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ABSTRACT
The objective of this study was to evaluate the effect of a fungal inoculation on the litter decomposition in three plantations of avo-
cado (Persea americana) cv. Hass in Colombia at different altitudes (Támesis 1340 m, Jericó 1900 m, and Entrerríos 2420 m). These 
processes are key in the proper functioning of soil biogeochemical cycles. The litter was either uninoculated or inoculated with the 
fungus Mortierella sp., then transferred into litter bags and finally deposited in the field sites where remained for 430 days. Residual 
dry matter (RDM) and nutrient content was monitored overtime. Five regression models of litter decomposition were employed: 
single, double, and triple exponential models and two continuous models. Although, all models properly fitted the data variation, 
the double exponential was the most effective based on regression parameters (mean square error and Akaike index). In all three 
sites the rate of decomposition was higher when the litter was inoculated with the fungus. Thus, the RDM was significantly lower 
when the litter was inoculated with Mortierella sp. At day 430, the uninoculated RDM in Tamesis, Jerico, and Entrerrios was 0.48, 
0.47, and 0.50, respectively; while the inoculated RDM was 0.47, 0.44, and 0.46, respectively. The rate of decomposition followed 
the decreasing sequence: Jericó > Támesis > Entrerríos. The nutrient release pattern was: K > Ca > Mg > N > P > Cu > Mn > Zn > Fe. 
While K was rapidly released, Ca, Mg, and N were slowly released; P, Cu, Mn, Zn, and Fe were immobilized during the decomposition 
process. However, fungal inoculation on the litter significantly reduced the magnitude of nutrient accumulation for P, Mg, S, Mn, 
and Zn. This effect was variable overtime and among sites. Litter N and P contents and the N:P ratio were good indicators of the 
decaying process.
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1. Introduction

In the last decade, avocado (Persea americana) cv. 
Hass fruit production is a growing agroindustry in 
Colombia as an alternative to traditional crops. This 
crop has been receiving great attention due to the 
profit margins that this generates and promising 
export expectations (Bernal and Diaz 2014). Avoca-
do cv. Hass has been introduced from California and 
Mexico to the highlands in Colombia where the mod-
erate temperature (16–18 °C) favors its yield and fruit 
quality. This is a new crop in the country and little is 
known about its management. It has been noticed 
that it produces a  lot of leaf litter (Tamayo 2016); 
however, the litter decomposition seems to be slow 
likely due to low temperatures and perhaps lack of 
microorganisms capable of accelerating the process. 
The litter decomposition is a key process in this sys-
tem because soil fertility and soil’s nutrient holding 
capacity is too low. 

Litter decomposition is the set of physical and 
chemical processes by which this is reduced in its 
basic chemical constituents (Aert 1997). It is also the 
most important process of nutrient recycling in any 
ecosystem (Wang et al. 2008; Castellanos and Leon 
2011), as by the decomposition of litter, nutrients 
become available to plants. This process regulates the 
amount and biochemical content of organic matter 
produced in an ecosystem (Aber and Melillo 1991) 
and is responsible for the formation of humic sub-
stances that contribute to soil quality/fertility (Berg 
and McClaugherty 2008; Versini et al. 2014). Litter 
decomposition is controlled by three main factors: 
climate, leaf litter quality, and abundance of degrada-
tive organisms (Swift et al. 1979; Lavelle et al. 1993; 
Coûteaux et al. 1995; Aerts 1997; Rocha-Loredo and 
Ramírez-Marcial 2009; Lorenzo and Rodríguez-Ech-
everría 2015).

The use of biofertilizers to promote plant growth 
and nutrient uptake is gaining attention because it is 
effective and environment friendly (Osorno and Oso-
rio 2015). Among the functions of some biofertilizers 
are: nitrogen fixation, mineral dissolution (particular-
ly phosphate compounds), plant root promotion, myc-
orrhizal association, and organic matter decomposi-
tion (Afanandor 2017). Unfortunately, little has been 
studied about the use of biofertilizers in tropical envi-
ronments and lesser associated to litter decaying. The 

soil fungus Mortierella sp. has been used as a biofer-
tilizer to promote plant growth and nutrient uptake 
given its ability to dissolve minerals (via organic acid 
production) and decompose organic matter (via cellu-
lase and phosphatase enzymes) (Alvarez et al. 2013). 
In a recent study with this fungus some soil fertility 
parameters were enhanced when the avocado litter 
was inoculated with it (Tamayo and Osorio 2018).

The processes of leaf litter decomposition have 
been studied extensively in tropical and subtrop-
ical ecosystems (Heneghan et al. 1998; Pandey et 
al. 2007), semiarid (Tateno et al. 2007), temperate 
(Magill and Aber 2000; Cookson et al. 2007) and in 
Mediterranean conditions (Moro and Domingo 2000; 
Ribeiro et al. 2002). However, studies on rates of leaf 
litter decomposition and nutrient release in crops in 
tropical environments are less frequent are the stud-
ies in which microbial inoculation is directly involved. 
One of the main factors that control air and soil tem-
perature is the altitude and since plantations of avo-
cado cv. Hass have been established at different alti-
tudes from 1300 to 2500 m (Bernal and Diaz 2014), 
this condition may affect the soil microbial activity 
and consequently the rate of litter decay. Therefore, 
we consider that this factor should be considered. 
Our hypothesis in this study is that the fungal inocu-
lation of leaf litter accelerates its decomposition rate 
and increases nutrient release. Therefore, the aim of 
this study was to determine the effect of inoculation 
with the soil fungus Mortierella sp. on the decom-
position of avocado cv. Hass leaf litter and nutrient 
release in three plantations with contrasting altitude 
in Colombia.

2. Materials and methods

2.1 Experimental sites
The study was conducted in three 5-yr-old plantations 
of avocado cv. Hass in Colombia with contrasting alti-
tude. The trees were grafted on Antillean rootstocks 
grown in three production zones in the department of 
Antioquia, Colombia (Támesis, Jericó and Entrerríos) 
(Table 1). The distance among trees was 5 × 7 m 
(285 trees ha−1). Automated meteorological stations 
(SpecWare 9 Pro®, Spectrum Technologies Inc., ver-
sion 9.03 Build 0240) were established in these sites 
(Table 1). Soil fertility tests were performed in surface 

Tab. 1 Description of the sites where leaf litter production was evaluated.

Site Altitude 
(m)

Annual mean 
temperature (°C)

Annual 
rainfall 
(mm)

Annual mean air 
humidity (%) Sunshine (h) Ecological life 

zone*
USDA soil taxonomy 

(2014)**

Támesis 1350 23 1900 85 1726 PMF Ultic Melanudand

Jericó 1900 18 2500 85 2430 PWF Typic Hapludand

Entrerríos 2420 16 1900 83 1684 LMMF Ultic Melanudand

* PMF: premontane moist forest; PWF: premontane wet forest, LMMF: lower montane moist forest (Holdrige, 1967)
** Soil profiles were described and classified by Professor Juan Carlos Loaiza, Universidad Nacional de Colombia
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samples (0–20 cm) collected at random in the root 
area of 15 trees per site. These tests were carried 
out in the Soil Fertility Laboratory of the Universidad 
Nacional de Colombia at Medellín (Table 2). Details 
for the methods are available in the Soil Survey Staff 
(2014) 

2.2 Leaf litter material 
In each experimental site, some senescent leaves were 
collected at random from 5-year-old avocado trees cv. 
Hass and then a sample was oven-dried at 60 °C until 
reaching constant dry mass and analyzed for initial 
nutrient content in the Laboratory of Soil Chemistry 
Soil and Plant Tissue of CORPOICA. The methods are 
described in Westermann (1990).

2.3 Treatments
Samples of dried senescent leaves (10 g per sample) 
were either uninoculated or inoculated with the soil 
fungus Mortierella sp. This fungus was obtained from 
the microbial collection of the Laboratory of Ecolo-
gy and Environmental Conservation of the Universi-
dad Nacional de Colombia at Medellín. This fungus is 
capable of decompose organic materials via enzyme 
activity (e.g., cellulase and phosphatase) (Álvarez et 
al. 2013). To this purpose, the fungus was aseptically 
multiplied in yeast-mannitol-agar (YMA) medium for 
5 days at 25 °C. After this time, spores and mycelia 
were suspended aseptically in sterile distilled water 
at a density of 107 colony forming units (CFU) per ml. 
Senescent leaves were inoculated by spraying them 
at a rate of 2.5 ml of fungal suspension per 10 g (dry 
base) of leaves. Uninoculated leaves were sprayed 
with 2.5 ml of sterile distilled water.

An aliquot of 10-g (dry base) of avocado leaves 
(either inoculated or uninoculated) were trans-
ferred into litter plastic bags (20 × 20 cm, mesh size 
1 ×  1 mm) to measure its decomposition based on the 
mass loss over time (Montagnini et al. 1991). The lit-
ter bag allows access of detritivores invertebrates to 
the inside of the bags, but minimizes fragmentation 
losses (Douce and Crossley 1982).

In each site (Jericó, Támesis, and Entrerríos), 
50 bags (25 uninoculated and 25 inoculated) were 
randomly distributed on the soil surface around the 
trees and held by staples to prevent their lost by 
rodents or by runoff. Senescent leaves used in each 
site corresponded to the same site.

2.4 Variables
Five collections were made at 30, 90, 130, 330, and 
430 days after treatment, covering this way a peri-
od of nearly 15 months. After each withdrawal, the 
bags were transported to the laboratory and the leaf 
litter contents were manually washed with distilled 
water to remove soil and roots adhered. Then, the 
residual leaf litter contained in the bags was dried at 
60 °C, until reaching constant dry mass. Finally, sam-
ples were weighed (residual dry matter – RDM) and 
then grounded for analyzing elemental concentration. 
N content was measured by the Kjeldhal method. Sam-
ples were subjected to a closed digestion with nitric 
acid : hydrogen peroxide : water (5 : 1 : 2). Then, Ca, 
Mg, K, Fe, Mn, Cu, and Zn concentrations were meas-
ured with an atomic absorption spectrophotometer; 
P concentration was measured by the molybdate blue 
method with an visible-light spectrophotometer.

Residual contents of nutrients at each time were 
calculated by the product of the RDM × nutrient con-
centration divided by this product at the moment of 
inoculation (day 0). Pearson correlation coefficients 
were obtained to determine the relationship between 
RDM and some factors such as total rainfall and litter 
parameters (N, P, and N:P ratio).

Finally, the presence of Mortierella sp. In the lit-
ter samples was determined at the end of the study. 
Briefly, 1 g of litter sample from each bag was sus-
pended in 9 ml of sterile distilled water to generate 
a 10−1 dilution, and then 10−2 and 10−3 serial dilu-
tions were also obtained. From the last two dilutions, 
100 µl were aseptically transferred into petri dishes 
containing YMA medium (Yeast-Mannitol-Agar). The 
medium contained two antibiotics [streptomycin sul-
fate 500 mg l−1 and tetracycline 0.1 mg l−1] and two 
fungicides [benomyl 75 mg l−1 and cycloheximide 
100 mg l−1) based on the method developed by Osorio 
and Habte (2013).Then, Petri dishes were incubated 
at 28 °C for 48 h; after that, the number of fungal col-
onies was recorded.

2.5 Data analysis
Analyses of variance were performed to evaluate the 
effects of the inoculation, time and location on the 
variables. Changes of leaf litter RDM as a function of 
time were evaluated in each site with five regression 
models: single, double and triple exponential discon-
tinuous models (Berg and McClaugherty, 2008) (D1, 

Tab. 2 Soil chemical properties in the three experimental sites.

Site pH SOM Al Ca Mg K Na P S Fe Cu Mn Zn B

g kg −1 cmolc kg −1 mg kg −1

Támesis 4.8 284 2.4 1.2 0.6 0.25 0.05 8 7 58 2 5 20 0.2

Jericó 5.0 132 1.7 2.4 0.9 0.37 0.01 13 43 115 2 6 4 0.1

Entrerríos 5.4 258 1.6 3.4 4.8 0.76 0.16 20 43 177 16 49 7 2.1

Soil pH (water, 1 : 1); soil organic matter (SOM) content by Walkley and Black method; Al extracted by 1 M KCl; Ca, Mg, K, and Na extracted by 1 M 
ammonium acetate; P extracted by Bray II; S extracted by 0.008 M calcium phosphate; Fe, Mn, Cu, and Zn extracted by Olsen-EDTA; B extracted  
by hot water.



Fungal inoculation on the litter decomposition of avocado� 27

D2, and D3, respectively) and two continuous models 
(C1 and C2, see results). The D1 model assumes a sin-
gle compartment of all organic matter under a sin-
gle constant of decomposition, k (Olson 1963). The 
D2 model is a derivation from the single exponential 
model, but it assumes that the leaf litter substrate has 
two compartments (labile and recalcitrant) and two 
decomposition constants (k1 and k2) (Bunnell and Tait 
1974). The D3 model is based on the assumption that 
the substrate litter has three compartments (labile, 
metastable, and recalcitrant) with three different 
decomposition constants (k1, k2, and k3) (Coûteaux et 
al. 1995). The models of continuous decomposition 
(C1 and C2) were proposed by Tarutis (1994) and 
Manzoni et al. (2012). 

Using the D1 model, the time required to decom-
pose 50 and 99% of the leaf litter were calculated as 
follows: t0.5 = LN 0.5/k and t0.99 = LN (1–0.99)/k. The 
time t0.99 is used to provide an approximation of the 
time needed to clear almost all leaf litter, since the 
negative exponential model describes a  curve that 
tends asymptotically to zero. 

Similarly, the mean permanence time (Tp) was 
estimated as the inverse of k , this is Tp = 1/k (Olson 
1963; Waring and Schlesinger1985; Songwe et al. 
1995; Perez-Harguindeguy et al. 2013).

To find the model that fit the best, three indicators 
were employed: coefficient of determination (R2), 
mean square error (MSE), and the Akaike Informa-
tion Criterion (AIC). Models D1 and D2 and C1 were 
fit using SAS program (Statistical Analysis System, 
version 9.0), model C2 was fit using MATLAB (Math-
works, Natick, Massachusetts).

3. Results

3.1 Residual dry matter
The RDM was significantly affected by the factors site, 
time, inoculation and by the interaction site x time x inoc-
ulation (Table 3A). For instance, the initial loss of RDM 
at day 30 (RDM90) was faster in Támesis (0.79–0.81)  
and Jericó (0.78–0.85) and slower in Entrerríos (0.89) 
(Fig. 1). This tendency was maintained until the end 
when RDM430 was 0.49 in Támesis, 0.42–0.48 in Jericó,  
and 0.46–0.51 in Entrerríos. In general, the values of 
RDM were lower when the leaf litter was inoculated 
than when was uninoculated (Fig.1). This effect was 
more significant in Támesis at day 90 (0.71 uninoc-
ulated vs. 0.63 inoculated), in Jericó at days 30 (0.85 
uninoculated vs. 0.78 inoculated) and 430 (0.48 unin-
oculated vs. 0.42 inoculated), and in Entrerríos at day 
430 (0.51 uninoculated vs. 0.46 inoculated). 

Although all regression models exhibited highly 
significant P-values (<0.0001), the values of R2 were 
consistently lower with the single exponential model 
(Table 4). In general, the double exponential model 

showed values of R2 higher, MSE lower, and AIC lower 
than the other models. For this reason, this model can 
be considered the most effective to fit the data and 
represent satisfactorily the dynamics of mass loss of 
avocado leaf litter in all three sites. 

Fig. 1 Residual dry matter (RDM) of leaf litter avocado cv. Hass 
uninoculated (□) and inoculated (▪) with the fungus Mortierella sp. 
as a function of time in three sites of Colombia. Each value is the 
mean of five replicates. The bars indicate the standard error.
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3.2 Residual nutrient content
The residual nutrient contents were significantly 
affected by the single factors site and time, and by the 
interaction site x time (except for Fe) (Table 3A, 3B). 
On the other hand, the single effect of inoculation on 
Mn residual content was significant. Also, significant 
interactive effects of site x inoculation affected P and 
Zn residual contents; time x inoculation significantly 
affected Mg, S, and Zn residual contents. On the other 
hand, site x time x inoculation affected significantly P 
and Zn residual nutrient contents (Table 3A, 3B). The 
coefficients of variation (CV) were low for all macro-
nutrients (<30%) and high for all micronutrients 
(30–60%).

The residual contents for all macronutrients, 
except P, showed a tendency to decrease over time 
(Table 5). According to the residual contents at day 
430, the relative release of macronutrients followed 
the following pattern: K (0.02–0.03) > Mg (0.3–0.4) > 
Ca (0.3–0.53) > N (0.64–0.74) >> P (2.1–4.3). 

It is worthy to mention that release of K was very 
rapid, at day 30 the residual K  contents were only 
0.18, 0.15, and 0.21 in Támesis, Jericó, and Entrerríos, 
respectively. This indicates that the relative release of 
K contained in the leaf litter of avocado was 82, 85, and 
79% at the end of the first month of decomposition. 
The release continued during the period of observa-
tion, thus at day 430 this was between 97–98%. In 
the case of N, its release was slower and seemed to be 
irregular. In intermediate sampling dates (130–330 d) 
occurred an apparently stabilization phase because 
the values increased with respect to previous values.

In all three sites, the tendency for the residual P 
content was to increase overtime (Table 5A). At day 
430, in Támesis, Jericó, and Entrerríos the values were 
2.09, 4.33, and 2.69, respectively, which suggested an 
apparent process of P immobilization or even gain. 
This was detected from the initial stages of decompo-
sition, for instance at day 30 the values already were 
1.51, 2.55, and 2.48, respectively. However, this effect 
was lower in Támesis and Jericó when the litter was 
inoculated, particularly at the beginning of the decay-
ing process (<90 d). 

In the case of Mg, there was an accumulation over 
time, but this had a lower magnitude when the litter 
was inoculated, particularly after 130 d. There was 
also accumulation of sulfur in the litter over time, but 
this effect was lower when the litter was inoculated.

All microelements also exhibited significant 
increases in the residual content in the leaf litter of 
avocado (Table 5B). For instance, at day 430 the value 
for Fe-residual ranged 100–171, Zn 18–58, Mn 7–14, 
and Cu 1–6; significant differences were detected 
among sites. These results clearly suggest that there 
was a gain in the content of these micronutrients. In 
the case of Fe and Zn the increase was higher over 
time, while with Mn and Cu there were higher values 
in intermediate dates (90–330 d). The inoculation 
with the fungus changed the pattern of accumulation. 
For instance, the quantity of Mn accumulated was 
lower when the litter was inoculated; in the case of 
Zn, there were less accumulation at the beginning of 
the decomposition process (<90 d) in Tamesis and 
Entrerrios and along the process in Jerico.

Tab. 3A Significant P-values for Anova’s tests of RDM and macronutrient contents.

Factor Degree of fredom RDM N P K Ca Mg S

Site (A)  2 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.0261

Time (B)  5 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Inoculation (C)  1 <0.0001 NS NS NS NS NS NS

AB 10 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

AC  2 NS NS 0.0371 NS NS NS NS

BC  5 NS NS NS NS NS <0.0001 0.0010

ABC 10 0.0435 NS 0.0047 NS NS NS NS

CV (%) 5.0 14.1 27.6 17.3 14.4 10.3 25.0

Tab. 3B Significant P-values for Anova’s tests of micronutrient contents.

Factor Fe Mn Zn Cu

Site (A) <0.0001 <0.0001 <0.0001 <0.0001

Time (B) <0.0001 <0.0001 <0.0001 <0.0001

Inoculation (C) NS 0.0084 NS NS

AB NS <0.0001 0.0002 0.0003

AC NS NS 0.0005 NS

BC NS NS 0.0254 NS

ABC NS NS 0.0067 NS

CV (%) 56 30 55 60
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Tab. 4 Regression models for RDM of leaf litter avocado cv. Hass uninoculated (−) and inoculated (+) with the fungus Mortierella sp.  
as a function of time in three sites of Colombia.

Site Inoculation Regression models P-value R2* MSE AIC

Támesis

− Xt/Xo = e−0.7627t <0.0001 68.3 0.097 −136.9

+ Xt/Xo = e−0.8788t <0.0001 49.8 0.129 −119.7

− Xt/Xo = 0.226e−17.1301 + 0.774e−0.3861t <0.0001 96.6 0.033 −200.1

+ Xt/Xo = 0.363e−9.913 + 0.637e−0.229t <0.0001 95.9 0.039 −190.5

− Xt/Xo = 0.226e−17.1265 + 0.431e−0.3861t + 0.343e−0.3861t <0.0001 96.6 0.033 −200.1

+ Xt/Xo = 0.280e−9.9421 + 0.637e−0.2293t + 0.083e−9.9421t <0.0001 95.9 0.039 −190.5

− Xt/Xo = 0.059−0.780/(0.059 + t)0.780 <0.0001 95.6 0.038 −119.9

+ Xt/Xo = 0.031−0.833/(0.031 + t)0.833 <0.0001 95.3 0.041 −186.9

− Xt/Xo = 29.082e−0.0063t − 0.0063e−29.082t [Ei(−29.082t) 
− Ei(−0.0063t)]0.1832t/29.076 <0.0001 95.7 0.036 −193.9

+ Xt/Xo = 54.4878e−0.0059t − 0.0063e−54.488t [Ei(−54.488t) 
− Ei(−0.0059t)]0.3215t/54.172 <0.0001 95.2 0.041 −187.0

Jericó

− Xt/Xo = e−0.781t <0.0001 76.8 0.089 −142.0

+ Xt/Xo = e−0.913t <0.0001 74.6 0.097 −136.9

− Xt/Xo = 0.238e−9.4071 + 0.762e−0.3963t <0.0001 94.6 0.045 –181.7

+ Xt/Xo = 0.221e−24.0382 + 0.779e−0.514t <0.0001 97.6 0.031 −204.2

− Xt/Xo = 0.238e−9.4438 + 0.423e−0.3965t + 0.338e−0.3965t <0.0001 94.6 0.045 −181.7

+ Xt/Xo = 0.169e−11.8918 + 0.335e−t + 0.497e−1.3523t <0.0001 97.8 0.029 −206.6

− Xt/Xo = 0.119−0.701/(0.119 + t)0.701 <0.0001 94.3 0.046 −180.1

+ Xt/Xo = 0.080−0.714/(0.080 + t)0.714 <0.0001 96.3 0.038 −190.9

− Xt/Xo = 16.072e−0,0167t − 0.0167e−16.0722t − [Ei(−16.072t) − 
Ei(−0.0167t)]0.0.25715t/16.072 – 00.167 <0.0001 94.3 0.045 −181.0

+ Xt/Xo = 25.746e−0.0177t − 0.0177e−25.7458t − [Ei(−25.746t) 
− Ei(−0.0177t)]0.4570t/25.748 <0.0001 96.5 0.037 −193.1

Entrerríos

− Xt/Xo = e−0.691t <0.0001 87.2 0.062 −164.3

+ Xt/Xo = e−0.732t <0.0001 93.8 0.047 −180.1

− Xt/Xo = 0.124e−13.8325 + 0.876e−0.4532t <0.0001 95.0 0.040 −188.1

+ Xt/Xo = 0.112e−13.4596 + 0.888e−0.558t <0.0001 98.5 0.024 −219.6

− Xt/Xo = 0.333e−0.4532 + 0.543e−0.4532t + 0.124e−13.8637t <0.0001 95.0 0.040 −188.1

+ Xt/Xo = 0.112e−13.4199 + 0.555e−0.558t + 0.333e−0.558t <0.0001 98.5 0.024 −219.6

− Xt/Xo = 0.301−0.599/(0.301b + t)0.599 <0.0001 94.0 0.044 −182.9

+ Xt/Xo = 0.475−0.401/(0.475 + t)0.401 <0.0001 98.1 0.027 −211.3

− Xt/Xo = 7.1786e−0.0235t – 0.0235e−7.1786t − [Ei(−7.1786t) 
− Ei(−0.0235t)]0.1686971t/7.1551 <0.0001 93.9 0.043 −183.6

+ Xt/Xo = 5.5686e−0.0579t − 0.0579e−5.5686t − [Ei(−5.569t) 
− Ei(−0.0579t)]0.32242t/5.569 <0.0001 98.0 0.027 −211.8

*R2: Coefficient of determination; MSE: Mean Square Error; AIC: Akaike Information Criterion (1974). 
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The contrasting dynamics for some nutrients can be 
summarized in Table 6. In the case of litter K concen-
tration, the final value (430 d = mean 0.04%) was low-
er than the initial value (mean 0.50%), a clear exam-
ple of release. With N there was an immobilization 
because at the end of the study the N concentration in 

the leaf litter was higher (mean 2.22%) than the ini-
tial concentration (mean 1.42%). In the case of P, the 
initial mean concentration was 0.04 and at the end it 
was 0.28, meaning a net gain. The initial values of the 
N:P ratio were very high (24.1–46.3), higher than the 
optimal suggested of 10–11 (Léon 2007).

Tab. 5A Residual macronutrient contents in leaf litter of avocado cv. Hass as a function on the decomposition time in three sites of Colombia. 
Each value is the mean of five replicates; in parenthesis the standard error. Means followed by a common letters do not significantly differ 
(P-value ≤0.05) (vertical comparisons). 

Time
(days)

Támesis Jericó Entrerríos

N P K Ca Mg N P K Ca Mg N P K Ca Mg

0
1.00*
(0.03)
a

1.00
(0.01)
k

1.00 
(0.02)
a

1.00 
(0.04)
a

1.00 
(0.02)
a

1.00
(0.03)
a

1.00 
(0.01)
k

1.00 
(0.02)
a

1.00 
(0.04)
a

1.00
(0.02)
a

1.00
(0.03)
a

1.00 
(0.01)
k

1.00 
(0.02)
a

1.00 
(0.04)
a

1.00 
(0.02)
a

30
0.91
(0.03)
ab

1.51
(0.01)
j

0.18 
(0.02)
c

0.87 
(0.04)
b

0.60
(0.02)
c

0.70
(0.03)
def

2.55 
(0.01)
ef

0.15 
(0.02)
d

0.88 
(0.04)
b

0.41
(0.02)
e

0.70
(0.03)
def

2.48 
(0.01)
f

0.21 
(0.02)
b

0.93 
(0.04)
ab

0.70 
(0.02)
b

90
0.77
(0.03)
cde

1.59
(0.01)
ij

0.14 
(0.02)
d

0.67 
(0.04)
c

0.50
(0.02)
d

0.76
(0.03)
de

2.92 
(0.01)
d

0.09 
(0.02)
e

0.62 
(0.04)
c

0.37
(0.02)
ef

0.71
(0.03)
def

2.27 
(0.01)
g

0.12 
(0.02)
bc

0.80 
(0.04)
b

0.50 
(0.02)
d

130
0.80
(0.03)
bcd

1.73
(0.01)
i

0.10 
(0.02)
de

0.63 
(0.04)
c

0.40
(0.02)
e

0.87
(0.03)
g

3.82 
(0.01)
b

0.09 
(0.02)
ef

0.50 
(0.04)
d

0.35
(0.02)
ef

0.73
(0.03)
def

2.97 
(0.01)
d

0.13(0.02)
bc

0.80 
(0.04)
b

0.40 
(0.02)
e

330
0.88
(0.03)
b

1.91
(0.01)
h

0.04 
(0.02)
ef

0.57 
(0.04)
cd

0.40
(0.02)
e

0.58
(0.03)
efg

3.55 
(0.01)
c

0.04 
(0.02)
fg

0.40 
(0.04)
e

0.30
(0.02)
f

0.75
(0.03)
de

2.95 
(0.01)
d

0.05 
(0.02)
ef

0.60 
(0.04)
c

0.40 
(0.02)
e

430
0.74
(0.03)
def

2.09
(0.01)
g

0.02 
(0.02)
fg

0.53 
(0.04)
d

0.40
(0.02)
e

0.67
(0.03)
a

4.33 
(0.01)
a

0.02 
(0.02)
g

0.30 
(0.04)
f

0.30
(0.02)
f

0.64
(0.03)
fg

2.69 
(0.01)
e

0.03 
(0.02)
fg

0.50 
(0.04)
d

0.30 
(0.02)
f

Tab. 5B Residual microelements contents in leaf litter of avocado cv. Hass as a function on the decomposition time in three sites of Colombia.

Time 
(days)

Támesis Jericó Entrerríos

Fe Cu Mn Zn Fe Cu Mn Zn Fe Cu Mn Zn

0 1*
f

1
f

1
g

1
e

1
f

1
f

1
g

1
e

1
f

1
cd

1
g

1
e

30
51
(14)
de

15 (3.9)
bc

11 (1.4)
cd

13 
(9.1)
bc

51
(14)
de

4
(3.9)
ef

7 
(1.4)
f

16
(9.1)
de

17
(14)
f

14
(3.9)
bc

12
(1.4)
bcd

9
(9.1)
de

90
80
(14)
cd

17
(3.9)
bc

11 (1.4)
cd

15
(9.1)
bc

67
(14)
cd

6
(3.9)
ef

8 
(1.4)
ef

15
(9.1)
de

22 (14)
ef

8
(3.9)
cd

15
(1.4)
ab

13
(9.1)
de

130
81
(14)
cd

17
(3.9)
bc

10 (1.4)
d

20
(9.1)
b

135
(14)
ab

6
(3.9)
ef

8 
(1.4)
ef

33
(9.1)
c

16 (14)
ef

13
(3.9)
bc

11
(1.4)
ab

13
(9.1)
de

330
126
(14)
b

21
(3.9)
ab

16 (1.4)
a

50
(9.1)
a

174
(14)
a

5
(3.9)
ef

8 
(1.4)
ef

41
(9.1)
bc

105
(14)
bc

24
(3.9)
a

13
(1.4)
abc

17
(9.1)
de

430
138
(14)
ab 

5
(3.9)
f

14 (1.4)
ab

58
(9.1)
a

171
(14)
a

6
(3.9)
f

7 
(1.4)
f

46
(9.1)
abc

100
(14)
bc

1
(3.9)
cd

10
(1.4)
de

18
(9.1)
d

* Each value is the mean of five replicates; in parenthesis the standard error. Means followed by common letters do not significantly differ  
(P-value ≤ 0.05) (vertical comparisons).
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Tab. 6 Initial and final (430 d after inoculation) relevant quality 
parameters of leaf litter in avocado cv. Hass in three sites of 
Colombia. In parenthesis the standard errors.

Site N (%) P (%) K (%) N: P

Initial values

Támesis 1.69 (0.08) 0.07 (0.02) 0.44 (0.01) 24.1 (0.78)

Jericó 1.39 (0.08) 0.03 (0.02) 0.62 (0.01) 46.3 (0.78)

Entrerríos 1.19 (0.08) 0.03 (0.02) 0.45 (0.01) 39.7 (0.78)

Mean 1.42 (0.05) 0.04 (0.01) 0.50 (0.005) 36.7 (0.45)

Final values

Támesis 2.62 (0.08) 0.30 (0.02) 0.05 (0.01) 9.9 (0.78)

Jericó 2.00 (0.08) 0.28 (0.02) 0.03 (0.01) 7.1 (0.78)

Entrerríos 1.56 (0.08) 0.17 (0.02) 0.05 (0.01) 9.7 (0.78)

Mean 2.06 (0.05) 0.28 (0.01) 0.04 (0.005) 9.0 (0.45)

Although the best regression model was the dou-
ble exponential, the single exponential model offers 
some parameters of easy visualization of the con-
trasts detected in this study. For instance, in all three 
sites the decomposition rate (k) was higher when 
the leaf litter of avocado was inoculated (Támesis:  
0.88 > 0.76; Jericó 0.91 > 0.78; Entrerríos 0.73 > 0.69). 
Consequently, the mean residence time of the leaf 
litter was lower when it was inoculated (1.09–1.36) 
than when was uninoculated (1.28–1.44). In the same 
way, the time needed for decomposing half of the lit-
ter (t0.5) was also lesser in the inoculated leaf litter: 
in Támesis it was 10.9 months with uninoculated 
leaf litter and 9.5 months when inoculated; in Jer-
icó, 10.7 months with uninoculated leaf litter and 9.1 
months when inoculated; and in Enterríos, 12 months 
without inoculation and 11.4 months with inoculation.

4. Discussion

The results clearly support our hypothesis that the 
decomposition rate of avocado leaf litter can be 
increased with the inoculation of effective microor-
ganisms. It was evident that in all three sites the mass 
loss in the RDM was higher when the leaf litter was 
inoculated with the fungus Mortierella sp. The unin-
oculated RDM in Tamesis, Jerico, and Entrerrios at day 
330 were 0.57, 0.55, and 0.60, respectively; while the 
inoculated RDM was 0.54, 0.48, and 0.54, respective-
ly. At day 430 the values of uninoculated RDM were 
0.48, 0.47, 0.50, while the values for inoculated RDM 
were 0.47, 0.44, and 0.46, respectively. This indicates 
that the rate of decomposition was higher when the 
litter was inoculated with Mortierella sp. In a previ-
ous work, it was detected that this fungus is able to 
release cellulase and phosphatase enzymes (Álvarez 
et al. 2013).

The high rate of decomposition in the early stages 
of the process coincide with those reported by Berg 

(2000), Goma-Tchimbakala and Bernhard-Reversat 
(2006) for Terminalia superba, Castellanos and León 
(2011) in plantations of Acacia mangium and Florez 
et al. (2013) in Azadirachta indica. The general pat-
tern for mass loss during this process comprises two 
phases: an initial phase with a fast decomposition of 
labile materials (e.g., sugars, some phenols, starch-
es, and proteins) and a second phase that results in 
a gradual (slow) decomposition of recalcitrant ele-
ments (e.g., cellulose, hemicellulose, lignin, and tan-
nins) (Arellano et al. 2004; Goma-Tchimbakala and 
Bernhard-Reversat, 2006; Weerakkody and Parkin-
son 2006a). This rate of litter decomposition can vary 
depending on different factors such as soil humidity, 
soil temperature, soil nutrient availability, plant spe-
cies, plant age, and litter concentrations of N and P, 
C:N and N:P ratios, lignin, tannins, etc.). The litter 
quality characteristics determine in turn the microbi-
al biomass and nutrient release (Attiwill and Adams 
1993; Bubb et al. 1998; McGrath et al. 2000; Kumar 
and Agrawal, 2001; Villela Proctor, 2002; Singh et al. 
2004; Weerakkody and Parkinson, 2006a; Liao et al. 
2006; Huang et al. 2007; Castellanos and Leon 2010; 
Aragon et al. 2014). 

The rate of decomposition (k) of leaf litter among 
sites followed a decreasing order: Jericó ≥ Támesis > 
Entrerríos. It is possible that these differences can be 
attributable to the environmental conditions of each 
site as microclimate, soil properties, and mainly the 
activity of soil biota (Swift et al. 1979; Attiwill and 
Adams 1993; Aerts and Chapin 2000; Leon 2007). 
According to the double exponential model for the 
three sites, a  rapid degradation of labile materials 
occurred during the first 100 days, followed by a slow-
er decomposition. These results differ from studies of 
Castellanos and León (2011), whose values of k indi-
cate a more rapid degradation of the labile fractions. 
Differences in these decomposition rates suggest that 
affect the rate at which leaf litter nutrients become 
available for plant roots. Speed and efficiency with 
which the plant again uptake these nutrients depend 
on other soil process since them may be (i) leached 
out from the soil profile (e.g., NO3

−, K+), (ii) strong-
ly adsorbed by soil clay and Fe-oxides (e.g., H2PO4

−, 
SO4

2−) or (iii) absorbed by soil biota (Schlesinger 
2000; Ribeiro et al. 2002).

Values of k from 0.69 to 0.91 obtained in this study 
are similar to those reported in avocado (k = 0.90) 
on the coast of Granada Spain by Rodríguez et al. 
(2011) and Pleguezuelo et al. (2011) and in several 
forest species of Sri Lanka by Weerakkody and Par-
kinson 2006b and in Andean forests of Colombia 
by Loaiza et al. (2013). The difference of k between 
Entrerríos (2420 m, 16 °C) and the other two sites, 
Jericó (1900 m, 18 °C) and Támesis (1350 m, 23 °C) 
may be associated with the differences in altitude 
and climate conditions. It has been demonstrated the 
importance of soil and climate in the regulation of leaf 
litter decomposition (Berg 2000; Martin et al. 1996; 
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Gholz et al. 2000; Barlow et al. 2007; Cornwell et al.  
2008).

In many studies it has been determined that the 
quality of the leaf litter also influences the decompo-
sition (Xuluc-Tolosa et al. 2003; Ngoran et al. 2006; 
Martinez-Yerízar et al. 2007; Prause and Fernández 
2007; Castellanos and Léon 2011 Furey et al. 2014; 
Gaspar Santos et al. 2015). Among the indicators of 
litter quality are the litter content of N and P and 
the N:P ratio (Kainulainen and Holopainen 2002; 
Xuluc-Tolosa et al. 2003; Alhamd et al. 2004; Ngoran 
et al. 2006; Martinez-Yerízar et al. 2007; Prause and 
Fernández 2007; Castellanos and Léon 2011; Nou-
vellon et al. 2012 Pérez-Harguindeguy et al. 2013; 
Aragon et al. 2014; Furey et al. 2014). According to 
Budd et al. (1998) and Gallardo-Lancho (2000) the N 
and P concentrations showed a negative correlation 
with the residual dry matter (RDM) this indicates 
their participation in the leaf litter decomposition. 
It is important to highlight the limiting nature of P 
in these Andisols on the decay process and the low 
N supply from the soil humus. This could be corrob-
orated by obtaining a significant inverse correlation 
between the decomposition constant (k) and the N:P 
ratio. This agrees with reports of some authors who 
claim that the N:P ratio exercises control over the 
decomposition (Flórez et al. 2013; Prescott 2005; 
Berg and Laskowski 1997). Aerts (1997) proposed 
the value 11.9 as critical in the leaf litter for the N:P 
ratio, which represents in tropical forests, some 
degree of shortage of P for decomposition organisms, 
as in the cells of fungi and bacteria such ratio is about 
10–15. A low N:P ratio may be associated with larger 
populations of bacteria in the decomposition process 
(Güsewell and Gessner 2009). 

In a  study carried out by Castellanos and Léon 
(2011), in Acacia mangium plantations established 
on degraded soils in Colombia, litter N and P contents 
and the C:N and N:P ratios were good predictors of 
the process. This could be corroborated by obtaining 
a significant inverse correlation between the decay 
constant (k) and the N:P ratio (r = 0.72, 0.76 and 0.75 
for Támesis, Jericó and Entrerríos, respectively). The 
locality of slower litter decomposition was Entrerríos, 
followed by Támesis and Jericó. 

In spite of the significant effect of inoculation on 
the RDM dynamic there were no significant differenc-
es with this on the litter residual nutrient contents. In 
other words, the data did not support that the inoc-
ulation can accelerate the release of nutrient from 
avocado litter. This may be due to the interference of 
other factors such as the microbial colonization of leaf 
litter during the observation time. It is worth to men-
tion that in the same experimental sites, Tamayo and 
Osorio (2018) found that the soil below the inoculat-
ed litter had higher concentration of some nutrients 
(P, K, Ca, Mg, B) than the soil below the uninoculated 
litter, which suggested a more active nutrient release 
due to the enzymatic activity of Mortierella sp.

In other studies in the coffee region of Colombia, 
Cardona and Sadeghian (2005) evaluated the litter 
supply (leaves, stems, flowers, fruits and other plant 
organs) and associated nutrient release in coffee 
plantations to sun exposure and with shading. These 
authors concluded that in shade coffee plantations, 
there is a significant contribution of organic materi-
al equivalent to 11 t ha−1, which contributes to the 
formation of stable soil organic matter and to supply 
nutrient into the soils (N, P, K, Ca, Mg, Fe, Mn, Zn).

Data in the present research showed variable 
dynamics of the litter residual nutrient contents dur-
ing the decay process. Thus, nutrient release, immobi-
lization, and gain in the litter occurred simultaneously 
or sequentially. For instance, there was a very rapid 
net release of K, while the N release was initially rapid 
(0–30 d), then there was a stabilization phase in inter-
mediate dates (30–330), and finally a slow release 
(330–430 d), as reported by Schlesinger (1991). By 
contrast, there was apparently gain of P during the 
period of observation. This apparently gain of P occur 
in despite of an increase in the surface soil P availa-
bility (0–5 cm, upper A Horizon) reported by Tamayo 
and Osorio (2018) in the same avocado plantations. 
This contradiction can be explained by a  possible 
translocation of P by fungi and insects that colonize 
litter and the abundant presence of fungal mycelium 
that occur, as reported by several authors (Melillo et 
al. 1982; Koenig and Cochran 1994; Musovoto et al. 
2000).

The general pattern of nutrient release was: K > Ca 
> Mg > N > P. The rapid release of K has been widely 
reported due to their mobile nature as a result of not 
being occluded to the organic structures in leaf tissue, 
but being in free form, which is easily washed and/
or removed (Tukey 1970; Parker 1983). Thus, Villela 
and Proctor (2002) in tropical forests of Pará (Brazil) 
found K losses of 70%, in leaves of Ecclinusa guian-
ensis. Similar trends were reported by Ngoran et al. 
(2006) for A. mangium, with losses of this element 
higher than 80% and Castellanos and León (2011) of 
70%. K was the element with the higher rate of release 
in all locations, reaching at the end of the study almost 
entirely on the initial content (96%), resulting from 
their mobile nature (Parker 1983).

The release of Ca was of 47%, this was higher than 
that of N (26%) and P (0%). These results are similar 
to those reported by Liao et al. (2006) in humid for-
ests of Taiwan, where the Ca showed higher mobility 
during the decomposition process, exceeding the gen-
eral release trends that show N and P, in the tropical 
forests. Pleguezuelo et al. (2011) in Spain found a net 
N release from litter avocado after 159 d, while in this 
study the release was detected as earlier as 30 d, but 
it was then immobilized , contrary to the reported by 
other authors as Hasegawa and Takeda (1996) and 
Enoki and Hawaguchi (2000). 

On the other hand, during the litter decomposition 
process micronutrients (Fe, Mn, Cu, and Zn) were 
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immovilized (Table 5B). This had been also reported 
by León (2007) studying the litter decomposition of 
Pinus patula and Cupresus lusitanica in Andean forest 
of Colombia. The reason for this immobilization seems 
to be associated with the ability of organic matter to 
form complex with cations of these elements, leaving 
them in unavailable forms (Stevenson and Cole 1999). 

5. Conclusions

The RDM was significantly lower when the litter was 
inoculated with the fungus Mortierella sp. It means 
the fungal inoculation accelerated the rate of decom-
position; however, the effect was affected by the site 
and time after inoculation. Thus, the inoculation effect 
was significant in Támesis at day 90 (0.71 uninocu-
lated vs. 0.63 inoculated), in Jericó at days 30 (0.85 
uninoculated vs. 0.78 inoculated) and 430 (0.48 unin-
oculated vs. 0.42 inoculated), and in Entrerríos at day 
430 (0.51 uninoculated vs. 0.46 inoculated).

The rate of decomposition followed the decreasing 
sequence: Jericó > Támesis > Entrerríos. The nutrient 
release pattern was: K > Ca > Mg > N > P > Cu > Mn 
> Zn > Fe. While K was rapidly released, Ca, Mg, and 
N were slowly released; P, Cu, Mn, Zn, and Fe were 
immobilized during the decomposition process. How-
ever, the fungal inoculation on the litter significantly 
reduced the magnitude of nutrient accumulation for 
P, Mg, S, Mn, and Zn. This effect was variable overtime 
and among sites.
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