonia (Table S1). We selected the sites based on five 
criteria including (a) their location in the foothills and 
low-mountain ranges, where most degraded pasture soils 
occur in the Ecuadorian Amazonia, (b) typical parent 
rocks for the study area (i.e., granodiorite and andesite), 
(c) moderate-to-strong slope, which is characteristic for 
the degraded pastures of the study area, (d) elevation of 
850–1000 m a.s.l. to fall into the native premontane forest 
zone, and (e) evidence of cattle ranching by the presence 
of the fern species Pteridium aquilinum (L.) Kuhn. The 
study soils were considered degraded because of the lack 
of an organic layer, the presence of only a thin A horizon 
in La Victoria, or even no A horizon in Los Zapotes, which 
indicated a strong erosion, because of the steep slopes. We 
planted the native leguminous Schizolobium parahyba 
var. amazonicum (Ducke) Barneby and the exotic Gmelina 
arborea Roxb at both sites. The tree species were selected 
because (a) they are fast-growing, (b) tolerate low-soil fer-
tility, (c) and have a commercial value on the local market 
(Silva et al., 2011; Swamy et al., 2004).

2.2  |  Experimental design

We used a replicated full factorial split–split plot design 
at each site following Dormann & Kühn (2011). The main 
plot was split into subplots for two tree species. The sub-
plots were further split into with or without mineral fer-
tilizer plus lime. The third and last split included three 
levels of biochar (0, 3, 6 t ha−1), resulting in a total of 12 
treatments. Each subplot had an area of 144 m2 and was 
planted with 16 trees, which corresponds to 1111 trees 
ha−1. At La Victoria, all main plots were replicated four 
times; at Los Zapotes, where the available experimental 
area was smaller than at La Victoria, all plots were rep-
licated three times. We planted the trees into a circular 

area with diameters of 2.4 and 2  m at La Victoria and 
Los Zapotes, respectively, after we had mixed the topsoil 
with the amendments to a depth of 0.25 m. The trees were 
planted from 3 to 7 August 2009 and harvested from 4 to 8 
November 2013 after 51 months of growth.

As biochar amendment, we bought commercially 
available wood-derived charcoal on a local market in Loja, 
Ecuador. The wood was pyrolyzed in a traditional earthen 
kiln with small holes that could be opened and closed at 
temperatures of 200–500°C under low-oxygen concen-
tration. This corresponds to the traditional local charcoal 
production practice. Before application, the biochar was 
milled to a coarse powder (<2 mm). The decision to apply 
3 and 6  t ha−1 of charcoal was based on the state of the 
literature at the time of the setup of the experiment (i.e., 
before 2009). We particularly relied on the only available 
other study, we were aware of, that used biochar in an 
afforestation (Kishimoto & Sugiura,  1985). Kishimoto & 
Sugiura  (1985) had applied 0.5  t ha−1 of charcoal annu-
ally during 5 years (i.e., 2.5 t ha−1 in total). This charcoal 
amendment increased the height of Cryptomeria japonica 
D.Don trees by a factor of 1.26 to 1.35 and the biomass by 
a factor of 2.31–2.36.

Detailed site information, biochar properties and nu-
trient inputs with the used soil amendments are sum-
marized in Tables  S1–S3, taken from González Sarango 
et al. (2021, 2022).

2.3  |  Measurements

Litterfall was collected biweekly from 1 March 2012 to 
22 February 2013 with four 0.6 × 0.6 m litterfall traps per 
plot, dried in the oven at 60°C and weighed (González 
Sarango et al., 2021). Samples from the 0–0.25 m mineral 
soil depth layer were collected in March 2009 (before the 
start of the experiment), February 2011, and November 
2013, when the trees were harvested. The soil samples 
were air-dried and sieved <2 mm. Aliquots of litterfall and 
soil samples were finely ground in a ball mill (MM 400; 
Retsch, Haan, Germany). All the samples were stored at a 
location with low humidity and temperature and without 
direct sunlight in closed polyethylene bags until analysis. 
Before processing them, we inspected them thoroughly 
for mould or the presence of insects but did not find any 
indication of sample degradation.

Total element concentrations in litterfall were de-
termined after digestion with concentrated HNO3 in a 
microwave oven (MARS6Xpress, CEM, Kamp-Lintfort, 
Germany) by measurement with an inductively coupled 
plasma optical-emission spectrometer (ICP-OES, 5100 
VDV; Agilent, Waldbronn, Germany). Accuracy was as-
sessed by the analysis of the certified reference materials 
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SRM1547 and SRM1515. Average recoveries ± standard 
deviations were 100% ± 10% for all the elements. Precision 
determined by duplicate measurements was <5%.

The δ15N values of ground aliquots of the litterfall and 
soil samples were measured with an Elemental Analyzer-
Isotope Ratio Mass Spectrometer (EA–IRMS, Flash 
HT Plus-Delta V Advantage; Thermo Fisher Scientific, 
Waltham, MA, U.S.A). The samples were calibrated with 
the help of the standards IAEA N1, IAEA N2 and USGS 
25. To correct instrumental drift, we used acetaldehyde as 
an in-house standard. Every 10 samples were bracketed 
with acetaldehyde. The standard deviation of 12 measure-
ments of acetaldehyde was <0.18‰.

2.4  |  Statistical analyses

We evaluated our results with a Repeated Measures 
Analysis of Variance (ANOVA) for split–split plot de-
signs using the software R. We used the packages nortest 
(Gross & Ligges, 2015) for tests of normality, agricolae (De 
Mendiburu, 2017) for ANOVA including the Tukey's HSD 
post-hoc test and gplots (Warnes et al.,  2009) and plotrix 
(Lemon, 2006) for plotting data. Moreover, we ran additional 
ANOVAs on the mean element concentrations and δ15N val-
ues of litterfall and on the mean element fluxes of the rainy 
(March to September 2012, ca. 1800 mm of rainfall) and dry 
(October 2012–February 2013, <150 mm of rainfall) seasons.

3   |   RESULTS AND DISCUSSION

3.1  |  Nutrient cycling with litterfall

At tree ages of 3–4 years, when we determined litterfall, 
nutrient concentrations in litterfall and nutrient fluxes 
with litterfall, the annual litterfall of S. parahyba ranged 
from 129 ± 11 to 290 ± 9.5 g m−2 and that of G. arborea from 
291 ± 19 to 499 ± 16 g m−2 (González Sarango et al., 2021). 
The element concentrations in our litterfall samples were 
comparable to those reported in the literature for S. par-
ahyba (Table 1; Azeez, 2019; Jaramillo Botero et al., 2008). 
For G. arborea, similar N, P, K and Fe concentrations were 
reported but lower Ca, Mn, Cu and Zn and much higher 
Mg and S concentrations (Table 1; Azeez, 2019). We at-
tribute the partly marked differences in the nutrient con-
centrations between our study and that of Azeez (2019) to 
different soil properties at their Nigerian savanna site than 
at our sites in the Ecuadorian tropical rain forest.

The site, site block and tree species had at least margin-
ally (p < 0.1) significant effects on all mean annual concen-
trations of nutrients, Na and Al in litterfall (Table S4). This 
reflected the higher inherent fertility and soil pH value 

of the site at Los Zapotes than at La Victoria (González 
Sarango et al.,  2021, 2022) and the higher fertility of the 
lower than the upper slope sites because of erosion. The ge-
netically determined differences in nutrient concentrations 
between the two tree species might also have played a role. 
Fertilizer plus lime increased the mean annual concentra-
tions of P, Ca and Zn in litterfall and decreased that of Mn 
(Table S4). Surprisingly, only the concentrations of three 
nutrients increased in spite of the amendment of a com-
plete fertilizer (Table S3). This suggests that the P, Ca and 
Zn supply of the plants was particularly low in the studied 
degraded soils. We attribute the negative effect of fertilizer 
plus lime on mean annual Mn concentrations in litterfall to 
a decreasing Mn availability, because of the increase in soil 
pH values and the absence of Mn in the fertilizer (Table S3; 
González Sarango et al., 2021; Godo & Reisenauer, 1980; 
Hayes et al., 2014; Pan et al., 2014). The amendment of fer-
tilizer plus lime increased the fluxes of all considered ele-
ments, even of Mn, with litterfall (Table S5), because of the 
strong fertilization effect on litterfall production in spite of 
partly unchanged or in the case of Mn even decreased nu-
trient concentrations (González Sarango et al., 2021).

Biochar had significant positive effects on Ca and Zn 
concentrations in litterfall during the whole sampling 
period (Table  S4). Increasing Zn concentrations in litter-
fall or leaf in response to biochar amendment are in line 
with the findings of Ali et al. (2019), Farooq et al. (2020) 
and Jatav et al. (2018) who observed an improved micro-
nutrient supply of plants after the amendment of biochar. 
Similar lacking effects of biochar amendment on Cu and 
Na concentrations in corn straw were reported by Haider 
et al. (2017) and Bai et al. (2015). The few effects of biochar 
on nutrient concentrations in litterfall were in line with the 
reported effect of biochar on nutrient availability in soil as-
sessed with the modified Olsen extract (NaHCO3 + EDTA) 
at the same study by González Sarango et al. (2022). Biochar 
did not influence any element flux, when the whole sam-
pling period was considered (Table  S5). Obviously, the 
input of all nutrients with the biochar except Ca and Zn 
was too small to improve the plant nutrient availability in 
soil (González Sarango et al., 2022). Our finding that bio-
char amendment even reduced the N concentration in lit-
terfall is in line with findings of Akoto-Danso et al. (2019) 
and Gale et al. (2017). These authors reported that the N 
concentrations of the tissue of maize, amaranth and some 
herbaceous plants decreased after biochar amendment, 
likely because of microbial immobilization.

The fact that date had a significant effect on all ele-
ment concentrations and fluxes with litterfall in our re-
peated measures ANOVA based on 4-mo aggregated 
values (Tables S4 and S5) led us to consider the dry and 
rainy seasons separately. The separate consideration of 
the element concentrations in litterfall and fluxes with 
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litterfall in the dry and rainy seasons revealed largely 
the same site, site block and tree species effects as al-
ready seen when considering the whole sampling pe-
riod (Tables S6–S9). The effects of mineral fertilizer plus 
lime in each of the individual seasons were also similar 
to those observed for the whole sampling period. The 
significant increase of the Ca and Zn concentrations in 
the litterfall with biochar amendment was limited to the 
rainy season (Tables  S6 and S8), during which biochar 
also increased Ca and Zn fluxes with litterfall (Figure 1, 
Table  S7). For the dry season, we detected complex sig-
nificant effects of biochar on N, Fe and Al concentrations 
in litterfall (Table  S8). The amendment of biochar de-
creased the N concentrations in litterfall on the mineral 
fertilized plots at La Victoria and consistently on all plots 
at Los Zapotes marginally significantly. An exception was 
the 6 t ha−1 biochar amendment to the mineral fertilized 
G. arborea plots (Figure  2a). On the not fertilized plots 
at La Victoria, biochar, in contrast, increased the N con-
centrations in litterfall during the dry season (Figure 2a). 
The application of 3 t ha−1 of biochar decreased and that 
of 6  t ha−1 increased Al and Fe concentrations in litter-
fall during the dry season (Table S8). Moreover, biochar 
decreased the K fluxes with litterfall during the dry sea-
son, albeit not consistently (Figure  2b). These results 
illustrate that particularly the biochar amendment of 
6  t ha−1 even decreased the supply of the macronutri-
ents N and K during the dry season, possibly because it 

increased N and K adsorption. In contrast, biochar had 
positive effects on the Ca and Zn supply during the rainy 
season and the Fe supply during the dry season (only in 
the 6 t ha−1 of biochar treatments). The increase of the Al 
concentration in litterfall in response to the amendment 
of 6 t ha−1 of biochar during the dry season reflects a po-
tentially negative effect of biochar on plant performance. 
Overall, in our study, the effects of biochar on nutrient 
concentrations in litterfall and fluxes with litterfall were 
weak and partly even negative for plant performance in 
line with its weak effects on nutrient availability in soil 
(González Sarango et al.,  2022). Similar to the findings 
of González Sarango et al. (2021) at the same study sites, 
de Farias et al.  (2016) reported no response of native 
Tachigali vulgaris L.F.Gomes da Silva & H.C.Lima and ex-
otic Eucalyptus urophylla × Eucalyptus grandis trees to the 
amendment of 2.5–20 vol% of biochar to the soil in a tree 
plantation in Mato Grosso, Brazil. Thus, even the much 
higher biochar amendment of de Farias et al. (2016) did 
not sufficiently improve the nutrient availability to the 
plantation trees. Santalla et al. (2011) even found that the 
charcoal included in mixed wood ash reduced the P and 
N availability in soil of a Pinus radiata D.Don plantation 
in northwest Spain. This is in line with our finding that 
the amendment of biochar to mineral fertilized plots even 
decreased N concentrations in litterfall during the dry 
season (Table S8). In contrast, Bélanger et al. (2004) con-
cluded from a positive correlation between the charcoal 

F I G U R E  1   Mean Ca (a) and Zn (b) fluxes with litterfall of the rainy season in all treatments of the afforestation experiment. Error bars 
show standard errors (n = 4 at La Victoria and n = 3 at los Zapotes). Different upper-case letters indicate significant differences between 
the study sites. Different lower-case letters in the uppermost row indicate significant differences between the tree species, in the middle row 
between fertilized and not fertilized plots and in the lowermost row among the different biochar amendment rates (in italics if marginally 
significant, p < 0.01) according to an ANOVA followed by a Tukey's HSD post-hoc test at a significance level of p < 0.05.
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concentration in soil originating from a several decades 
old forest fire and the base cation concentrations in the 
forest floor of a mixed forest stand in Québec, Canada that 
charcoal can improve the base cation availability in the 
long term. The latter finding is only partly corroborated 
by our study where the Ca concentrations in litterfall 
and fluxes with litterfall increased in response to biochar 
amendment during the rainy season (Figure 1, Table S8).

3.2  |  Stable N isotope ratios as 
indication of changed N cycling

Site, site block and tree species had significant effects 
on the δ15N values of litterfall (Table  S4). The inher-
ently more fertile site Los Zapotes (González Sarango 
et al., 2021), had significantly higher δ15N values in lit-
terfall (Figure  3) and in soil (Figure  4). This is in line 

F I G U R E  2   Mean N concentrations in litterfall (a) and K fluxes with litterfall (b) in the dry season in all treatments of the afforestation 
experiment. Error bars show standard errors (n = 4 at La Victoria and n = 3 at Los Zapotes). Different upper-case letters indicate significant 
differences between the study sites. Different lower-case letters in the uppermost row indicate significant differences between the tree 
species, in the middle row between fertilized and not fertilized plots and in the lowermost row among the different biochar amendment 
rates (in italics if marginally significant, p < 0.01) according to an ANOVA followed by a Tukey's HSD post-hoc test at a significance level of 
p < 0.05.
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with the assumption that a higher N richness, as re-
flected by the higher mean annual N concentration of 
2.6 ± 0.11 g kg−1 and a lower C/N ratio of 11 ± 0.110 in lit-
terfall at Los Zapotes than at La Victoria (2.2 ± 0.04 g kg−1 
and 14 ± 0.10) resulted in a more open N cycle. The more 
open N cycle is reflected by higher δ15N values in soils 
and litterfall (Eshetu & Högberg, 2000: Hietz et al., 2011; 
Kleinebecker et al., 2014; Thomazo et al., 2011). The ef-
fect of site block might again be attributable to a higher 
nutrient richness of the soils at the lower than the upper 
slope, because of downslope-directed lateral nutrient 
transport, which had also been observed in a nearby na-
tive tropical montane forest (Wilcke et al.,  2010). With 
increasing N richness, the δ15N values of litterfall are 
expected to increase. The significant influence of tree 
species on the δ15N values of litterfall seemed at the 
first glance to be related with the fact that S. parahyba 
is a legume which can fix N2 from the atmosphere via its 
symbiosis with Rhizobia. Surprisingly, the litterfall of S. 
parahyba had higher δ15N values than that of G. arbo-
rea, although we expected the reverse because N2 fixa-
tion should move the δ15N values of litterfall nearer to 0% 
(Hietz et al., 2011; Unkovich, 2013). We, therefore, sug-
gest that S. parahyba did not or only to a limited extent 
fix N2 from the atmosphere, because of the N amend-
ment in the fertilized and strong P limitation in the un-
fertilized treatments. Gmelina arborea showed a higher 

litterfall, basal area and stem diameter than S. parahyba 
(González Sarango et al., 2021) and therefore likely took 
up more of the N fertilizer, which was urea with a δ15N 
value of −0.30‰ than S. parahyba, resulting in the lower 
δ15N values of G. arborea than S. parahyba (Figure 3).

The amendment of fertilizer plus lime increased the 
δ15N values of litterfall significantly (Figure 3; Table S4), 
similar to the studies of Raymond et al.  (2016) and Yan 
et al.  (2020) which was more pronounced for G. arborea 
than S. parahyba. This is again unexpected because of the 
low δ15N value of the N fertilizer of −0.30‰. We can only 
speculate that the amendment of the complete mineral 
fertilizer plus lime improved the mineralization of soil or-
ganic matter and therefore also the supply of isotopically 
heavier N. A higher loss of isotopically light gaseous N after 
fertilization with urea may have additionally contributed 
to the higher δ15N values of the litterfall. Biochar did not 
influence the δ15N values of litterfall (Figure 3; Table S4).

The litterfall of G. parahyba showed lower δ15N val-
ues in the dry than in the rainy season, both in the plots 
with mineral fertilizer plus lime (1.14–2.9‰ in the rainy 
season and 1.00–2.53‰ in the dry season) and without 
(1.09–3.52‰, 0.84–2.83‰), irrespective of the amend-
ment of biochar. We attribute this to reduced leaching of 
isotopically light N from the leaves during the dry sea-
son (Amundson et al., 2003; Carroll et al., 2016; Schwarz 
et al., 2011; Yan et al., 2020).

F I G U R E  4   Mean δ15N values in mineral topsoils of all the treatments at La Victoria and Los Zapotes in March 2009 before the start of 
the experiment and in November 2013 at the end of the experiment. Error bars show standard errors (n = 4 at La Victoria and n = 3 at Los 
Zapotes). Different upper-case letters indicate significant differences between the study sites. Different lower-case letters in the uppermost 
row indicate significant differences between the tree species, in the middle row between fertilized and not fertilized plots and in the 
lowermost row between plots with and without biochar based on an ANOVA followed by a Tukey's HSD post-hoc test at a significance level 
of p < 0.05.
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In March 2009 before the start of the experiment, 
the only significant difference in the δ15N values of the 
mineral topsoil existed between the two study sites. 
The more fertile site at Los Zapotes showed higher 
δ15N values than the site at La Victoria (Figure 4). This 
was likely attributable to the more open N cycle at Los 
Zapotes than at La Victoria with higher losses of iso-
topically light N. In November 2013 at the end of the 
experiment, the fertilization with N-isotopically light 
urea had slightly decreased the δ15N values of the top-
soil. In contrast, neither the tree species nor the biochar 
amendment had significant effects on the δ15N values of 
the topsoil (Figure  4). The amendment of biochar did 
not influence the δ15N values of the topsoil, because the 
δ15N value of the biochar (6.36 ± SD 0.80‰) was simi-
lar to that of the topsoils (5.53 ± 0.09‰, n  =  48, at La 
Victoria and 6.37 ± 0.23‰, n = 36, at Los Zapotes). Our 
findings are in line with those of Reverchon et al. (2015) 
who reported that the addition of up to 60 t ha−1 of bio-
char did not change the δ15N values of the soil. Thus, the 
biochar did not significantly influence the soil N cycle.

4   |   CONCLUSIONS

The amendment of up to 6 t ha−1 of biochar had a weak 
positive effect on Ca and Zn concentrations in litterfall 
and fluxes with litterfall restricted to the rainy season, 
partly supporting our first hypothesis for this season. 
However, for the dry season, our first hypothesis was 
not supported because biochar amendment even tended 
to decrease N concentrations in litterfall and decreased 
K fluxes with litterfall. The finding that the biochar did 
not influence the δ15N values of litterfall or soil with and 
without the simultaneous amendment of a complete 
mineral fertilizer plus lime suggested that it did not help 
close the N cycle. Thus, our second hypothesis is not sup-
ported. This underlines that the application of biochar 
at least at the rates chosen for our experiment did not 
substantially improve the nutrient economy of the two 
studied tree plantations in the Ecuadorian Amazonia.
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