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Abstract: The litterfall and decomposition represent the main transfer of organic matter and nutrients from the
vegetation to the soil surface and determine positive trajectories in the process of rehabilitating and restoring
degraded ecosystems. The aim of this study was to evaluate the contributions of organic materials and nutrients
through the characterization of fine litter in an urban dry forest fragment. Litter production was monitored for
one year by collecting 29 traps (0.5 m?). To evaluate leaf nutrient resorption, green leaves were collected from
5-10 individuals that represented the dominant tree species. Litter-bags (20 x 20 cm, 2 mm pore) were used for
six months to evaluate the decomposition of leaf litter. Annual fine litter production was found to be 8 574 kg
ha!, with the Cordia alba species contributing the most leaf litter (1 134 kg ha'!) and nutrients (N: 6.16; P: 0.21;
Ca: 4.72; Mg: 0.47; K: 1.27 kg ha™!). Decomposition rates (k constant) followed the decreasing order: C. alba
(k: 4.6) > Machaerium milleflorum (k: 3.5). M. milleflorum and Albizia niopoides presented a pattern of rapid
N and P release in the first 30 days, with more than 80 % and 60 % released from M. milleflorum and C. alba,
respectively, by the end of the experiment. The litterfall monitoring carried out in this urban dry forest fragment
revealed some important aspects of the functioning of an ecosystem as seriously threatened as the tropical dry
forest. Rev. Biol. Trop. 66(2): 571-585. Epub 2018 June O1.
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On a global scale, dry forests represent 46
% of all of tropical forests (Cao, Yu, Sanchez-
Azofeifa, Feng, Rivard, & Gu, 2015); in par-
ticular, tropical dry forest in South America
covers an area of 268875 km?, which repre-
sents 51 % of the total extent of tropical dry
forest in the Americas (Portillo-Quintero &
Sanchez-Azofeifa, 2010). Tropical dry forests
have been defined by Mooney, Bullock, and
Medina (1995) as forests occurring in tropical
regions characterized by pronounced seasonal-
ity in rainfall distribution with several months
of drought. These ecosystems are among the

most threatened in the world, and both, their
structure and function are little known (Beck-
nell, Kucek, & Powers, 2012). In Colombia,
the replacement of the original vegetation of
dry areas with farming systems and livestock
production has led to the progressive loss of
tropical dry forest (Florez-Florez, Ledn-Pelaez,
Osorio-Vega, & Restrepo-Llano, 2013); thus,
of the original 80000 km? of dry sub-humid
forests, about 1200 km? remain (MAVDT,
2004). In Colombia’s Caribbean region, the dry
forest ecosystem is highly degraded, due both
to its replacement with production systems and
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to rapid urban growth, which causes the gen-
eration of small, isolated patches that become
the dominant landscape matrix (IAvH, 1998;
De Chant, Gallego, Saornil, & Kelly, 2010).

The high population density in cities leads
to reductions in green areas (Soares, Rego,
McPherson, Simpson, Peper, & Xiao, 2011)
which in turn generates a critical shortage of
these spaces that would help improve resi-
dents’ perception of well-being (Madureira,
Andresen, & Monteiro, 2011). Urban forests
represent an integrated and coherent system
of multifunctional areas, which are perceived
as living spaces that fulfill important ecologi-
cal, social and economic functions (Kulchel-
meister, 2000; Ferrini & Fini, 2011). These
spaces provide goods such as food and energy,
and services such as macro and microclimate
regulation, recreation, air quality improvement,
noise control (Molina & Vargas, 2007; Lima,
Staudhammer, Brandeis, Escobedo, & Zip-
perer, 2013). They can also play an important
role from the perspective of conservation biol-
ogy, by maintaining wildlife metapopulations,
acting as reservoirs of genetic material, and
favoring conditions for seedling establishment
and dry forest regeneration (Ruiz-Jaén & Aide,
2006; Lopes et al., 2012; Valencia-Duarte,
Trujillo-Ortiz, & Vargas, 2012).

The assessment of ecosystem function-
ing through ecological indicators represents a
useful tool for integrating ecosystem services
into urban development, adaptive planning
and environmental management (Pataki et al.,
2011). Thus, by monitoring ecological pro-
cesses in urban forests in order to generate
scientific data, universities and research insti-
tutes could help produce basic information to
incorporate into planning systems and land
management processes.

Ecosystem services are supported in eco-
logical processes, such as nutrient cycling,
through litter production and decomposition.
These processes represent the main transfer
of organic matter and nutrients from the veg-
etation to the soil surface (Celentano et al.,
2011), and determine positive trajectories in
the process of rehabilitating degraded land

and restoring ecosystem resilience (Leon &
Osorio, 2014).

Several authors point out the importance
of the study of these processes in the trajectory
of these forest fragments, for example, Ruiz-
Jaén and Aide (2006) evaluated the recovery of
fragments of urban secondary forests in Puerto
Rico and found a positive effect on the site.
These authors recorded high contributions of
organic materials via leaf litterfall (12.86-15.52
Mg ha'! y'!) and high nutrient fluxes to the
forest floor (P:1.35-10.14 kg ha!l y*!, N: 22.90-
140.42 kg ha'l y!). In fragmented landscapes
of Costa Rica, Celentano et al. (2011) evaluated
litter production, accumulation and decomposi-
tion under three restoration strategies. Interme-
diate values of litterfall (1.1-5.7 Mg ha™! y!)
and high values of litter accumulation (2.4-10.5
Mg ha'! y'!) were recorded. The results of this
study indicated the acceleration of these pro-
cesses and the restitution of the nutrient cycle
in these previously degraded ecosystems.

The aim of this study was to evaluate the
contributions of organic materials and nutrients
through the characterization of fine litter by
leaf litter in an urban successional dry forest
fragment. The results are expected to assist
in determining the restoration potential of the
biogeochemical cycle of this fragile ecosystem
after disturbance.

MATERIALS AND METHODS

Study area: The study was conducted in
a seven-year-old secondary dry forest fragment
located in the city of Santa Marta, Colombia
(11°13°18” N - 74°11°09” W; 21 m above
sea level). The annual average temperature
is 27 °C, with an average annual rainfall of
608.8 mm (Montes-Correa, Jiménez-Bolafio,
Vergara-Rios, Avila-Silva, Saboya-Acosta, &
Renjifo, 2015). The fragment is embedded
in a matrix of approximately 25 ha, occu-
pied by buildings, experimental crop areas,
impoundments, fisheries management, and
pastures (Montes-Correa et al., 2015; Strewe
et al., 2009).
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The forest fragment was 6-12 meters in
height. The dominant tree species were A/bizia
niopoides, Cordia alba and Machaerium mille-
florum (Rojano & Espafia, 2013). The soils
were alkaline (pH: 8.24), with high organ-
ic matter content (4.0 %) and exchangeable
bases (Table 1).

Fine litter production: Fine litter produc-
tion was monitored using 29 circular litter traps
of 0.5 m? made of fine mesh cloth (Muslin
cloth, 1 mm pore) and arranged at a height of
about 1 meter above the surface of the terrain.
Litter traps were placed systematically every
10 meters and distributed across five transects
(approximately 50 meters each) within the
fragment. Material was collected every 15
days during one year (January 2013 - January
2014) and brought to the INTROPIC laboratory
at the University of Magdalena. The fine lit-
ter (leaves, reproductive materials and woody
material with diameter < 2 cm: Proctor, 1983)
was classified into the following fractions: LA:
leaf litter of A. niopoides, LC: leaf litter of C.
alba, LM: leaf litter of M. milleflorum, LO: leaf
litter of other species, RA: reproductive mate-
rial of A. niopoides, RC: reproductive material

of C. alba, RM: reproductive material of M.
milleflorum, RO: reproductive material of other
species, TL: total leaf litter, TR: total reproduc-
tive material, WM: woody material, OR: other
remains, TF: total fine litter. This material was
subsequently oven-dried to constant weight at a
temperature of 65 °C.

Leaf nutrient resorption and nutrient
use efficiency: To evaluate the leaf nutrient-
resorption process, mature green leaves were
collected from 10 individuals representing each
dominant species (Table 1). Leaves were col-
lected once a month for six months. The
combined leaf material collected for each spe-
cies was labeled and packed into plastic bags.
Collected material was oven-dried to constant
weight in the laboratory, at a temperature of
65 °C. Subsequently the collected leaves of
each species were mixed and homogenized
separately, and taken to a muffle for calcina-
tion, and subsequent chemical analysis. Leaf
nutrient resorption was determined as the dif-
ference between the nutrient amount in the
mature leaves and the leaf litter collected in
the traps (Hagen-Thorn, Varnagiryte, Nihlgérd,
& Armolaitis, 2006). This value, related to the

TABLE 1
Structural characteristics and chemical properties of soils (0-20 cm) in an fragment of urban tropical dry forest

Dominant species SD G RF RA RD VI
A. niopoides 50 8.40 12.70 20.30 48.30 81.30
C. alba 85 2.71 12.70 33.90 15.60 62.10
M. milleflorum 36 2.30 11.40 13.90 13.20 38.50
Average 57 4.47 12.27 22.70 25.70 60.63
Species in the Forest fragment 251 - - - -
. OM N © C/N B Ca Mg K CIC
Site pH o " 1
% mg kg —— cmol(+) kg! ——
Fragment 8.24 4.0 020 232 11.60 24260 16.59 4.52 147 2259
Control Sites*
Cl 8.22 227 0.14 132 942 240.10 1397 432 128 19.57
C2 7.82 3.36 0.17 195 1147 21280 1485 493 0.96 20.74
C3 8.63 2.63 0.17 153 9.08 226.10 1435 473 128 2035
C4 7.92 1.01 031 059 190 23740 1572 432 192 2195
Average 8.15 3.52 0.20 2.04 8.00 229.10 14.72 458 136  20.65

SD: Stand density for trees with dbh >10 cm/ha, G: Basal Area (m*ha), RF: Relative Frequency (%). RA: Relative
Abundance (%), RD: Relative Dominance (%), IVI: Importance Value Index (Rojano & Espana, 2013), OM: Organic
Matter, CEC: Cation Exchange Capacity. * Soils of sites around the urban fragment of dry forest.
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amount of nutrient in the mature leaves, allows
to obtain an approximation of the reabsorbed
amount of each nutrient that, multiplied by 100,
expresses it in percentage (Ledn, Gonzalez, &
Gallardo, 2011). The nutrient use efficiency
was determined through the nutrient use-effi-
ciency index (NUEI, Vitousek, 1984), which
considers the efficiency with which a nutrient
is used as the amount of dry matter produced in
the litterfall, per unit of that nutrient contained
in it, this is the inverse of the leaf litter nutrient
concentration (1/[nutrient concentration]).

Leaf litter decomposition: The experi-
ment was conducted over a period of six months
(August 2013-January 2014). The litter-bags
used (20 x 20 cm, 2 mm pore) were made of
polypropylene mesh. The bags were filled with
2 g of unmixed leaf litter of the C. alba and
M. milleflorum species, which was previously
collected in the field and laboratory-dried at a
temperature of 65 °C. A. niopoides could not
be evaluated by the leaf litter size was smaller
than the pore mesh of the litter-bags. Three
bags of each species were collected monthly
from the field for a total of 18 bags by species
and taken to the laboratory. The remaining
material was extracted from each litter-bag and
cleaned manually to eliminate roots, inverte-
brates, and soil. Subsequently, the material was
dried at 65 °C until reaching constant weight.
The leaves of each species and by collection
event, were mixed, milled and heated to 600 °C
for elemental analysis.

Chemical analysis: Nutrient analysis was
performed in the Biogeochemistry Labora-
tory at the National University of Colombia.
The concentration of nitrogen (N) in the leaf
material of the dominant species selected was
determined by the micro-Kjeldahl method.
Phosphorus (P) was estimated by the acid
digestion method (L-ascorbic acid) and col-
orimetry. Calcium (Ca), magnesium (Mg)
and potassium (K) were analyzed by atomic
absorption. Soil samples (20 cm depth) taken
from the forest and control sites were air-dried
and sifted in a sieve with a mesh eye size of 2.0

mm. Total soil P was determined by the Bray II
/ L-ascorbic acid method and colorimetry. Ca,
Mg and K, were determined through extraction
with ammonium acetate (CH;COONH,) and
the respective neutral 1N reading by atomic
absorption spectrophotometry. Total N was
determined by the micro-Kjeldahl method.
The texture was determined by the Bouyoucos
Hydrometer method and the pH was determined
by potentiometry (soil:water 1:2). Details about
foliar and soil analysis methods are available in
Westerman (1990) and Kalra (1998).

Data processing: Nutrient potential return
of dominant species was obtained by multiply-
ing leaf litter production by the concentration
of the nutrient in it. The simple exponential
decay model X=X, e* (1) was employed to
estimate decomposition rates (Jenny, Gessel,
& Bingham, 1949; Olson, 1963), where X,
is the initial dry mass, X, is the dry mass at
time ¢, and & is the decay constant. Residual
dry matter (RDM - remaining material in the
litter-bags at time #) was calculated as X/X.
The amount of residual nutrients during the
decomposition process was calculated by mul-
tiplying the RDM by the concentration of the
element at time (¢), and then dividing by the
initial concentration. Correlation coefficients
were calculated to determine the association
between rainfall and litter processes (litterfall
and decomposition). A Kruskal-Wallis non-
parametric test was used to detect significant
differences in the production and decomposi-
tion of leaf litter among species and fractions,
since the data were not normally distributed
(Shapiro-Wilks, P<0.05). Data were analyzed
using Statgraphics Centurion software, version
15.2.11.0.

RESULTS

Fine litter production: The annual pro-
duction of fine litter in the dry forest fragment
was 8.6 Mg ha™! (Table 2). Among the frac-
tions, the largest contribution was recorded for
total leaf litter (TL: 4.7 Mg ha’!, 55 % of TF),
followed by woody material (WM). The lowest
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TABLE 2

Mean monthly litterfall fractions (kg ha™') at the urban dry forest fragment

Month ' LA LC IM 1O RA RC
(days)

| g 614 313 308 4le4 25 266

(114.6) (63.0) (110.1) (29.1) (81.4) (107.3)

P g ST 313 267 1423 487 2s

BL7) (50.3) (46.0) (23.7) (63.7) (82.0)

M 34 317 24 1407 s45 29

(101.9) (90.0) (89.7) (49.0) (89.7) (146.5)

A 39 69 424 394 2303 1509 267

(124.1) (77.7) (70.5) (48.0) (57.1) (149.3)

Vg g 05 1052 128 2628 694 1254
(75.4)  (90.2) (106.9) (77.8) (534) (162.6)

| 45 840 2100 1544 69 398

(1149) (41.6) (48.1) (30.9) (81.9) (50.1)

A 3 10 1805 273 1898 L1 154

(414) (486) (53.1) (186) (1112) (68.9)

s 3 L9 1000 335 1758 17 209

(62.0) (27.2) (51.7) (17.4) (124.9) (38.4)

0 35 26 269 502 2939 L1 473

(761) (L) (568) (152) (112.7) (60.7)

N g7 44 1863 451 3293 137 62

(32.6) (32.8) (48.8) (12.3) (459) (55.4)

b 3 M5 142 654 SM8 519 20

(32.6) (334) (42.8) (27.7) (49.8) (87.9)

Total 381 249 1134 4747 28407 4285 3157
Average 346 2262 1031b 4322 25820 3900 287
(78.0) (533) (659) (31.8) (19.2) (91.7)

RM RO TL TR WM OR TF
132 923 5400 160.6 2403 595 10004
(120.7) (113.8) (27.0) (65.1) (47.6) (47.4) (29.5)
37 337 2580 886 1382 366 5214
(473) (1265 (253) (34.0) (26.1) (834) (19.9)
19 944 1983 1537 960 137 4616
(72.8) (166.1) (36.8) (1312) (38.6) (113.1) (62.3)
12 857 3190 2645 1292 195 7322
(1234) (95.0) (38.1) (58.9) (36.5) (27.8) (38.6)
77 144 4814 2170 6184 759 13927
(172.8) (184.8) (41.2) (95.2) (146.4) (76.0) (50.6)
5750 2639 574 1419 233 4865
(101.9) (67.7) (23.9) (31.7) (48.5) (104.7) (23.8)
44 189 3986 398 824 96 5304
(812) (52.00) (24.9) (289) (24.5) (47.3) (19.5)
59 53 3112 337 717 125 4352
(76.9) (71.5) (11.8) 7(204) (23.1) (55.9) (1L.5)
756 126 5737 1367 1496 216 8816
(79.6) (1184) (13.2) (37.9) (21.9) (71.9) (16.3)
240 226 6352 666 1724 50 8793
(1062) (67.5) (9.2) (42.5) (27.9) (46.6) (9.2)
112 564 7190 1215 3957 161 12523
(664) (674) (21.9) (34.0) (274) (60.7) (17.7)
1546 4414 46983 1340.1 22419 2932 85735
141 401 4271 1218 2038 267 7794
©54) (93.7) (249) (52.7) (43.1) (674) (27.2)

Values in parentheses represent the coefficient of variation (%). LA: leaf litter of 4. niopoides, LC: leaf litter of C. alba, LM:
leaf litter of M. milleflorum, LO: leaf litter of other species, RA: reproductive material of A. niopoides, RM: reproductive
material of M. milleflorum, RC: reproductive material of C. alba, RO: reproductive material from other species, TL: total
leaf litter, TR: total reproductive material, WM: woody material, OR: other remains, TF: Total fine litter (Add of TL, TR,
WM, OR) . Different letters indicate significant differences (Kruskal-Wallis test, P <0.05) for litter fraction among species.

contribution was recorded for the other remains
fraction (OR). Among species, the greatest
annual contributions of leaf litter were recorded
for C. alba (1.1 Mg ha').

Monthly litterfall peaks were recorded
during May-June and December; these are the
months when high and low rainfall occurred,
respectively (Fig. la). The species C. alba
showed the highest leaf litter production (P <
0.05), with maximum values occurring between
May-June and October (Fig. 1b). Although no
significant correlations were found between
fine litterfall and rainfall, higher litterfall val-
ues were observed during the wettest months
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(May-June 2013). For the leaf litterfall of A.
niopoides, a significant inverse relationship
with rainfall was found (r-Spearman = -0.79),
indicating that the highest defoliation rates for
this species were recorded during periods of
lowest rainfall.

The reproductive material of the 4. nio-
poides species (RA) showed a high production
peak in April and a lower production peak in
November (Fig. 1c). The reproductive material
in the litterfall of C. alba (RC) was positively
related to rainfall (r-Spearman = 0.67) (Fig. 1¢).
In contrast, an inverse pattern was found for the
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Fig. 1. Monthly production of fine litter (kg ha!) in an urban tropical dry forest fragment and monthly precipitation. LA:
leaf litter of A. niopoides, LC: leaf litter of C. alba, LM: leaf litter of M. milleflorum, LO: leaf litter of other species, RA:
reproductive material of 4. niopoides, RM: reproductive material of M. milleflorum, RC: reproductive material of C. alba,
RO: reproductive material from other species, TL: total leaf litter, TR: total reproductive material, WM: woody material,

OR: other remains, TF: Total fine litter.

reproductive material of other species fraction
(RO) (r-Spearman = -0.76).

Nutrient potential return via leaf litter:
For all species, high values for nutrient return
through leaf litter were found for N, Ca, Mg,
and K, and low return values were found for

P. The highest annual nutrient potential return
was recorded for C. alba and the lowest was
recorded for A. niopoides (Table 3).

Leaf nutrient resorption and nutrient
use efficiency: In general, higher leaf nutrient
resorption values of N and P were recorded for
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TABLE 3
Annual nutrient potential return (kg ha™! y'! + SD) through leaf litter in the urban dry forest fragment studied

Species N P
A. niopoides 6.2+0.7a (127.0) ~ 0.2+0.0a (127.1)
M. milleflorum 7.7+0.4b (62.2) 0.3+0.0a (67.7)
C. alba 14.4+0.9b (68.6) 1.3+0.1b (68.6)
Average 9.4 0.6

Ca Mg K
4.7+0.5a (129.3)  0.5+0.0a (129.3) 1.3+0.1a (135.4)
18.7+1.1a (66.9) 1.8+0.1a (66.0) 2.8+0.2a (70.0)
36.0+2.5b (77.1)  16.9£0.9b (60.1)  15.8+0.9b (62.2)

19.8 6.4 6.6

Values in parentheses represent the coefficient of variation of the dominant species. Different letters indicate significant

differences (Kruskal-Wallis test, P<0.05) among species.

TABLE 4
Mean values of leaf nutrient resorption (NR) and leaf nutrient use efficiency (NUE)
for the dominant species in the urban dry forest fragment studied

Species N P
A. niopoides 33.23a 7.14a
M. milleflorum 35.21a 23.06a
C. alba 54.60b 5.19b
Species = -
A. niopoides 51.60a 1207.26a
M. milleflorum 61.25a 1538.46b
C. alba 80.09b 913.75¢

NR (%)
Ca Mg K
- - 27.78a
- - 21.95a
- - 45.41a
NUE
Ca Mg K
52.02a 538.13 a 268.68a
26.80b 271.37b 224.88a
35.44c 64.83c 71.40b

Different letters indicate significant differences among species (Test-Kruskal-Wallis, P<0.05).

C. alba (N: 54.6 % and P: 5.19 %) and lower for
A. niopoides (N: 33.2 % and P: 7.1 %) (Table
4). The highest nutrient use efficiency values
were recorded for P in the 4. niopoides and M.
milleflorum species (NUE: 1207.3 and 1538.5,
respectively) and the lowest was recorded for
C. alba (913.8). The lowest NUE values were
recorded for Ca in A. niopoides (26.8). A high
N-use efficiency value was found for C. alba
(NUE: 80.09), while 4. niopoides showed the
lowest NUE for this nutrient (51.6).

Leaf litter decomposition: The RDM of
C. alba and M. milleflorum showed an initial
mass loss phase in the first 30 days, after which
losses were equal to about 50 % of the initial
mass litter placed in the litter-bags. After this
period, slower mass loss occurred until the end
of the experiment (day 183), when decomposi-
tion reached 80 % of the initial mass for C. alba

Rev. Biol. Trop. (Int. J. Trop. Biol. ISSN-0034-7744) Vol. 66(2): 571-585, June 2018

and 70 % for M. milleflorum (Fig. 2). No sig-
nificant differences in the RDM through time
(P > 0.05) were found among species.

The simple exponential model showed a
good fit for C. alba but not for M. milleflorum.
The decomposition rate was higher for C. alba
(Table 5); consequently, a shorter leaf litter
residence time was found for this species (t
= 0.15 years and t 4, = 1.0 years). This means
that about 55 days and 365 days are needed to
decompose 50 % and 99 % of the leaves of this
species, respectively.

Leaf litter nutrient release: No signifi-
cant differences were found between species
in leaf litter nutrient release for any nutrient.
Nevertheless, with the exception of K, residual
amounts of nutrients were consistently lower
for M. milleflorum during the study, indicating
a higher nutrient release rate (Fig. 3). For all
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RDM (Xt/Xo)

Days
- == C. alba i /. milleflorum

Fig. 2. Residual dry mass (RDM: Xt/Xo) from leaf litter for the dominant species in the urban tropical dry forest fragment.
Values are means (n=3), and bars indicate standard deviation.

TABLE 5
Litter decomposition models adjusted for residual dry mass of C. alba and M. milleflorum in the urban dry forest fragment

Species Model k (1/year) tag i g R? D-W
C. alba 2001246967 4.6 0.1 1.0 83 1.2
M. mllleﬂorum 2#g-0.00966381*t 35 0.2 13 52 0.9

k: annual decomposition rate. R?: Coefficient of determination. D-W: Durbin-Watson statistic.

nutrients, it was found a general net release pat-
tern from the leaf litter. Most nutrient release
for both species generally occurred within 30
days. At the end of the experiment, P losses
higher than 80 % and 60 % of the initial P
amount were found for M. milleflorum and
C. alba, respectively. The maximum nutrient
release rate was found for K, particularly in the
first 30 days of the study, during which more
than 90 % of the K amount in the litter bags
was released for both species.

DISCUSSION

The annual litterfall values obtained in
the urban dry forest fragment studied were
higher than those recorded in other succes-
sional tropical dry forests (0.9-6.8 Mg ha’!

y!: (Descheemaeker et al., 2006; Kalacska,
Calvo-Alvarado, & Sanchez-Azofeifa, 2005;
Lawrence, 2005; Maass, Vose, Swank, &
Martinez-Yrizar, 1995; Martinez-Yrizar &
Sarukhan, 1990; Restrepo, Florez, Osorio, &
Ledn, 2013), representing a valuable potential
return of organic matter to these urban soils.
The leaf litter fraction accounted for
approximately 55 % of total litterfall (Table
2). Similar values were recorded by Restrepo
et al. (2013) in a dry successional forest (53
%) in Colombia. The clear dominance of the
leaf litter fraction in fine litterfall found in this
study suggests that it is a potential source of
nutrients for improving soil dynamics, since
the higher decomposition rate of this fraction
represents a faster nutrient return path (Ledn
& Osorio, 2014). The highest annual leaf
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Fig. 3. Residual amounts of nutrients in the decomposition of leaf litter of
the dominant species in a fragment of urban tropical dry forest.

litterfall values were obtained in this study for
C. alba; this species accounted for nearly 25
% of the total leaf litterfall (1134 kg ha'ly™!),
with its values two- and five-times higher
than those of 4. niopoides and M. milleflorum,
respectively (Table 2).

In contrast to the findings for 4. niopoides,
leaf litterfall of C. alba and M. milleflorum
did not markedly depend on rainfall, and their
contributions were more permanent through-
out the year. The provision of this permanent
energy source to the soil microbiota could
have a positive effect on ecosystem function-
ing and resilience. This issue is fundamental

to urban planning, since the correct selection
of tree species for use in restoration initiatives
in urban greening will enable the achievement
of objectives associated with the maintenance
or restoration of ecosystem functions (Ramirez
et al., 2014).

On the other hand, from the perspective of
ecological restoration, the production of repro-
ductive material in urban forest fragments such
as the one studied here, favors the possibility
of generating natural regeneration cohorts for
species that reach reproductive maturity, thus,
allowing the succession process to advance.
The peaks of fall of reproductive material in
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this study showed no synchrony among the
dominant species in the forest fragment (Fig.
1c); however some degree of differential asso-
ciation with the rain was observed for each of
them, as well as for all the other species (RO),
which likely reflects the reproductive strategy
of the species, as it could be represented by the
ocurrence of a phenophase (Aronson, Kigel,
Shmida, & Klein, 1992). This situation implies
the existence of a seed bank that is potentially
available for forest regeneration throughout the
year, thus enhancing structural diversity and
spatial variability in tree seedling regeneration
(Ares, Neill, & Puettmann, 2010).

It is widely recognized that in tropical
forests, fine litterfall represents a key process
that determines the potential return of organic
matter and nutrients to the soil, thus supporting
plant development and soil biota (Norgrove &
Hauser, 2000; Dutta & Agrawal, 2001). How-
ever, during the litter decomposition process
these inputs must be considered as potential
returns (Restrepo et al., 2013). In fact, the rates
at which litter decomposition and subsequent
nutrient release occur constitute the main fac-
tors for ecosystem functioning (Ledén & Oso-
rio, 2014). Through litter decomposition and
associated nutrient release, vegetation can con-
tribute to improving soil quality by inducing
ecological and physicochemical changes in the
soil (Garten, 2002; Singh, Singh, Kuppusamy,
& Vala, 2002). This potentially represents a
remarkable function for supporting ecosystem
services in urban environments. Consistent
with the above, in this urban dry tropical for-
est fragment, we not only found high rates
of organic matter and nutrient return through
leaf litter (Table 2 and Table 3), but also high
decomposition rates and net release patterns for
most nutrients (Table 5 and Fig. 3).

In fact, the potential values of nutrient
return through leaf litter were clearly higher
than those recorded by Restrepo et al. (2013)
for a successional tropical dry forest and a
plantation of Azadirachta indica (N: 0.20-0.44,
P: 0.005-0.02, Ca: 0.39-0.76, Mg: 0.07-0.25, K:
0.04-0.09). Similarly, the decomposition con-
stants (k) obtained in this study were located

near the upper limit of the interval correspond-
ing to tropical dry forests from other studies
(k = 0.1-4.8: Dutta & Agrawal, 2001; Singh,
Singh, & Tripathi, 1999; Sundarapandian &
Swamy, 1999; Singh, Dutta, & Agrawal, 2004;
Martinez-Yrizar, Nunez, & Burquez, 2007;
Tripathi, Deora, & Singh 2013).

It has been suggested (Brinson, Lugo,
& Brown, 1981; Vitousek, Turner, Parton, &
Sanford, 1994) that decay rates are higher in
tropical lowland forests because high tempera-
tures and rapid succession processes favor the
activity of microbiota involved in litter decom-
position. Thus, from the k values obtained for
both species (Table 5), and their respective leaf
litterfall values (Table 2), very high annual
returns of organic matter may be reached after
leaf litter decomposition: 1 122 kg ha'! for C.
alba and 460 kg ha'! for M. milleflorum.

Nevertheless, water availability is a limit-
ing factor in dry ecosystems for the develop-
ment and growth of vegetation. The mass loss
and nutrient release patterns found in this study
were similar to those that have been reported
for a wide variety of ecosystem types (Ledn
& Osorio, 2014). Thus, there was an initial
phase of very rapid mass loss, during which
degradation and washing of more soluble com-
pounds occurred, followed by a second phase
of slower mass loss, caused by recalcitrant
compound remnants in the decomposing mate-
rial (Castellanos-Barliza & Leon-Pelaez, 2011;
Goma-Tchimbakala & Bernhard-Reversat,
2006). However, the direct relationship found
between precipitation and weight loss in this
study is noteworthy (r-Spearman: 0.49). This
has also been reported for other tropical dry
forests (Restrepo et al., 2013; Anaya, Jaramillo,
Martinez-Yrizar, & Garcia-Oliva, 2012), which
could reflect the favorable effect of precipita-
tion in these dry environments, as a source of
moisture for the decomposer microorganisms
that promotes litter decomposition, as well as
for washing out of water-soluble compounds
and nutrients.

Although the apparent high soil P avail-
ability in this forest fragment (230 mg kg'' P,
Table 1), the N/P ratio for the leaf litter of the
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three species (4. niopoides = 31, M. milleflo-
rum =25, C. alba = 12) indicated some degree
of P limitation. This limitation derives from
the soil P extraction method (Bray II) in the
laboratory, which strongly acidifies the soil
sample and overestimates plant-available soil P
in this alkaline soil. It is known that phosphate
ions readily precipitate with metal cations,
forming a range of P minerals, which primarily
depend on soil pH. In neutral to alkaline soils, P
ions will instead precipitate as Ca phosphates,
including dicalcium or octacalcium phos-
phates, hydroxyapatite and, occasionally, least
soluble apatites (Hinsinger, 2001). Indeed, the
N/P ratio values for 4. niopoides and M. mille-
florum leaf litter were higher than the critical
value of 12 reported for the leaf litterfall (Aerts,
1997). This suggests some degree of P shortage
for decomposers, since in fungal and bacte-
rial cells this ratio is around 10-15, promoting
the biological immobilization of this nutrient
(Castellanos-Barliza & Leon-Pelaez, 2011).

Of the three species studied, C. alba pre-
sented the least restriction due to the low soil
P availability; this species had both the highest
decomposition rate (Fig. 2) and the highest
amount of P released at the end of the experi-
ment (Fig. 3). Furthermore, the lowest leaf P
resorption and P use efficiency were obtained
for this species (Table 4). On the other hand,
this species showed greater nitrogen depen-
dence than M. milleflorum and A. niopoides,
which are leguminous species. Thus, lower
N release and the development of nutrient
conservation strategies were observed in the
decomposing litter of C. alba; this was reflect-
ed in higher values of leaf N resorption and
N use efficiency.

Inregard to the separate study of each of the
three species, C. alba was notable for its effec-
tive contribution to the biogeochemical cycle,
since the highest values of organic matter and
nutrient return through leaf litter production
and decomposition were obtained for this spe-
cies. This species also showed an efficient use
of the N in the site (NUE: 81 y NR: 54 %). The
species that played the second-most important
role in the biogeochemical cycle, after C. alba,

was found to be M. milleflorum. For both spe-
cies, their high litterfall values, nutrient inputs
and decomposition rates represent significant
contributions of organic matter and nutrients to
the soil, and serve as a primary energy source
for soil microbiota. Consequently, these spe-
cies have been proposed for incorporation into
future vegetation plans and programs in tropi-
cal dry weather urban environments.

Our findings regarding nutrient cycling
at the ecosystem level in this urban dry forest
fragment matches the general pattern described
in the literature for nutrient cycling during the
early stages of succession in secondary forests
(Lugo, 1992; Guariguata & Ostertag, 2001).
This is characterized by rapid nutrient accumu-
lation accompanied by high nutrient turnover
rates (high litterfall and leaf decomposition
rates). These large inputs of organic matter
and nutrients released from the litter can help
improve the physical and chemical soil proper-
ties and biological activity, thus creating the
necessary conditions for the establishment of
other plant species (Ledn & Osorio, 2014).

From a functional point of view, the devel-
opment of this successional dry forest fragment
within the urban matrix, represents a source
of provision of ecosystem services in these
human-dominated landscapes (Colding, 2011).
Furthermore, the contribution of reproduc-
tive material via fine litterfall can generate a
potential seed bank for tree regeneration and
the expansion of the forest fragment, since seed
dispersal by animals is the predominant form of
propagule dissemination and has the potential
to facilitate vegetation recolonization near the
original site and in more remote sites (Wun-
derle, 1997). This could be notable in urban
areas, since the green spaces in these environ-
ments are not usually connected, or connectiv-
ity is greatly reduced (Whitford, Ennosa, &
Handley, 2001). This often results in fragmen-
tation, which affects ecological processes that
require connectivity, such as nutrient cycling
and biological diversity maintenance (Leitdo
& Ahern, 2002).

The biogeochemical cycle monitoring car-
ried out in this urban dry forest fragment
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revealed some important aspects of the func-
tioning of an ecosystem as seriously threatened
as the tropical dry forest (Florez-Florez et al.,
2013). The complexity of the processes stud-
ied in this successional ecosystem indicate
its importance for territorial planning bod-
ies looking to implement passive restoration
initiatives (Restrepo et al., 2013) aimed at
producing more sustainable cities. It could be
advantageous to incorporate urban spaces with
the appropriate characteristics for the imple-
mentation of such passive restoration strategies
into the urban mosaic as green infrastructure.
This would contribute to improving connectiv-
ity with other consolidated urban green areas.
Active restoration strategies might also be
considered (Florez-Florez et al., 2013), since
human intervention is sometimes needed to
promote the advancement of natural succession
and, thus, increased ecosystem complexity.

The monitoring biogeochemical cycles
through fine litterfall could serve as a possible
indicator of the ecosystem services provided
by urban green spaces. This is the basis for
evaluating and providing feedback on the plan-
ning and management process. However, it is
essential for such monitoring efforts to be con-
sistent and to meet the needs of the urban land
management system that requires the informa-
tion resulting from these efforts.
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RESUMEN

Contribuciones de materia organica y nutrientes
a través de la hojarasca en un fragmento de bosque
seco tropical urbano. La caida de hojarasca y su descom-
posicion representan la principal transferencia de materia
organica y nutrientes desde la vegetacion a la superficie del
suelo y determinan trayectorias positivas en el proceso de
rehabilitacion y restauracion de ecosistemas degradados. El
objetivo de este estudio fue evaluar los aportes de materia-
les organicos y nutrientes a través de la caracterizacion de
la hojarasca fina en un fragmento de bosque seco urbano.
La produccion de hojarasca fina se monitored durante un
afio mediante 29 trampas (0.5 m?). Para evaluar la reabsor-
cion de nutrientes foliares, se recogieron hojas verdes de
5-10 individuos que representaban las especies arboreas
dominantes. Bolsas de descomposicion (20 x 20 cm, 2 mm
de poro) fueron usadas durante seis meses para evaluar la
descomposicion de la hojarasca foliar. La produccion de
hojarasca fina anual fue de 8 574 kg ha™!. La especie Cordia
alba presentd los mayores aportes de hojarasca foliar (1
134 kg ha'') y nutrientes (N: 6.16; P: 0.21; Ca: 4.72; Mg:
0.47; K: 1.27 kg ha -1). Las tasas de descomposicion (cons-
tante k) siguieron el orden decreciente: C. alba (k: 4.6)>
Machaerium milleflorum (k: 3.5). M. milleflorum y Albizia
niopoides presentaron un patron de liberacion rapido de
N y P en los primeros 30 dias, con més del 80 % y 60 %
de M. milleflorum y C. alba, respectivamente, al final del
experimento. El monitoreo de la caida de hojarasca llevado
a acabo en este fragmento de bosque seco urbano reveld
algunos aspectos importantes del funcionamiento de un
ecosistema tan seriamente amenazado como es el bosque
seco tropical.

Palabras clave: monitoreo biogeoquimico; Albizia nio-
poides; Cordia alba; Machaerium milleflorum; servicios
ecosistémicos.
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