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Abstract

Information about nutrient dynamics is of upmost importance in order to contribute to
the restoration of degraded forest environments in the Andes of southern Ecuador. This
study aims to investigate the differences of nutrient dynamics between a native alder (Alnus
acuminata) and an exotic pine (Pinus patula) tree species in this region. Based on litter-
fall, forest floor and mineral topsoil (0-20 cm) of two pine and two alder plantations, we
studied the litterfall production and its seasonality; temporal variations of nutrient concen-
trations, stoichiometric ratios and potential nutrient return (PNR) of leaf-litterfall; mean
residence times (MRT) of nutrients in the forest floor; and assessed soil biogeochemical
properties. Our results showed that total litterfall production in pine was twice as high as in
alder. Litterfall biomass seasonality was similar for both species and highly associated to
periods with less precipitation. Pine exhibited the highest seasonality of nutrient concentra-
tions and stoichiometric ratios. PNR of N, K, Ca, and Mn exhibited the major differences
between the species. The annual PNR of N and Ca were higher in alder, while those of
K and Mn were higher in pine. Pine exhibited higher MRT values for C, N, P, S, Cu, and
Zn, while alder showed the higher for Mg, K, Mn, and Ca. In soils, alder exhibited higher
concentrations and stocks of nutrients, but not for C. Although, the soil microbial biomass
was similar under both species, microbial activity was different. C and net N mineralization
were higher in alder, and nitrification dominated over ammonification processes. In gen-
eral, our findings show a faster cycling of nutrients in alder than in pine.
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Introduction

A high anthropogenic pressure through deforestation is affecting montane forests in tropi-
cal regions (Jacobs et al. 2018). Ecuador, as a tropical country, was in the top ten list of
countries with the greatest loss of primary forest area between 1990 and 2015 (Morales-
Hidalgo et al. 2015) and until recently exhibited the highest deforestation rate in South
America (Mosandl et al. 2008). In Ecuador, the use of exotic species for afforestation pro-
grams has been implemented on large scale since the beginning of the previous century
(Brandbyge 1991; Farley 2007). In this country, more than 90% of all forest plantations
consist of exotic species, primarily Eucalyptus spp. and Pinus spp. established because of
the lack of information about aut- and synecological requirements of the native species
(Giinter et al. 2009). However, they have been established without intensive baseline stud-
ies (van Voss et al. 2001). In the Andean region of Ecuador (Sierra region), pines have
been commonly used for plantations (Ministerio del Ambiente de Ecuador 2006; Mejia and
Pacheco 2013; Knoke et al. 2014), and reasons for their establishment have been mainly
wood production, followed by carbon sequestration, erosion prevention and water regula-
tion and supply, especially in the highlands (Dahik et al. 2018). However, pine plantations
have negatively affected the forest restoration in the Ecuadorian Andes (Middendorp et al.
2016) and reduced environmental quality (Farley and Kelly 2004; Farley 2007; Buytaert
et al. 2007; Chacon et al. 2009; Quichimbo et al. 2012; Bonnesoeur et al. 2019). There-
fore, there is a growing interest in Ecuador for the use of native species for forest recovery
(Palomeque et al. 2017). In this context, Alnus acuminata Kunth, also known as Andean
alder, is one candidate tree species. This species from the Betulaceae family is growing
in the southern hemisphere (Acefialoza and Gallardo-lancho 1994; Weng et al. 2004). In
the Sierra region of Ecuador, this alder species is present in natural forests as well as in
plantations (Dunn et al. 1990), since this species has been recognized as a catalyst for for-
est regeneration in the Andes (Murcia 1997; Kattan and Murcia 2012). Alder shows fast
growth rates, even higher than the typical exotic species (Giinter et al. 2009, Weber et al.
2011). In addition, the importance of this species due to its N-fixing capacity that pro-
gressively improves soil quality is recognized (Knoke et al. 2014; Bare and Ashton 2016).
Information about the dynamics of nutrients and biogeochemical processes in stands of
this species is still missing for the tropical Andes. This knowledge is a crucial prerequi-
site to evaluate the need for improving site fertility of alder plantations (Alvarado 2016)
or in general to support the restoration/rehabilitation of forests of abandoned or degraded
lands (Knoke et al. 2016, Silva et al. 2019), as a first step to establish forest ecosystems
with a higher biodiversity and also to ensure ecosystem function for the future (Lof et al.
2019). Furthermore, understanding how forest species influence nutrient cycling is relevant
to inform land managers about the potential ecosystem effects of species selection (Hobbie
2015).

In forest ecosystems, the dynamic of organic matter and nutrients is highly depend-
ent on quantity and quality of litterfall. Detailed knowledge about litter chemical com-
position can help to estimate humus buildup as well as nutrient storage and release in
the organic layer and mineral topsoil (Berg and Laskowski 2005). Knowledge about
potential nutrient return (PNR) by litterfall material and mean residence time (MRT)
of nutrients in forest floor can support our understanding of nutrient cycling in the
tropical montane forest ecosystems in the Andes (Wilcke et al. 2002). A remarkable
topic is the seasonality of litterfall as a key factor affecting the dynamics of ecosystem
C and N cycling (Zhang et al. 2014). Litterfall seasonality and the temporal variability
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of its chemical composition are still poorly studied in the tropics (Parsons et al. 2014).
Chave et al. (2010) studied the seasonal patterns in tropical South American forests.
They found significant correlations between litterfall and rainfall seasonality, but most
of the studied sites were located in lowland rainforests. Tropical montane forest eco-
systems are deficiently studied.

Dynamics of organic matter and nutrients are also highly dependent on the decom-
position of litterfall material in soils (Berg and McClaugherty 2014). Thus, the study
of soil biogeochemical properties related to microbial mediated mineralization pro-
cesses is important (Cronan 2018).

Therefore, this study aimed to investigate the differences of nutrient dynamics
between the native tree species (alder) and the exotic species (pine) in a montane for-
est ecosystem in the Andes of southern Ecuador. The specific objectives were to: (1)
assess the litterfall production and its seasonality in pine and alder, (2) compare the
temporal variation of nutrient concentrations, stoichiometric ratios and PNR of leaf-
litterfall between both species, (3) examine the MRT of nutrients in the forest floor of
both species, and (4) assess the soil biogeochemical properties of both species. The
findings will contribute to a better understanding of the contrasts and ecosystem conse-
quences of nutrient dynamics of both tree species in the study area.

Materials and methods
Study area

The research was conducted in Loja province in the southern Andean region of Ecua-
dor (at the western side of the Cordillera Real). Four forest sites were selected close
to Loja city (4°03'S; 79°11'W), two pine (Pinus patula) plantations: Zamora-Huayco
(ZAM) and Dos Puentes (DOS); and two alder (A. acuminata) plantations: El Carmen
(CAR) and Rumizhitana (RUM). CAR was close to ZAM, and RUM close to DOS. The
distance between alder and pine sites (alder-pine sites: CAR-ZAM and RUM-DOS)
was approximately 4.5 km. The climate of the study area is characterized by an annual
mean precipitation of 912 mm, with a main rainy season between December and April,
and an annual mean temperature of 15.7 °C (period 1965-2014, Online resource 1)
(Onate-Valdivieso et al. 2018). Soils are dominantly Umbrisols (Quichimbo et al.
2017). Altitude ranges from 2200 to 2350 m a.s.l. Natural vegetation is considered as
evergreen montane forests (Giinter et al. 2008; Tapia-Armijos et al. 2015), with dom-
inant tree species of the genera Araliceae, Melastomataceae, Clusiaceae, Rubiaceae,
Rosaceae, and Primulaceae (Jiménez and Aguirre 2017). The natural vegetation has
been affected by common practices in the Andes of slash-and-burn activities for pas-
ture or cropland establishment (Hamer et al. 2013; Ochoa-Cueva et al. 2013). The for-
mer land uses in alder and pine plantations were abandoned pastures established after
the replacement of native vegetation. Alder sites are approximately 15-year-old planta-
tions (RUM and CAR), while pines are approximately 22 and 18-year-old plantations,
in DOS and ZAM, respectively. Stand structural characteristics have been obtained for
each forest site according to Quichimbo et al. (2017) in an area of 24 m X 24 m (forest
inventory plot) and they are described in Online resource 2.
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Installation of litterfall traps

A central square plot of 144 m? was installed in each of the forest inventory plots (of
24 mx24 m). Then, 16 litterfall traps were placed (horizontally leveled) in a system-
atic arrangement at regular intervals (3 m approximately). Each trap had a capture area
of 30x30 cm (Wilcke et al. 2002). Litterfall material was collected biweekly over 1 year
(October 2013 to September 2014). According to Proctor (1983), 1 year of collection
provides reliable information; and it enables to characterize the general trend of litterfall
production (Chave et al. 2010). Litterfall material was fractioned in leaves, reproductive
parts, twigs, and miscellaneous material. All fractions were dried at 40 °C (MEMMERT
UFE600, Germany) until constant weight was reached.

Forest floor and soil sampling

Soil sampling was carried out in the same plots of the litterfall monitoring during Septem-
ber—October of 2013. Each plot was divided in 4 subplots. From each subplot five sam-
ples were taken and mixed to obtain one representative sample per subplot, from the forest
floor and the mineral topsoil down to 20 cm. The forest floor was divided into Oi, Oe, and
Oa organic horizons for alder. For pine the material was combined in Oe/Oa horizon (a
separate sampling of Oe and Oa was not possible). Forest floor was collected on a volume
basis using a square frame sampler of 100 cm”. The mineral soil layer was sampled using a
cylindrical soil corer (6 cm diameter). This soil core was split into 0-5, 5-10 and 10-20 cm
(Hamer et al. 2013).

Laboratory analyses
Nutrient determination in litterfall

Considering that leaf-litterfall fraction is the biggest contributor to the total litterfall and
more active for the decomposition processes than the other components (cones, twigs and
barks) only this fraction of litterfall was sent to Germany for chemical analyses. Samples
were pooled on a monthly basis to reduce the number of analyses. Then, the pooled sam-
ples were grinded (Vibratory Disc Mill RS 200 Retsch, Haan, Germany); for pine nee-
dles with a high amount of resin a Mixer Mill MM 400 (Retsch, Germany) was used. The
grinded material was transformed to pellets with a force of 10 tons using a CrushIR Digital
Hydraulic Press (PIKE Technologies, Wisconsin, US). These pellets were used to deter-
mine the nutrient content by Wavelength Dispersive X-ray Fluorescence (XRF spectrom-
eter, ZSX Primus II, Rogaku Corp.) to determine: P, S, K, Ca, Mg, Mn, Cu, and Zn. C
and N concentrations were measured with a Euro EA 3000 CHNS-O Elemental Analyser
(HEKAtech GmbH, Germany).

Nutrient determination in forest floor and soils
An aliquot of each sample was dried (40 °C) and ground to analyze soil organic carbon

(SOC) and total nitrogen (TN) with a CNS-Analyzer (vario EL Ill/elementar, Heraeus,
Germany). NO;™-N and NH,*-N (inorganic N forms) were determined after extraction
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with 0.1 M KCl in a continuous-flow auto analyzer (Skalar Analytik GmbH, Erkelenz, Ger-
many). The available phosphorous (PO,-P) was determined by extraction with Bray I solu-
tion (0.03 M NH,F+0.025 M HCl) (Bray and Kurtz 1945). Samples were shaken (180 rpm
for 1 min) and filtered. Inorganic P (Pi-NH,F) content in the extracts was measured photo-
metrically in the continuous-flow auto analyzer at 880 nm. Meanwhile, the organic P (Po-
NH,F) was computed as the difference of the total P (P-NH,F) and the Pi-NH,F, the total P
(P-NH,-F) was determined by ICP-OES measurements (CIROS-Spectro). The total amount
of elements (P, K, Ca, Mg, S, Mn, Cu, and Zn) was determined from aliquots of dried soil
samples after acid digestion (HNO,;/HF/HCIO,) in a microwave (Kingston and Jassie 1986)
and measured with ICP-OES. The soil pH of the samples was measured with a glass mem-
brane electrode in H,O (soil:solution ratio mineral soil 1:2.5; forest floor 1:10) and also the
moisture content (105 °C) was determined.

Estimation of microbial biomass

Microbial biomass carbon (MBC) and nitrogen (MBN) were estimated according to the
chloroform fumigation-extraction procedure using a 0.5 M K,SO, solution (Vance et al.
1987). Five g of dry weight (dw) equivalent forest floor material was extracted with 100 ml
K,SO, solution, whereas 20 g of dw mineral soil was extracted with 80 ml K,SO, solu-
tion. Extracts from fumigated and non-fumigated samples (after shaking and filtering) were
analyzed for extractable C and N content with a multi-NC-Analyzer (Analytic Jena, Ger-
many) (Potthast et al. 2010). MBC and MBN concentrations were computed as the dif-
ference between fumigated and non-fumigated extracts. A kg of 0.45 and kgy of 0.54,
respectively, were used as the conversion factors (Tischer et al. 2015).

Microbial biomass phosphorus (MBP) was estimated in accordance with the chloro-
form-extraction procedure adapted for acid soils (Chen and He 2004). Two subsamples
were taken from each sample. One subsample was extracted with 0.03 NH,F and 0.025 M
HCI (1:5 soil:solution ratio). The second subsample was extracted after 24 h of fumigation.
Inorganic P content in the extracts was measured photometrically using a continuous flow
auto analyzer (Skalar Analytik GmbH, Germany). Phosphate adsorption after cell lysis of
microbial biomass was kept in mind for the MBP computations of each site and soil depth,
by adding a P-spike—25 pg KH,PO,-P g™ soil and the respective extraction—(Tischer
et al. 2014). MBP was estimated by the difference between the fumigated and non-fumi-
gated extracts using a kgp of 0.4 (Brookes et al. 1982). Microbial nutrient concentrations
and ratios were computed on a molar basis.

Estimation of the microbial activity

Rates of C and net N mineralization were determined by incubation of field-moist soil
(20 g and 10 g for mineral and organic soil samples, respectively) using glass bottles
(Schott Duran®, Germany) at 22 °C for 14 days in darkness. Throughout incubation, soil
C mineralization was quantified by capturing evolved CO, in 0.2 M NaOH, precipitation
with 1 M BaCl,, and titration against 0.1 M HCI. NH,*-N and NO;™-N concentrations
were determined before and at the end of the incubation by 0.1 M KCI extraction (Potthast
et al. 2012). Rates of net N mineralization were calculated by subtracting the sum of the
initial concentrations (NH,*-N+NO;™-N) from the sum of the final concentrations (after
13 days) (Potthast et al. 2012).
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Data analyses

The production of total litterfall and its fractions was computed by cumulated values for
the year, based on the following equation (Berg and Laskowski 2005):

DM = (ml —m0) s a™' b
where DM is the monthly dry matter biomass per area (kg ha™'), m1 the weight of the con-
tainer plus the dried sample (40 °C) (g), m0 the weight of the empty container weight (g),
a the trap capture area (0.09 m?), and b the transformation factor to convert the values in
kg ha™! (10).

Seasonality of the litterfall and their fractions was assessed by the Seasonality Index
(SL) as stated by Chave et al. (2010) and Parsons et al. (2014). This index is an estima-
tion of the evenness of the litterfall distribution throughout the year; thus if the index is
close to 1, the litterfall production is highly concentrated in a given period of the year,
and if the index has a value close to 0, the litterfall is approximately evenly distributed
through the year. This index was computed as follows:

_liml
L

SL

where L is the annual litterfall (Mg ha™' year™'), and || m || is the mean vector obtained by
the components:

11 11
m, = 11—2 ; Licos(30 i), m, = é ;LisinGO « )

L; belongs to the litterfall per month expressed in Mg ha™! year™'. The SL was used
to characterize the difference between the sites and forest species. Additionally, coeffi-
cient of variation (C.V.) was used to describe the statistical variation of data.

PNR corresponds to the nutrient stocks in leaf-litterfall and was computed by multi-
plying the values of leaf-litterfall biomass with its corresponding nutrient concentration
(monthly and annual basis).

The temporal (monthly) variation of nutrient concentrations, C:N:P (C:elements,
N:elements and P:elements) stoichiometric molar ratios, and PNR of leaf-litterfall was
evaluated using the same computation of the SL described above and also the C.V.
Additionally Spearman correlation (p) was applied to identify associations between
nutrients and climate variables (precipitation and temperature).

MRT (expressed in years) of C and nutrients were calculated according to Wilcke
et al. (2002) by the quotient of the respective element stocks (kg ha™') in the organic
layer and the rate of element return by the needle litterfall (kg ha™! year™'). Since the
element stocks in the organic layers are the result of the contribution not only from nee-
dles but also from other plant organs (e.g. reproductive organs, twigs, barks, etc.), a cor-
rection factor was used to estimate MRT of C and nutrients. This factor was calculated
on the basis of data from other pine and alder forests in the same study region (unpub-
lished data from the authors) and represent the percentage of nutrient contribution by
the needles to the total nutrient stocks of litterfall (based on proportions of each type
of litter that contribute to the total mass of litterfall). For the different elements the fol-
lowing factors were applied for pine: 0.67, 0.77, 0.55, 0.73, 0.49, 0.69, 0.59, 0.81, 0.26
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and 0.61 for C, N, P, K, Ca, Mg, S, Mn, Cu and Zn, respectively. Whereas for alder, the
factors were: 0.55, 0.59, 0.43, 0.59, 0.48, 0.61, 0.54, 0.73, 0.33, 0.41 for C, N, P, K, Ca,
Mg, S, Mn, Cu and Zn, respectively.

Non-parametric tests were applied due to data did not fulfill the assumptions of normal-
ity (Shapiro—Wilk test, p <0.05). Differences in soil biochemical properties between alder
and pine sites were evaluated by the Mann—Whitney (M—W) test (a=0.05), and differences
between soil mineral layers by the non-parametric Kruskal-Wallis (K-W) test (ax=0.05)
with the post hoc Benjamini and Hochberg pairwise procedure (HB) (Benjamini and Hoch-
berg 1995).

It must be mentioned that soil MBN concentrations were only evaluated for the topsoil
mineral layer, due to unavailable data for the forest floor.

All statistical analyses were applied using R software (R Core Team 2018).

Results
Litterfall production and seasonality of its fractions

Total litterfall production in alder was 8.08 Mg ha™! year™'. It was only half the amount
of that in pine (16.3 Mg ha™' year™"). Leaf-litterfall contributed with approximately 68%
to the total litterfall in alder, whereas in pine its contribution was about 63% (Fig. 1a).
According to the SL values, the seasonality of the total litterfall and its main fraction (leaf-
litterfall) was similar between both species (Online resource 3) and the effect of site within
the same tree species was minimum as we noted from their patterns in the Fig. 1b. For this
reason, we conducted our analysis based on the differences between the forest species—
showing mean values of the plots for each species in the subsequent results.
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Fig.1 Annual litterfall and leaf-litterfall production for alder (A. acuminata) and pine (P. patula) planta-
tions in the Andes of southern Ecuador (mean values, n=2) (a) and seasonality of total litterfall and leaf lit-
terfall (b) during the period of October 2013 to September 2014 (mean values, n=2 and individual values
for the four sites CAR and RUM with alder plantations and DOS and ZAM with pine plantations)
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Seasonality of leaf-litterfall element nutrient characteristics
Element concentrations
Concentrations of all nutrients were higher in alder. Briefly, the N concentration in alder

was more than three times higher compared with pine, while concentrations of P, Ca and
S were more than two times higher (M—W test, p <0.05) (Fig. 2). For the micronutrients,
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Fig.2 Temporal variation in monthly basis of nutrient concentrations and potential nutrient return (PNR) of
nutrients in leaf litterfall in alder (A. acuminata) and pine (P. patula) plantations in the Andes of southern
Ecuador during the period of October 2013 to September 2014. Mean nutrient concentration values are
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Cu was the element showing the highest difference in concentrations between the species
(Fig. 2). Only C and Mn did not show differences (M-W test, p=0.07 and 0.13, for C and
Mn, respectively).

C exhibited lowest seasonality compared with the other elements in both species (only
Cu in alder presented a lower SL value than those of C, Fig. 2). From the macronutri-
ents, Ca exhibited the highest seasonality in both species. In pine, the Ca seasonality was
more than four times higher than that of alder (Fig. 2). In the group of micronutrients, Mn
showed the highest SL value in alder, and Zn the highest in pine, whereas Cu showed the
lowest SL in both species, particularly alder exhibited the lowest SL (Fig. 2). In general,
pine exhibited the highest nutrient seasonality, in particular for macronutrients as can be
noted from the average SL values of all nutrients.

Stoichiometric molar ratios

A higher seasonality of stoichiometric ratios were found in pine according to the average value
of SL for all C:elements, N:elements and P:elements ratios (Online resource 4). In both spe-
cies, ratios related with Ca and Mn (C:Ca, N:Ca, P:Ca, C:Mn, N:Mn and P:Mn) presented the
highest seasonality for macronutrients and micronutrients, respectively (with the exception of
alder, which presented a higher P:K ratio instead of the P:Ca ratio, see Online resource 4).
In both species, C:P, N:P and P:S exhibited the broadest ratios for macronutrients and C:Cu,
N:Cu and P:Cu for micronutrients. However, the seasonality for this group of ratios (account-
ing as the averaged SL) was about two-third lower than the group of the highest seasonality
(Ca and Mn related ratios) (Online resource 4).

Potential nutrient return (PNR) in leaf-litterfall

Despite the lower annual leaf-litterfall of alder (Fig. 1b), this species showed a higher annual
PNR compared to pine. In total 227 kg ha™' year™" of nutrients (sum of the total amount of
the returned nutrients excluding C) were returned in alder vs 176 kg ha™! year™! in pine, via
leaf-litterfall. Annual PNR of C by pine leaf-litterfall was 1.8 times higher than alder. In the
group of macronutrients: N, K, and Ca exhibited the major differences between the species.
The annual PNR of N and Ca were higher in alder, while that of K was higher in pine (Fig. 2).
In the micronutrient group, Mn showed the highest PNR value and pine showed the largest
return.

According to the average SL values, the seasonality of PNR was higher than that of nutri-
ent concentrations. Between species, the average of SL values of PNR of all studied nutrients,
was higher in alder than pine, however this difference is small (SL: 0.23 and 0.21, for alder and
pine, respectively). For each species, the element seasonality varied. Briefly, in alder the high-
est SL value was observed for P, whereas highest SL. was observed for Ca in pine; and the low-
est was for K in alder and N in pine (Fig. 2). For micronutrients, alder in general presented a
higher seasonality than pine, with Mn showing the maximum in alder, and Cu in pine (Fig. 2).
C seasonality in both species was different (although this difference was small, see Fig. 2).

Mean residence time (MRT) of nutrients in the forest floor
Pine exhibited a higher MRT average value for all nutrients than alder (6.5 years and

5.8 years for pine and alder, respectively). However, for each nutrient the MRTs were dif-
ferent between species (Fig. 2). Pine showed about three times higher values of MRT for
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Cu and two times higher values of MRT for N and S. The MRT for C and P is about
2.5 years longer in pine than in alder plantations. Alder showed about three times higher
MRT values for Mg, K and Mn and almost four times higher values for Ca (Fig. 2).

Soil biogeochemical properties
Soil element concentrations

SOC and nutrient concentrations in soil organic horizons were more variable than those
of the mineral topsoil layers, according to the statistical differences (M—W test, a«a=0.05,
Online resource 1). In the organic horizons, SOC and nutrients’ concentrations were sta-
tistically different between species, alder showed higher concentrations for all nutrients but
not for SOC (Online resource 5). In the mineral topsoil, SOC was not different between
tree species for all layers, total N was different between species only for the top mineral
layer (0-5 cm), Ca was similar only in the layer of 5-10 cm. The remaining macronutrients
and extractable N forms showed significant differences between species in all mineral lay-
ers, with alder showing the highest concentrations (Online resource 5).

The effect of tree species along soil depth (mineral layers) evidenced in pine a decrease
of SOC, N and S, and NH,*-N concentrations (K-W test, p<0.05), and an increase of
NO;™-N (K-W test, p<0.05). In alder, concentrations of N, NO;™-N, NH,*-N, and Pi
decreased along soil depth (K-W test, p <0.05), while Po showed an increase especially
from 5 to 20 cm of soil depth (Online resource 5).

Soil nutrient stocks

The total SOC stock was higher in pine than alder with consistently higher values in the
forest floor and in the mineral topsoil layers (Table 1). N and forms of plant available N
(NO;™-N+NH,*-N) were higher in Alder, especially the nitrate form (NO;™-N) (Table 1).
Total P stocks were twice as high in the mineral topsoil in alder than in pine. Available
and easily mineralized forms of P (Pi-NH,F and Po-NH,F) were also higher in alder, but
differences become non-significant with increasing soil depth. Additionally, alder exhib-
ited highest total stocks of the other nutrients (including the micronutrients), specifically
those of the cations (K, Ca and Mg); particularly Ca was the highest with approximately
four times higher amounts than in the forest floor and mineral topsoil of pine stands
(Table 1). The effect of tree species along soil mineral layers evidenced that alder showed
the higher stocks of nutrients in the first mineral layers (0—10 cm) compared with the layer
of 10-20 cm. While for pine higher stocks of nutrients (with the exception of SOC and N)
were in the layer of 10-20 cm (Table 1).

Soil stoichiometric ratios

For most of stoichiometric ratios, pine exhibited broader ratios than alder, specifically
for all C:elements ratios (Online resource 6). However in the group of N:elements, alder
exhibited broader values than pine for N:P, N:K, N:S and N:Cu (and additionally P:S, and
P:Cu). Ratios related with Ca resulted in the broadest ratios in the group of macronutrients,
while Cu was for micronutrients (Online resource 6).
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Soil microorganisms: biomass and activity

Microbial biomass C and P concentrations for the total soil (forest floor + mineral top-
soil 0-20 cm) were higher in pine. A high proportion of microbial biomass was found
in the forest floor compared to mineral soil, with approximately five and three times
higher MBC and MBP concentrations, respectively. However, MBC and MBP stocks in
the total soil (forest floor + mineral topsoil 0-20 cm) were similar at both sites (MBC:
0.39 Mg ha~! and 0.41 Mg ha™! for alder and pine respectively; MBP: 0.041 Mg ha~!
and 0.038 Mg ha™!, for alder and pine, respectively). In contrast, MBN (mineral topsoil)
in alder was about two times higher than in pine. In general, MBC:MBN and MBC:MBP
ratios (mineral topsoil) were lower in alder than pine, but MBN:MBP ratios were higher
in alder (Table 2).

A fast C mineralization rate was observed in alder (approximately 1.4 times faster
than pine) in the total soil (forest floor + mineral topsoil 0-20 cm). Net N mineralization
rate was approximately six times faster in alder than pine, especially in the organic hori-
zons. Nitrification processes dominated over those of ammonification in alder, whereas
in pine the opposite was observed (Table 2).

Discussion
Litterfall dynamics

Our study reports amounts of litterfall and litter characteristics of pine and alder planta-
tions in the tropical Andes, which is for this alder species, to our knowledge, the first
dataset. The mean litterfall value for alder reported in our study (8.08 Mg ha~! year™")
is close to the global average value for forests of tropical regions. It is compara-
ble to amounts reported by Liu et al. (2004) for Eurasian tropical broadleaf forests,
8.52 Mg ha~! year™!, but higher than the amount of 7.06 Mg ha™! year™' mentioned
by Chave et al. (2010) for a tropical montane deciduous forest in South America. In
comparison with data of alders in mixed forest areas close to the tropics (Sharma and
Ambasht 1987; Sharma 2002; Wang et al. 2007; Tripathi et al. 2009) our estimations are
higher. In contrast, litterfall production for pines has been widely studied from boreal to
tropical regions (Quichimbo et al. 2016). Our results show amounts considerably higher
(16.3 Mg ha~! year™') than that reported by Ramirez et al. (2014) for the same pine spe-
cies but of higher stand age (48 year-old plantations) in a tropical montane forest region
in Colombia (7.77 Mg ha™' year™!). The latter was close to the mean value for conifers
in other tropical regions (5.01 Mg ha™! year™!, Liu et al. 2004). It is likely that there is a
decrease in litterfall production due to an increase of the stand age (Delzon and Loustau
2005). However, high amounts of litterfall have also been reported in the tropics—e.g.
14.3 Mg ha™! year™', in P. caribaea (Cuevas and Lugo 1998); 14.8 Mg ha™', in a tropi-
cal secondary forest (Zhu et al. 2019). Despite the observation that montane forest eco-
systems are characterized by a lower litterfall production than lowland tropical ecosys-
tems (Chave et al. 2010; Zhang et al. 2014). However, litterfall productivity is higher in
sites of high soil fertility (Berg and Laskowski 2005); in this regard, pine plantations in
this research are producing high amounts of litterfall comparable to those of lowlands,
this could be explained by the higher soil fertility of the soils in the study area (young
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Table 2 Biogeochemical soil properties of the forest floor and mineral topsoil layers in alder (A. acuminata)
and pine (P. patula) plantations in the Andes of southern Ecuador

Property Forest floor

Oi horizon Oe/Oa horizon

Alder Pine Alder Pine
Forest floor thickness (cm) 1.4 (0.2)b 3(a 2.9 (1.2)b 42 (1.1)a
pH (H,0) 5.38(0.35)a 5.04 (0.18)b 4.3 (0.23)a 4.03 (0.42)a

Microbial biomass
MBC (umol g1
MBN (pmol g™")
MBP (umol g~)

MBC/MBP (molar ratio)
MBC/SOC (molar ratio)

MBC (kg ha™")
MBP (kg ha™)

Microbial activity

C mineralizacion (% of SOC)
Net N mineralization (mg kg™")

Ammonification
(mgkg™" day™)

Nitrification (mg kg™' day™")

148.32 (32.95)a
NA

6.41 (1.87)a
23.39 (1.68)a
0.35 (0.08)a
19.7

22

1.97 (0.26)a
118.8 (86.4)a
—257.7 (8611.9)a

9394.2 (5366.8)a

170.61 (82.55)a
NA

6 (3.08)a

33.03 (6.49)a
0.39 (0.19)a
29.3

23

1.49 (0.3)b
8.9 (13.3)b
591.0 (999.3)a

94.9 (105.1)b

95.36 (44.3)b
NA

1.96 (1.12)a
61.27 (30.66)a
0.3 (0.1)a
50.7

2.6

0.66 (0.19)a
62.0 (17.0)a
982.7 (1652.2)a

3785.6 (1412.4)a

108.8 (9.87)a
NA

1.44 (0.36)a
79.46 (21.1)a
0.26 (0.02)a
110.1

3.7

0.46 (0.14)a
15.76 (14.0)b
1264.4 (1236.8)a

—51.9 (296.2)b

Property Mineral topsoil
0-5cm 5-10 cm 10-20 cm
Alder Pine Alder Pine Alder Pine
pHH,0) 3.86 (0.17)a 3.93 (0.11)a 4(0.21)b 4.13(0.09)a 4.14 (0.23)a 4.08 (0.1)a
Microbial biomass
MBC (umol g7})  31.4 39.34 (10)a 16.7 (4.99) 25.44 (6.33) 16.25(5.12) 13.21 (5.08)a
(10.21)a b a a
MBN (umol g™')  5.09 (1.53)a 2.81 (1.12)b 3.56 (1.34) 3.07(1.5)a 2.93(0.6)a 1.87 (0.88)b
a
MBP (umol g7y 1.12(0.16) 1.43 (0.31)a 1.04(0.26) 1.11(0.35)a 0.73 (0.18)a 0.69 (0.24)a
b a
MBC/MBN 6.42(1.9b 15.15@.1)a 5.15(1.93) 9.74(3.9)a 5.84 (2.34)a 8.18 (3.73)a
(molar ratio) b
MBC/MBP (molar 27.65 28.53(9.34) 17.38 23.45(4.07) 22.79(7.41) 21.43(10.38)a
ratio) (7.45)a a (7.3)a a a
MBN/MBP 4.56 (1.39)a 2.05(1.02)b 3.89 (2.2)a 2.97 (1.66)a 4.28 (1.69)a 3.06 (1.65)a
(molar ratio)
MBC/SOC (molar 0.45 (0.12)a 0.46 (0.09)a 0.36 (0.18) 0.41 (0.08)a 0.41 (0.19)a 0.31 (0.11)a
ratio) a
MBN/TN (molar  1.16 (0.32)a 0.91 (0.34)a 1.24 (0.71) 1.35(0.72)a 1.25(0.6)a  1.09 (0.48)a
ratio) a
MBC (kg ha™) 122.1 88.1 75.2 77.9 1214 102.2
MBN (kg ha™!) 23.1 7.2 18.7 11.2 26.2 17.3
MBP (kg ha™") 11.3 8.4 11.9 8.9 13.5 14.5
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Table 2 (continued)

Property Mineral topsoil
0-5cm 5-10 cm 10-20 cm
Alder Pine Alder Pine Alder Pine

Microbial activity

C mineralization  0.26 (0.03)a 0.24 (0.05)a 0.19 (0.05) 0.21 (0.06)a 0.19 (0.07)a 0.19 (0.06)a
(% of SOC) a

Net N mineraliza- 5.49 (5.86)a 2.92(1.99)a 6.19(5.93) 3.55(3.41)a 1.83 (4.23)a 4.37 (2.05)a
tion (mg kg™!) a

Ammonification  110.1 171.15 —1404  96.2(239.0) —96.6 —127.4(110.9)
(mgkg~'day™) (238.6)a  (1022)a  (1537)b a (166.0)a  a

Nitrification 3125 53.15(57.4) 6164 176.9 237.0 463.8 (200.0)a
(mgkg'day™) (3849 a (557.6)a  (1749b  (409.6)a

Mean values with standard deviation values in parenthesis (n=28). Different letters indicate significant dif-
ferences between forest species (Mann—Whitney test, a=0.05)

NA data not available

soils of low weathering, dominantly Umbrisols, see Quichimbo et al. 2017) compared
with the more intensively weathered soils of lowlands (Quesada et al. 2010).

The seasonality of the litterfall and leaf-litterfall was highly associated to the period of
dryness. According to the calculations by Ofiate-Valdivieso et al. (2018) there is a period of
7 months (from May to November) that corresponds to the dry season in the study area, where
42% of the total annual precipitation falls (August and September being the driest months,
see Online resource 1). 66% of the total litterfall and leaf-litterfall production for both species
were observed within this long lasting dry period leading to low seasonality values (mean
SL=0.19 for the total litterfall and 0.16 for the leaf-litterfall) as also found by Chave et al.
(2010) for tropical South American forests (mean SL: 0.17). In accordance with a study by
Zhang et al. (2014) in tropical forests, a high litterfall production occurs in dry seasons as a
consequence of moisture stress.

One limitation of our research could be the duration of the litterfall monitoring, since sea-
sons (dry or rainy) could be influenced by shifts in climate and also the litterfall production
could be affected by the plantation’s age, and therefore longer periods of litterfall monitoring
including forest stands of different ages could be necessary for a better understanding of the
litterfall dynamics. However, our results could be a good starting point for long-term research
in montane forest ecosystems in the tropical Andes.

Temporal variation of nutrients in leaf-litterfall

In our study the seasonal patterns of nutrient concentrations and stoichiometric ratios var-
ied between both species which could be mainly due to the environmental factors of pre-
cipitation and temperature as mentioned by Liu et al. (2004). In the study area, precipita-
tion showed a higher variation than temperature (C.V.: 41% and 3%, for precipitation and
temperature, respectively, see Online resource 1). Therefore, in our study the seasonality
of litterfall and associated nutrients depends on precipitation. However, the effect of pre-
cipitation is differently acting on the studied species. For pine the effect is stronger—by
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controlling the nutrient variability—compared to alder, as can be demonstrated by the
higher correlation of the main nutrients (macronutrients) with precipitation (average values
of coefficient of spearman, p: 0.29 and 0.18, for pine and alder respectively). This sug-
gests that pine productivity is more vulnerable to precipitation changes than that of alder.
The highest seasonality was observed for Ca concentrations and Ca related stoichiomet-
ric ratios. This high seasonality is linked to the rainy season in the study area—(e.g. Ca
most correlated with precipitation, p: 0.50, also see Online resource 1 and Fig. 2). This
can be explained by the higher demand of Ca (aside from other macronutrients like N and
P) by trees to increase their biomass during the rainy season (Feng et al. 2012). Ca move-
ment is unidirectional, once it reaches the leaf-tissues forced by transpiration, it is hardly
translocated to other organs due to its immobile nature in phloem (Kumar et al. 2015).
Thus, Ca has a lower nutrient resorption efficiency compared to the other macronutrients
(Vergutz et al. 2012), for instance in the pine sites under study (DOS and ZAM), the aver-
age value of resorption efficiency for N and P were 9% and 5%, respectively, while that of
Ca was negligible (unpublished data from the authors). Therefore, large amounts of Ca
can be returned to the soil via litterfall (leaf-litterfall with highest concentrations of Ca,
see Fig. 2)—associated to months of high precipitation (Online resource 1). The temporal
variation of Ca concentrations was higher in pine. This influences the seasonality of the
stoichiometric ratios of this element with the others. Therefore, an environment of plant
nutrient imbalance can occur, which was more pronounced in the stoichiometric ratios in
pine than in alder.

However, it is widely known that N and P are the most limiting nutrients for vegetal
growth across the world (Capek et al. 2018); in the studied species, N:P ratio was one of
the broadest ratios but exhibited a lower seasonality than ratios related with Ca and Mn
(see Sect. 3.2.2). The temporal dynamics of N and P in litterfall are more affected by the
tree physiology (before falling leaves) affecting their stoichiometric ratios, because N and
P are previously reabsorbed to a higher degree than the other plant nutrients (Vergutz et al.
2012). However, clear differences in stoichiometry of these nutrients appear between spe-
cies. In alder the higher N:P ratio indicates that alder is reabsorbing less N compared to
pine. Killingbeck (1993) emphasizes the inefficiency of N resorption of actinorhizal tree
species hosting the N-fixing bacteria of the genus Frankia (e.g. Alnus species). N is less
conserved in leaves during senescence, because this nutrient is readily available for trees
by the biochemical fixation.

Dynamic of nutrients between leaf-litterfall and forest floor

Despite the higher mass of litterfall produced by pines, a higher return of macronutri-
ents (N, P, Ca and S) by alder was shown. Cuevas and Lugo (1998) described the lowest
nutrient return by pine (Pinus caribaea) under a comparison of several tropical exotic and
native species indicating a high resorption potential or a lower uptake from soil. The high
return (especially of N and P) by alder species compared to conifers has also been pointed
out by other studies (Radwan et al. 1984; Binkley et al. 1992; Wang et al. 2007; Tripathi
et al. 2009), but our values are higher.

This high nutrient return by alder can be a function of the higher leaf-litterfall biomass
produced in our study area rather than other factors like alder species, latitude and quality
of leaf-litterfall. For example in a study with Alnus rubra growing in a temperate latitude in
North America (Radwan et al. 1984), concentrations of nutrients in the leaf-litterfall were
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similar to those of our study, but their results of nutrient returns were lower, although Ca
had a higher leaf concentration than in our study.

In the case of pine, under a comparison with the unique reported reference for pines in
a tropical montane forest ecosystem region in the Andes (Colombia) (Ramirez et al. 2014),
nutrient return was lower in their study. This is a consequence of a lower amount of litter-
fall together with lower nutrient concentrations.

The return of base cations, particularly K and Ca showed contrasting trends between
species. Calcium showed a higher return in alder, whereas K in pine. The Ca demand of
pines seems to be different than that of alders. The normal range of foliar Ca concentra-
tion starts from 2 mg g~ for Pinus sylvestris (Mellert and Gottlein 2012), and 1.5 mg g™
for A. acuminata (Alvarado et al. 2015). However, the width of the normal range for this
nutrient concentration is shorter in pine (1.9 mg g=!) than in alder (12.5 mg g~"). This can
lead to a lower intake of Ca by pine compared to alder. Additionally, the water use capaci-
ties of trees can contribute to the differences in Ca accumulation in leaves. Alder can be a
stronger accumulator of Ca than pine, since alder species have a weak transpiration-control
(as a water-demanding species) (Claessens et al. 2010). Transpiration is the mechanism
that allows the upward movement of Ca in trees (Hanger 1979; Kumar et al. 2015). On the
other hand for K, an opposite situation was denoted related to the nutrient demand by trees,
since pine is more demanding in K than alder (Mellert and Géttlein 2012; Alvarado et al.
2015), explaining the higher potential K return by leaf-litterfall.

Despite the lowest return of nutrients in pine, the coupling to longest residence times of
nutrients, especially those related to organic matter (N, P, and S), indicates a slower nutri-
ent cycling process for this exotic species under tropical Andean environments. Although
comparative studies with alder and pine have not been carried out in the tropics, this fast
cycling of nutrients under alder has been evidenced in other regions comparing other alder
species with conifers—both in individual plantations and mixed forests, largely explained
by the lower C:N ratios of the alder leaf-litterfall (Binkley et al. 1992; Lavery et al. 2004;
Wang et al. 2007; Tripathi et al. 2009).

Relationships between soil microorganisms and C, N, and P dynamics

Between alder and pine forests, the quality and quantity of litterfall material is affecting the
soil characteristics. Our study shows a slower nutrient cycling of the organic matter in pine
plantations as indicated by higher stocks of C and N in the forest floor, higher residence
times of those elements in the forest floor, and lower mineralization rates of the soil organic
matter. The N cycle in pine stands is dominated by ammonification processes, releasing
more ammonia potentially available for tree growth. This can be noted by the higher stocks
of NH,*-N in the pine soil (forest floor + mineral topsoil) The NH,*-N:NO;™-N ratio in
pine is 2.5 times higher than in alder indicating the preferential uptake of ammonium-
nitrogen (Scholes and Nowicki 1998). In the case of alder, the normal range of foliar N
is between 2.0 and 4.0% (Alvarado et al. 2015), whereas for pine (Pinus sylvestris) it is
between 1.4 and 1.8% (Mellert and Géttlein 2012). Thus alder is more N demanding than
pine, but due to its N,-fixing capacity by the bacterial genus Frankia—featured by its tol-
erance to acidic soils (Cronan 2018)—its susceptibility to N deficiency is of less impor-
tance than that of pine. Since the alder trees get significant amounts of N from the symbi-
oses with Frankia the competition among nitrifying microbes and trees for the ammonium
substrate is lower and nitrification increases. The higher plant available nitrogen (ammo-
nium + nitrates) stocks in alder compared to pine can evidence this (Table 1).
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The dynamic of P in the litterfall-soil system was similar to that of N in terms of PNR
and MRT (higher PNR and lower MRT in alder than pine). Although the amounts returned
by leaf-litterfall in both species were the lowest for P (compared to the other macronutri-
ents), alder is less P-demanding than pine—according to their levels of foliar concentra-
tions (Mellert and Gottlein 2012; Alvarado et al. 2015). Besides, alder is promoting the
larger stocks of total P and plant available P (Pi-NH,F +Po-NH,F) by exhibiting higher
returns of P via litterfall. The faster mineralization of organic matter, deduced from the
lower resident time, is favored by the highest stocks of Ca (which is highly related to the
decomposition of litter material Berg et al. 2017), thereby releasing potentially more nutri-
ents for tree growth. All these features are contributing to the rapid ecosystem cycling of P
in alder compared to that in pine.

In general, the use of alder as N-fixing forest species can promote a faster cycling of
nutrients by the increment of forest biomass and an allocation of nutrients into tree organs
such as leaves. Leaves return more nutrients—compared to pine needles—via litterfall.
This in turn modifies the soil fertility by enhancing the availability of nutrients for tree
growth. In zones with soils of low to medium forest productivity, as in the present study
(Quichimbo et al. 2017) the better litter quality and mineralization rates of alder can be
beneficial for underplanting with seedlings from other native species. This is of special
importance under the N limiting conditions occurring in the study area (unpublished data
from the authors). Although, both species might be used as an immediate and supporting
step towards the reestablishment of forest composed of native species, which grow poorly
on non-forested and degraded sites depending especially on their nutrient demands. How-
ever, it is most likely alder shows better preconditions as shelter tree species than pine on
sites with low to medium site productivity conditions. Our findings are in line with Knoke
et al. (2014), who mention the benefits of alder against pines in the context of ecological
functions especially in the southern Andean region of Ecuador. Thus, alder can be a good
alternative towards a faster rehabilitation/restoration of mixed forests in areas of abandoned
pastures for establishing mixed plantations in the future. Nevertheless, further research is
necessary to know if alders perform well under other site conditions.

Conclusions

Soil nutrient dynamics differ between the exotic and native studied species. Alder demon-
strated faster nutrient dynamics than pine, mediated especially by the effects on soil micro-
bial activity. Particularly with alders the nitrification rates are of remarkable importance
to improve fertility of the soils of medium to low fertility. The nitrification rate in alder
soils was even higher than those of the most fertile soils under pine stands with the highest
productivity in the study area (1.7 times higher approximately, unpublished data from the
authors). The higher PNR of nutrients by alder also demonstrates its capacity to improve
soil fertility; in this sense alder trees are able to act as nutrient pump faster and more effi-
ciently compared with pine. Seasonal variations in quantity and quality of litterfall mate-
rial may create a different habitat heterogeneity in alder versus pine plantations. Thus, a
broad set of ecological niches for various native tree species as well as diverse decomposer
communities could be available. To decide which of the native tree species with higher
ecological and/or economic stability (e.g. Cedrela montana, Tabebuia chrysantha, Cupa-
nia sp., Heliocarpus americanus, Isertia laevis, Myrica pubescens, Piptocoma discolor,
and Cinchona officinalis Aguirre et al. 2006) should be planted under the shelter of pine
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versus alder further knowledge on the nutritional demands of these native tree species are
necessary.
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