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Table 1: Mean values of structural parameters of the successional
patches of mosquero (SPM) and forest plantations of neem (FPN)
studied inAntioquia (Colombia); standard deviation in parentheses.

Parameters FPN SPM

DBH (cm) 3.55 (0.85) 1.88 (0.97)

��(cm) 3.89 (0.92) 2.91 (0.83)

 (m) 3.81 (0.46) 1.84 (0.53)

!(m2 ha−1) 1.36 (0.76) 0.76 (0.24)

DBH: diameter at breast height (1.3m),!�: mean square diameter,": height,
#: stand basal area.

dynamics that control the Vow of organic matter and nutri-
ents and evaluated some soil physic-chemical parameters.

2. Material and Methods

2.1. Research Study Area. Yis study was conducted in Santa
Fe de Antioquia, northeastern Colombia (6∘54%N, 75∘81%W,
560m of altitude).Ye annual average temperature, sunlight,
precipitation, and evaporation of the region are 26.6∘C,
2172 h, 1034mm, and 1637mm, respectively, characterized
by a pronounced annual water de\cit derived from the
Precipitation/Evaporation ratio of 0.63. Ye landscape con-
sists of hills with a low to medium slope formed from
sediments from the Tertiary. Ye soils are alkaline and4
classi\ed as Typic Ustorthents (USDA soil taxonomy); the
most dominant soil use is grassland and unfortunately it is
degraded by overgrazing. Ye neem plantations studied here
(active strategy) were established in 2004 on hillsides severely
eroded by overgrazing; since then, forestry management
practices have not been carried out. In the middle of these
plantations have grown natural successional patches (passive
strategy), which are constituted by native plant species heavily
dominated by mosquero.

2.2. Field and Laboratory Research Methods. To evaluate the
biogeochemical cycle processes we established 20 circular

plots of 250-m2 in forest plantations (FPN) and 13 similar
plots in successional patches (SPM) (Table 1). In each plot
three circular litter traps (\ne netting of 0.5-m2) were placed
1-m above the soil surface. Every 15 days for 1 year, we
collected the litter material in each plot; it means 60 samples
in FPN and 39 samples in SPM per sampling time.

Ye litterfall was separated in the following fractions: (a)
neem leaves (NL), (b) mosquero leaves (ML), (c) leaves from
other species (OL), (d) wood material (WM) from branches
of <2-cm diameter and small bark pieces, (e) reproductive
material (RM), and (f) other materials (OM). Ye divided
material was oven dried at 65∘C and weighed.Ye samples of
NL andMLwere then separately combined and homogenized
for every two 15-day periods (1 month) and a subsample was
taken for chemical analysis. At the end of the year, samples
from the accumulated litterfall layer or standing litter layer
on the soil of the plantations and successional patches (a
50 × 50 cm sample per plot) were collected. Each sample
was separated in the same fractions than \ne litterfall. Each
fraction was dried at 65∘C until reaching constantmass (72 h)

and weighed. A composite and homogenized sample from
each fraction was prepared for chemical analysis.

Ye decomposition of neem and mosquero leaf litter was
studied by installing 18 litter-bags (20 × 20 cm, 2mm pores)
with 3 g of senescent dry leaves per plant species. Yree
litter-bagswere randomly retrievedmonthly.Ye residual leaf
material was air-dried, cleaned with a brush to remove soil
particles, dried at 65∘C and weighed and named “residual
dry matter” (RDM). Ye samples from the three collected
litter-bags in plantations and successional patches were then
separately combined and homogenized for chemical analysis.
Additionally, in each plot of successional patches and forest
plantations, surface soil samples (0–10 cm depth) were col-
lected. Soil samples were also collected from 13 control sites 5
where therewas not vegetation; soil samples were transported
to laboratory for physical and chemical analyses.

2.3. Physical and Chemical Analyses . Leaf nutrient contents
were analyzed by digerent methods: carbon (C) by the
Walkley and Black method, nitrogen (N) by the Kjeldahl
method, phosphorus (P) by the molybdate-blue method;
calcium (Ca),magnesium (Mg), and potassium (K) by atomic
absorption spectroscopy.

In soil samples the methods used were pH (1 : 2, water),
total N (Nt) (Kjeldahl method), available P (Bray-Kurtz’s
method), exchangeable Ca, Mg, and K (1M ammonium
acetate; atomic absorption spectroscopy). We also deter-
mined soil bulk density (BD) and aggregate stability (AS)
(Yoder method). Details about soil and plant analysis meth-
ods are available in Westerman [8].

2.4. Statistical Analysis andCalculations. Yerate of potential
nutrient return (PNR) by the leaf litterfall was calculated
as the product of the nutrient concentration and the dry
mass of the leaf litterfall. Ye retention of nutrients in 6
the standing litter (RNSL) was obtained by multiplying the
dry weight of the leaves present in the standing litter and
their respective concentration.We calculated nutrient release
from the decomposition coencient #& as proposed by Jenny

et al. [9]: [#& = PNR/(PNR + RNS)]. Ye mean residence
time (MRT) of litterfall and nutrients was calculated as the
inverse of #&. Ye real rate of nutrient return (RNR) from the
leaf litterfall was calculated as the product of PNR and the
corresponding #& coencient [10].

Ye weight loss in the litter-bags was expressed by a
simple exponential model [11]:

$'
$0

= %−(', (1)

where $' is the weight of the remaining material at moment
&, $0 is the weight of the initial dry material, % is the basis
of natural logarithm, and # is the decomposition rate. Ye
time required to obtain losses of 50% and 99% of the dry
material was calculated as &50 = −0.693/# and &99 = −4.605/#,
respectively.

Regression models were \tted using nonlinear regression
for the weight loss of leaf material deposited in the litter-bags.

Linear coencient of determination (*2), the Durbin-Watson
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Table 2: Mean values of fractions for :ne litter production (FLP) (kg ha−1 yr−1) and standing litter (SL) (kg ha−1) in successional patches (SP)
and forest plantations (FP). Standard deviation is in parentheses. ML and NL: leaf litter of mosquero and neem in their respective ecosystem;
OL: other leaves; RM: reproductive material; WM: woody material; OR: other rests unidenti:ed.

Fraction

FLP SL

(kg ha−1 per two weeks) (kg ha−1 yr−1) (kg ha−1 yr−1)

SPM FPN � value SPM FPN SPM FPN � value

ML, NL 15.4 (10.6) 8.0 (6.2) 2.85∗∗ 477.9 184.8 238.9 73.1 4.87∗∗∗

OL 3.1 (3.1) 7.3 (3.3) 4.43∗∗∗ 116.9 176.9 46.7 181.3 2.35

RM 8.7 (6.9) 5.8 (6.0) 1.07 227.1 135.8 ND ND ND

WM 1.7 (1.6) 1.9 (0.9) 0.74 52.7 48.1 64.3 111.8 0.17

OR 0.5 (1.0) 0.5 (0.5) 0.28 27.6 11.9 19.11 84.9 0.0002

Total 29.3 (18.3) 23.4 (11.5) 1.09 902.2 557.5 369.0 451.1 1.08

∗∗, ∗ ∗ ∗ denote signi:cant diWerences between means at P values ≤ 0.01 and ≤ 0.001, respectively (t-test).
ND: not determined.

Table 3: Fitted models for residual dry matter (RDM) as a function of time for neem and mosquero leaf litter.

Plant species Model �0.5 �0.99  !2 SSR D-W

Mosquero (C. leptostachyus) RDM = 1.29 ∗ #(−0.00919934 ∗ ") 0.21 1.37 3.36 0.97 0.06 1.31

Neem (A. indica) RDM = 3 ∗ #(−0.00433362 ∗ ") 0.44 2.91 1.58 0.84 0.01 0.18

"0.5: decomposition time for half of the leaf litter, "0.99: decomposition time for 99%of the leaf litter, #: yearly decomposition rate,$2: coe\cient of determination,
SSR: sum of squared error, D-W: Durbin-Watson statistics.

(D-W) coe\cient, and the sum of the squares of the error
were employed to select the models. Correlation analyses (r-
Pearson, $ ≤ 0.05) were also used to determine associations
between weight loss rates and precipitation. Because litter
data were normally distributed, a �-test was used to determine
the diWerences in :ne litter production, standing litter, and
potential nutrient return between SPM and FPN. To compare
soil parameters between control sites and both restoration
strategies the Mann-Whitney (Wilcoxon) comparison test
($ ≤ 0.05) was employed since these data were not normally
distributed. `e analyses were performed with Statgraphics
Centurion XV (StatPoint Technologies, Inc.).

3. Results and Discussion

3.1. Fine Litter Production, Accumulation, and Decomposition.
`e results of this study clearly showed that there were sig-
ni:cant diWerences between the active and passive strategies
characterized here to activate soil biogeochemical nutrient
cycles in tropical dry lands. `e annual production of leaf
litter and total :ne litter per unit area was 2.6-times and 1.6-
times higher in SPM than in FPN (Table 2). `e higher :ne
litter production found in SPM represents a greater potential
return of organic matter to these degraded soils than that
of FPN. `e clear dominance of the leaf fraction in :ne
litter found in both types of ecosystems has been reported in
other studies [12]. `is also determines a potential source of
nutrients for soil recovery because the higher decomposition
rate of this fraction represents a faster nutrient return path
[13]. By comparing the :ne litterfall values with other7
studies, the FPN were lower than those of tropical lowland
forest plantations with ca. of 5–10Mg ha−1 y−1 [14–16]. `e
:ne litterfall values found in the SPM coincided with other

tropical dry successional forests (0.3 to 4.2Mg ha−1 y−1) as
reported by Descheemaeker et al. [17].

In the results we saw a contradiction about which type
of leaf litter decays faster. `e constant of decomposition
( ) showed that mosquero leaves are decomposed faster
than neem leaves. In fact, it was noteworthy that the  
constant of mosquero (3.4) was more than twice that of
neem (1.6), and the models predicted that the estimated
time for 99% decomposition of leaf litter is 1.4 yr and 2.9 yr,
respectively (Table 3). Furthermore, at the end of the litter-
bags experiment, the RDM was 9% and 26% for mosquero
and neem, respectively (Figure 1). However, if we consider
the changes in the participation of neem andmosquero leaves
collected in the litterfall traps (32 and 53%, resp.) with respect
to their participation in the standing litter (SL) (16 and 64%,
Table 2), this suggests that neem leaves decomposed faster. It
is necessary to consider that the neem leaves are fragile and
can be easily fragmented, and for this reason they can be part
of the OR fraction (plant remains unidenti:ed). `us, the
OR fraction (OR/total) was only 2% in the :ne litter (FLP)
collected in the traps, while this was 19% in the standing
litter (SL). Consequently, we accepted that the k is a better
indicator and mosquero leaves decay faster. In the litter-bags
experiment the RDM of mosquero was only 9% which is
lower than that of neem 26%. Also, in the :eld the SL of FPN
is higher suggesting that the decomposition of neem leaves
is slower and for that reason they tend to accumulate on
the soil surface. It has been reported that forest plantations
with exotic species usually generate signi:cant accumulations
of litter on the ground [18–20]. Despite this accumulation,
the values found in the SL are relatively low in comparison
to those reported by other authors [10, 20, 21]. Perhaps, this
is a result of the young age of these forest plantations, lack
of canopy closure, and low :ne litterfall. `e  values of
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Table 4: Meanmonthly values (±SD) for leaf litter nutrient concentration (LLC, %) and potential nutrient return (PNR, kg ha−1) via leaf litter
in successional patches of mosquero (SPM) and forest plantations of neem (FPN) studied. CoeLcient of variation (%) in parentheses.

Nutrienta
LLC (%) PNR (kg ha−1)  value !-value "

SPM FPN SPM FPN

N
1.08 ± 0.13

(11.9)
1.29 ± 0.31
(24.2)

0.44 ± 0.35
(78.9)

0.20 ± 0.18
(114.4)

2.105 0.047∗ 12

P
0.05 ± 0.01

(15.6)
0.03 ± 0.01

(19.0)
0.02 ± 0.02

(79.2)
0.005 ± 0.004

(86.7)
3.052 0.006∗∗ 12

Ca
1.75 ± 0.33
(18.9)

2.16 ± 0.65
(30.1)

0.76 ± 0.60
(79.7)

0.39 ± 0.44
(82.0)

1.721 0.099NS 12

Mg
0.59 ± 0.08

(13.9)
0.46 ± 0.06

(13.9)
0.25 ± 0.21
(83.4)

0.07 ± 0.06
(64.5)

2.829 0.010∗∗ 12

K
0.28 ± 0.13
(44.9)

0.29 ± 0.14
(49.3)

0.09 ± 0.08
(80.2)

0.04 ± 0.03
(89.0)

2.226 0.036∗ 12

aanalytical methods in Westerman [8]. ∗, ∗∗ denote signiZcant di[erences between means of PNR at P values ≤ 0.05 and ≤ 0.01, respectively ("-test).

Table 5: Indexes calculated for return, retention, and release of nutrients via leaf litter in successional patches of mosquero (SPM) and forest
plantations of neem (FPN) (kg ha−1 yr−1).

Indexes
SPM FPN

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

PNR 114.4 0.22 8.4 2.8 1.3 5.2 45.9 0.06 4.6 0.9 0.5 2.4

RNSL 67.9 0.18 1.6 0.2 0.9 3.9 18.0 0.03 1.5 0.3 0.1 1.8

## 0.6 0.55 0.8 0.9 0.6 0.57 0.7 0.68 0.7 0.7 0.9 0.6

MRT 1.6 1.81 1.2 1.1 1.6 1.76 1.4 1.47 1.3 1.3 1.1 1.8

RNR 71.8 0.12 7.04 2.6 0.8 2.94 33.0 0.04 3.5 0.6 0.5 1.4

PNR: potential nutrient return rate (kg ha−1 yr−1), RNSL: retention of nutrients in the standing litter (kg ha−1 yr−1), $#: decomposition coeLcient [$# =
PNR/(PNR + RNS)], MRT: mean residence time [MRT = 1/$#], RNR: real nutrient return rate [RNR = PNR ∗ $#].
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Figure 1: Residual dry matter (RDM) from leaf litter of neem (A.
indica) and mosquero (C. leptostachyus). Each point represents the
average of three litter-bags.ge bars indicate the standard deviation.

mosquero litter are comparable to those reported in tropical
arid ecosystems by several authors [15, 22, 23].

ge high rate of decomposition of organic debris in SPM
and therefore their low residence time are aspects of special
signiZcance to the reactivation of biogeochemical nutrient
cycle in these degraded soils [24]. ge inverse relationship

between the RDM in the litter-bags and the precipitation in
SPM (r-Pearson = −0.59, % < 0.05) indicates the favorable
e[ect of the precipitation as a source of moisture for the
decomposer microorganisms; perhaps, this was not observed
in the FPN because of the limitations of degrader microbes to
decompose nonnative leaf material.

3.2. Return, Accumulation, and Release of Nutrients. In both
SPM and FPN, nutrient concentrations in the leaf litter (LLC)
followed the sequence Ca > N > Mg > K > P
(Table 4), with the highest temporal variability for K. ge
high concentrations of Ca and Mg in the leaf litter found in
this study (1.75 and 2.16%) di[er from those found in other
tropical dry lowland forests [23], likely due to the high soil
availability of both nutrients (Table 6). By contrast, the low
concentration of K in the leaf litter (0.28–0.29%) is near the
lowest end of the pantropical interval (0.27 ± 0.11%) [25]
despite the availability of this nutrient in the soil. Likely, the
low soil Ca/Mg ratio <1 caused an abnormally high Mg plant
uptake and altered the K uptake [26]. In both ecosystems,
the most restrictive nutrient was P likely as a result of its
extreme scarcity in the soil (Table 6), which was rekected in
the high values of the leaf litter N/P ratio (FPN: 43, SPM: 20)
[10]. gese values of the N/P ratio are much higher than the
critical value of 11.9 suggested by [27].

ge potential nutrient return (PNR) through leaf litter
followed the same sequence of concentrations (Table 4) and
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Table 6: Mean values (±SD) for some soil parameters (0–10 cm) in successional patches of mosquero (SPM), forest plantations of neem
(FPN), and control sites without vegetation studied in Santafe de Antioquia (Colombia).

Parametera Control sites SPM PCI FPN PCI

pH 6.3 ± 0.6 6.3 ± 0.3 0.99 6.4 ± 0.4 1.01

SOM (%) 2.0 ± 0.9 4.2 ± 0.4∗ 2.19 3.4 ± 1.3∗ 1.72

Nt (%) 0.21 ± 0.09 0.25 ± 0.06 1.19 0.27 ± 0.04∗ 1.27

P (mg kg−1) 3.3 ± 0.9 1.8 ± 0.5∗ 0.53 4.3 ± 1.3∗ 1.31

Ca (cmolc kg−1) 6.2 ± 2.5 11.6 ± 3.8∗ 1.87 7.1 ± 3.6 1.15

Mg (cmolc kg−1) 6.7 ± 2.8 14.1 ± 3.4∗ 2.11 7.3 ± 2.9 1.10

K (cmolc kg−1) 0.23 ± 0.05 0.25 ± 0.07 1.14 0.36 ± 0.14∗ 1.61

ECEC (cmolc kg−1) 13.0 ± 4.6 25.9 ± 6.5∗ 1.98 14.8 ± 6.0 1.14

BD (Mgm−3) 1.35 ± 0.11 1.25 ± 0.15∗ 0.93 1.25 ± 0.09∗ 0.93

AE (%) 72.8 ± 10.6 68.5 ± 12.9 0.94 80.1 ± 9.5 1.10
aAnalytical methods available in Westerman [8].
PCI: parameter change index (FPN/control or SPM/control), SOM: soil organic matter, ECEC: eaective cation exchange capacity, BD: bulk density, AS:
aggregate stability. ∗ indicates signibcant diaerence with control sites (Mann-Whitney, P ≤ 0.05).

was signibcantly higher in SPM because of the higher leaf
litter production than in the FPN. Furthermore, the retention8
of nutrients in the standing litter (RNSL) was higher in
SPM, which represents an important source of energy for
the micro- and mesofauna, whose participation is a key
functional aspect to reactivate the biogeochemical cycling in
these degraded soils [28].

ee real nutrient return (RNR) via leaf litter was higher in
SPM for all nutrients (Table 5). eis situation was primarily
determined by the higher production of this fraction (ML),
despite the fact that in FPN the  " for some elements (C, P,
and K) was higher or similar (N) to those obtained in SPM.
ee low RNR of P also refected the restrictive nature of this
nutrient for the productivity of both ecosystems [10].

In terms of the return and incorporation of organic
matter and C into the soil by leaf decomposition in the
SL, the superiority of SPM was notorious (Table 5). eus,
the real return of C (ML) in SPM was more than twice
higher than in the FPN (NL). In fact, the highest rate of leaf
litter decomposition of mosquero (higher values  " and !)
coincided with the highest contents of soil organic matter in
SPM (Table 6). ee times needed to achieve a decomposition
degree of 99% of leaves (1.4 yr for mosquero and 2.9 yr for
neem) were close to those obtained from the inverse  " in
the leaves of the SL (1.5 and 2.0 years, resp.).

N and P were released more slowly (lower values of
!") than other nutrients and they are expected to remain
longer in the above ground leaf litter, as indicated by MRT

values (Table 5). P was released faster in FPN (  " = 0.68,
MRT = 1.47 years), while N was released at similar rates in

both ecosystems (  " = 0.57, MRT = 1.76 years). In both

ecosystems, Ca had the highest release. ee time necessary
for the eaective release of all elements considered in both
ecosystems was 1.1–1.81 years.

3.3. Soil Reclamation. Soils of both SPM and FPN showed
changes of some properties with respect to soil of control sites
(without vegetation) (Table 6). In SPM signibcant increases

were detected with respect to the control sites on parameters
such as soil organic matter the content (SOM), exchange-
able Mg and Ca, and eaective cation exchange capacity
(ECEC).On the other hand, in FPNwere observed signibcant
increases in SOM, totalN (Nt), available-P, and exchangeable-
K and signibcant reduction in bulk density (BD).

Despite their short period of time for both strategies,
the contributions of bne litter and its decomposition have
improved various soil properties of these degraded lands. ee
sharp increases of SOM observed (compared to control sites)
also increased soil moisture retention capacity and soil cation
exchange, key aspects in the reclamation of soils of degraded
dry land. Although FPN showed a signibcant increase of P,
its very low concentration in the soil determined a severe
constraint on ecosystem primary productivity.

4. Conclusions

From the perspective of land restoration, both models
showed diaerent advantages. ee passive model represented
by the SPM showed a higher dynamics in the reactivation of
soil biogeochemical cycles. It is expected that as the succes-
sional process continues the consequently greater complexity
of the ecosystem will lead to an eaective improvement not
only on the soil, but also on ecosystem functions. On the
other hand, the active model represented by the FPN showed
signibcant improvements in soil parameters, even though
the returns of litter and nutrients were lower. Likely, this
situation is the result of diaerences in litter contributions,
whose potential eaect on soil rehabilitation has not been
fully evaluated. eese are issues to consider in selecting a
restoration model and the degree and speed expected of
the degradation process. eus, an active model should be
consideredwhen the rate of degradation of the area of interest
is high, because the planted species can be established quickly
and create better conditions for a more diverse biological
community as pointed by [5]. When the state and rate of
degradation are not severe, themost appropriatemodelmight
be the passive restoration, allowing the ecosystem a natural
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recover [29], which had advantages from ecological and
economic perspectives.
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