Nutr Cycl Agroecosyst (2015) 103:45-60
DOI 10.1007/s10705-015-9719-0

@ CrossMark

ORIGINAL ARTICLE

Successional and seasonal variation in litterfall
and associated nutrient transfer in semi-evergreen tropical

forests of SE Mexico

Deb Raj Aryal - Bernardus H. J. De Jong - Susana Ochoa-Gaona -

Jorge Mendoza-Vega - Ligia Esparza-Olguin

Received: 20 October 2014/ Accepted: 12 August 2015 /Published online: 15 August 2015

© Springer Science+Business Media Dordrecht 2015

Abstract Forest conversion to agriculture and grass-
land has been widespread in south-eastern Mexico. The
productivity, functioning and carbon dynamics of
secondary forests growing after abandonment of
agricultural fields are expected to differ from those of
primary forests. This study analysed whether forest age
and seasonal variations affect the amount and temporal
distribution of litterfall and associated nutrient trans-
fer. Litterfall was measured across a chronosequence
of semi-evergreen tropical forest in Calakmul, Yucatan
peninsula, Mexico, and an index was created to
evaluate the effect of land use intensity on litterfall
collected in 16 stands from October 2012 to September
2014. Total litterfall ranged from 5.2 + 0.6 to
7.1 + 0.3 Mg ha™' year™' and peaked in secondary
forest aged 10-20 years. Leaves contributed 84-91 %
of total litterfall. The associated transfer of carbon
ranged from 2.3 4 0.3 to 3.2 & 0.1 Mg ha™' year™'
and of nitrogen from 62 4 7 to 84 4 4 kg ha™'

year '. Carbon and nutrient accumulation in the
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organic horizon (Oa) increased significantly with
forest age. However, carbon in mineral soil (down to
0.30 m depth) did not increase over time. Peaks in
monthly litterfall coincided with the dry season, with
higher peaks in a year with lower rainfall in the dry
season. Peaks were also higher in secondary forests
than in primary forests, due to changes in species
composition. Higher land use intensity reduced carbon
and nutrient transfer through litter in regenerating
secondary forests. Longer-term research is required to
analyse the climate sensitivity of litter dynamics in
these tropical forest frontiers.

Keywords Carbon flux - Primary production - Land
use intensity - Soil quality - Forest age - Yucatan
peninsula

Introduction

Secondary and primary forests in the tropics are
undergoing rapid change in their function, composi-
tion and carbon cycling because of different types and
degrees of human intervention (Brown and Lugo
1990; Malhi 2012; Aryal et al. 2014). In southern
Mexico, most forests were converted to extensive
pasture and agricultural fields during the last decades
of the twentieth century, due to large-scale incentives
for animal production and agriculture (De Jong et al.
2000; Turner et al. 2004; Aryal et al. 2012). These
anthropogenic interventions created a landscape
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composed of secondary forests at various stages of
succession, mixed with pasture land and patches of
slash-and-burn agriculture and a few patches of
remaining primary forest (Ochoa-Gaona et al. 2007;
Rueda 2010). Slash-and-burn agriculture is still one of
the major land uses for Mayan farmers in south-
eastern Mexico (Schmook et al. 2013). One of the key
challenges for modern ecologists is to understand the
patterns, processes and pathways of carbon cycling in
transitional forests at fine spatial and temporal scales
(Thuille and Schulze 2006; Malhi 2012), as lack of
understanding of forest functioning can lead to
inappropriate management and governance strategies
for these transitional forest frontiers in the tropics
(Roméan-Dafiobeytia et al. 2014).

Litterfall is one of the main nutrient cycling
processes in forest ecosystems (Cuevas and Medina
1986; Takyu et al. 2003; Dent et al. 2006; Negash and
Starr 2013) and an important pathway of carbon and
energy transfer from vegetation to soil (Bray and
Gorham 1964; Vogt et al. 1986; Zhou et al. 2014).
Litter production is an important part of net primary
production (NPP), i.e. the net amount of carbon
captured by plants through photosynthesis (Melillo
et al. 1993), and represents a link between carbon
capture through photosynthesis and emission through
litter decomposition (Meentemeyer et al. 1982). As
most of the leaf, flower and fruit production in the sub-
humid tropics is recycled every year, quantification of
litterfall is important for understanding the productiv-
ity, phenology, carbon dynamics and capacity of forest
ecosystems to recover from human and natural
disturbances (Ewel 1976; Vitousek 1984; de Jong
2013). Litterfall studies can also provide the ability to
detect synchronies between biological and meteoro-
logical cycles (Chapin and Eviner 2005). A better
understanding of the temporal patterns and processes
of forest litterfall dynamics is needed as a basis for
modelling responses of forest ecosystems to climate
change (Martinez-Yrizar and Sarukhan 1990; Thuille
and Schulze 2006; Scheer et al. 2011).

Globally, studies examining litterfall and forest
production have been reported (Ewel 1976; Chapin and
Eviner 2005; Scheer et al. 2011; Zhou et al. 2014).
However, the pattern of litterfall and associated carbon
and nutrient flows during the successional stages and
the effect of land use history in tropical secondary
forest ecosystems are still not well understood. There-
fore this study measured litterfall during 2 years and
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calculated associated nutrient fluxes in a chronose-
quence of tropical secondary and primary forests. The
starting hypothesises were that: (1) annual litter
production increases rapidly with forest age to reach
a peak in early stages of succession, as leaf area index
recovers rapidly in early stages of succession (Brown
and Lugo 1990; Feldpausch et al. 2005); (2) seasonal
variation in litterfall is associated with seasonal
variation in rainfall; and (3) forest stands with more
intensive land use before the abandonment have lower
litter production in any particular successional stage
than stands with a less intensive previous land use.

Methods
Study sites

The study was conducted at two locations around
Calakmul Biosphere Reserve, which is situated in the
south of Yucatan Peninsula, Mexico. Sampling was
conducted in forests in the communities (ejidos) of El
Carmen II and Cristobal Colon, in Calakmul munic-
ipality (Fig. 1). The region is composed of rolling
limestone hills and ridges of karstic origin that range
from 100 to 380 m above sea level (Bautista et al.
2011). The dominant soil types in the region are
rendzic leptosols and vertisols (Bautista et al. 2011).
The region is characterised by a sub-humid tropical
climate (Garcia 1973; Xuluc-Tolosa et al. 2003), with
mean annual precipitation of about 1000 mm (a major
proportion of which falls from June to October; Fig. 2)
and mean annual temperature of about 26 °C.
Medium-sized semi-evergreen tropical forest is the
dominant forest type in the region (Pérez-Salicrup
2004; Rzedowski 2006). These are forests with trees
reaching 15-30 m in height at maturity, which lose
about 25-50 % of their leaves during the dry season
(Martinez and Galindo-Leal 2002; Roman-Dafiobey-
tia et al. 2014). Portions of the primary forests have
been converted to slash-and-burn agriculture, creating
a mosaic of agricultural land mixed with secondary
forests in various stages of development (Table 1) and
patches of primary forest.

Litter sampling

Forest stands in four different phases of succession
[young, medium and advanced secondary forests
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Fig. 1 Location of study site and distribution of litterfall monitoring plots in two localities. CC Cristobal Colon, EC El Carmen II.
YSF young secondary forests, MSF medium secondary forests, ASF' advanced secondary forests and PF primary forests
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Fig. 2 Monthly precipitation from October 2012 to September
2014 for the study region obtained from Meteorological station
Zoh Laguna, Calakmul (89°25'32"W, 18°35'02"N). Data
courtesy: Comisiéon Nacional de Agua (CONAGUA),
Campeche

(YSF, MSF and ASF, respectively) and primary
forests (PF)] were selected for the litterfall observa-
tions (Table 1). A total of 16 monitoring plots were
established (four plots in each successional stage).
Age refers to the number of years after abandonment
of cultivation.

Litterfall was collected at fortnightly intervals over
2 years (from October 2012 to September 2014) using
12 circular litter traps of 0.5 m* each (Cuevas and
Medina 1986; Takyu et al. 2003), placed in each plot.
All the traps were placed at a height of about 1 m
above the ground surface around the plots, in which
other experiments were also taking place (Aryal et al.
2014). The litter samples collected were placed in
paper bags and transported to the laboratory for
processing. The samples were oven-dried at 70 °C for
3 days to obtain stable dry weight and separated as
follows: leaves, twigs and cortex, fruits and flowers
and a residue group. These components were weighed
separately and the carbon (C), nitrogen (N), phospho-
rus (P) and potassium (K) contents of subsamples of
each component were determined in order to evaluate
the nutrient flux associated with litterfall.

Forest floor litter samples (O horizon) and mineral
soil samples down to 0.30 m depth (0-0.10, 0.11-0.20
and 0.21-0.30 m separately) were collected from four
random locations in each plot, using standard proce-
dures (Aryal et al. 2014). Forest floor litter was
separated visually into three classes (Oi, Oe and Oa
horizons) as the carbon fraction of the forest floor litter
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Table 1 General characteristics of each phase of forest succession

Characteristic

Successional phases

features
YSF MSF ASF PF
Age (years) 5 10 20 Non slashed
SQ index 17.7 £ 1.1* 18.1 £ 0.8* 184 £ 1.2% 17.5 £ 0.8*
LUI 0.69 &+ 0.27° 0.25 £ 0.04° 0.21 £ 0.05° 0.00 £ 0.00°
Trees per 7519 + 1137¢ 8436 + 1854* 8418 + 820* 5015 + 774*
hectare
Basal area 8.7 + 0.8° 162 + 2.4° 20.8 + 1.7° 332 +£2.6°
(m2 ha=V
Stand height <5 5-10 10-15 15-25
(m)
Diversity 2.6 + 0.094 28 +£0.11* 2.9 +0.10* 2.9+ 0.13*
index
Characteristic ~ Hampea trilobata Standl.  Lonchocarpus xuul Lysiloma latisiliquum (L.)  Manilkara zapota (L.) van
species (d), Piscidia piscipula Lundell (u), Croton Benth. (d), Bursera Royen (e), Pouteria

(Aryal et al.

2014)

(L.) Sarg. (d), and
Chrysophyllum
mexicanum Brandegee ex
Standl. (e) Thevetia
gaumeri Hemsl. (e),
Diospyros salicifolia
Humb. and Bonpl. ex
Willd.(e), Trema
micrantha (L.) Blume
(e), Thevetia ahouai (L.)
(e), Lonchocarpus xuul
Lundell (u), Bursera
simaruba (L.) Sarg. (d)

icche Lundell (d),
Coccoloba reflexiflora
Standl. (e), Croton
arboreus Millsp. (e),
Neomillspaughia
emarginata (H. Gross)
S.F. Blake (d), Eugenia
winzerlingii Standl. (e),
Guettarda combsii Urb
(d), Hampea trilobata
Standl. (d)

simaruba (L.) Sarg. (d),
Trophis racemosa (L.)
Urb. (e), Lonchocarpus
castilloi Standl. (e),
Nectandra salicifolia
(Kunth) Nees (d).
Eugenia ibarrae Lundell
(v), Guettarda combsii
Urb. (d), Myrciaria
floribunda H. West ex
Willd. (e)

reticulata reticulata
(Engl.) Eyma (e),
Gymnanthes lucida
Swartz. (e), Metopium
brownie (Jacq.) (u),
Brosimum alicastrum
Swartz (u), Talisia
oliviformis (Kunth)
Radlk. (d), Piper
yucatanense C. DC.(d),
Mpyrciaria floribunda H.
West ex Willd. (e), Vitex
gaumeri Greenm. (d),
Lonchocarpus
yucatanensis Pittier (e)

YSF Young secondary forests, MSF medium secondary forests, ASF' advanced secondary forests, PF primary forests, SQ index soil
quality index, LUT land use intensity, tree density (individual ha™") considers all the trees of >1 cm DBH. Diversizy index Shannon
index of biodiversity for trees >1 cm

The values are mean =+ standard error where presented. Different superscript letters denote significant differences among
successional phases. The lowercase letters after each species name in the parenthesis indicate if the species is deciduous, evergreen,
or undefined, that is deciduous under dry conditions and evergreen under more humid conditions (d deciduous; e evergreen;

u undefined)

diminishes during the fragmentation and decomposi-

by atomic-absorption

spectrophotometry (David

tion process (Orihuela-Belmonte et al. 2013). Newly
fallen (relatively intact) litter was classified as Oi,
fragmented (recognisable parts of components in the
process of decomposition) litter as Oe and humus
(components completely decomposed) as the Oa
horizon.

Carbon in litter and soil samples was determined
with a Shimadzu AS500 organic carbon analyser
(Shimadzu 2001) and N with the semi-micro Kjeldahl
method (Bremner and Mulvaney 1982). Available P
was determined with Olsenis method of extraction with
sodium bicarbonate (Olsen 1954) and exchangeable K
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1960). The amount of C and nutrient stocks per
hectare was estimated using the nutrient fractions
obtained from the laboratory analysis. The C and
nutrient stocks (kg ha™' or Mg ha™") were calculated
separately for litterfall, forest floor litter mass and soil
to 0.30 m depth.

Annual aboveground primary productivity (ANPP)
was estimated as current annual increment in above-
ground biomass (AGB) of live trees between 2011 and
2012 (Aryal et al. 2014) plus mean annual litterfall
(AL, measured from October 2012 to September
2014). A land use intensity (LUI) index (Eq. 1) and a
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soil quality (SQ) index were developed to analyse the
effect and order of importance of these predictor
variables for the litter production, forest floor litter
mass and soil organic carbon. The LUI index was
calculated following (Young 1997):

LUI index = ) <CJ(“;F) (1)

where C is cultivation years in a slash-and-burn
cultivation cycle and F is fallow years after each
cultivation period. Information on the land use history
was obtained through landowner interviews.

The SQ index was calculated for each soil layer by
summing the scaled values of different soil fertility
parameters, taking into account the critical ranges
that affect plant nutrient uptake compared with the
ranges obtained from soil sample analysis (Table 2).
The SQ index was also used to test whether soil
quality affected the successional pattern of litter
production, accumulation and aboveground primary
productivity.

The seasonal variation in litterfall was analysed
using Repeated Measures Analysis of Variance
(ANOVA) with the data from 24 sampling months as
repeated measures. The Tukey HSD (p = 0.05) test for
homogeneity was used to verify significant differences
in annual litterfall and nutrient data due to successional
phases. Stepwise multiple regression analyses were
performed to evaluate the effects of age, slash-and-
burn cultivation intensity and soil quality on annual
litter production, aboveground primary productivity,
litter accumulation and SOC content.

Results

Litterfall and nutrient transfer at different
successional phases

Mean annual litterfall ranged from 5.2 to 7.1 Mg ha™"
and was highest in ASF, followed by MSF. Leaves
were the main component of the litterfall, comprising
about 90 % in secondary forests and 84 % in primary
forests, while small branches (twigs <10 mm in
diameter and stem cortex) comprised 5-6 % in
secondary forests and 10 % in primary forests. The
highest twig fall was observed in primary forests, while
there were no significant differences in fall for
reproductive parts (flowers and fruits) (Table 3). The

concentrations of C, N, P, and K in the litterfall
components were similar across the successional
stages and therefore the nutrient transfer from vegeta-
tion to soil followed the same pattern as litterfall
production, with higher transfers observed in MSF and
ASF than in YSF and PF. Total nutrient transfer varied
between 2.3 £ 0.3-3.2 £ 0.1 Mg C, 62 + 7-84 +
4kgN, 1.3 +£02-1.8 £02kgP and 36 £ 4-49
+ 2 kg K per hectare and year (Table 3). There was
a significant negative correlation between litterfall
distribution and monthly precipitation (r = 0.63,
p = 0.02), indicating that litterfall was significantly
higher in drier months and lower in rainy months,
whereas there was no significant correlation between
litterfall distribution and ambient temperature varia-
tion (r = 0.16, p = 0.14).

It was apparent from the results that total above-
ground net primary productivity (ANPP) peaked at
around 10 years of forest age and then decreased
gradually over time (Fig. 3). Biomass accumulation
was initially higher than litter production, but then
slowed down gradually and fell below litter produc-
tion at between 10 and 20 years of age. As net biomass
accumulation (growth + recruitment — mortality of
trees) decreases to close to zero in primary forests,
ANPP in primary forests is mainly due to annual litter
production. In YSF, the contribution of aboveground
biomass increment to ANPP was higher than that of
litter production (Fig. 3).

Total litter mass in the organic horizon (O) increased
gradually with age and was highest in primary forests,
mainly due to the gradual increase in the humus layer
(O, horizon). There were no significant differences
between successional phases in the O; and O, horizons.
Primary forests accumulated about 12 + 1 Mg ha™'
of litter mass, while young secondary forests accumu-
lated about 7 + 0.8 Mg ha~'. There was a similar
gradual increase in the total amount of CNPK in forest
floor organic mass along the age gradient, as the
nutrient content in litter horizons did not differ among
successional stages. Primary forests accumulated
about 3.6 Mg C ha™', 162kg Nha~', 3 kg P ha™'
and 44 kg K ha™ ' in litter mass (Table 4).

The amount of soil organic carbon showed no
significant differences between the different phases of
forest growth. The top horizon, 0-0.10 m depth,
accumulated more carbon than deeper horizons in all
phases. The average accumulated soil organic carbon
amount ranged from 31 to 42 Mgha™' in the
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Table 2 Parameters, scales and ranges used to determine soil quality index for each site

Parameter Scale value Reference comments
1 2 3 4
Soil pH <5.5and 5.6-6.0 7.4-8.0 6.1-7.3 Most plant nutrients are more available in a
>8.1 neutral pH (Landon 2014)

Cation exchange <5 5.1-40.0 40.1-60 >60 <5.0 cmol kg™ degree of infertility,
capacity higher: more availability of nutrients
(cmol kg_l) (Doran and Parkin 1994; Landon 2014)

Total nitrogen (%) <0.1 0.1-0.3 0.3-0.5 >0.5 Lower: deficient, higher: better nutrient

response

Available Trace 1-5 5-15 >15 Lower: deficient, higher: better nutrient
phosphorus (ppm response (Doran and Parkin 1994)

Exchangeable <0.5 0.5-1.0 1.0-2.0 >2.0 Lower: deficient, higher: better nutrient
potassium response (Landon 2014)

(cmol kgfl)
Calcium carbonate >15 0-5 5-15 Exchangeable Ca in carbonate clay
(%) complex: favourable soil physical
conditions, but >15 % Ca leads to
deficiencies in minor elements (Landon
2014)
Texture Sand Clay, sandy Silt, sandy loam, Loam Loam considered the best for higher
clay clay loam nutrient and water availability, sand: poor
structure, low water availability, clay:
poor structure, impeded drainage (Doran
and Parkin 1994; Landon 2014)
SQ range® Min. = 7 Max. = 27

 Since soil quality (SQ) index was calculated separately for three depth classes (0-0.10, 0.11-0.20 and 0.21-0.30 m), the value
obtained for each depth class was weighted by available soil depth to get an average plot level SQ index

0-0.10 m layer, 17-22 Mg ha™' in the 0.11-0.20 m
layer and 5-9 Mg ha™' in the 0.21-0.30 m layer
(Table 5). The slightly higher content of P and K in
YSF could be the result of residual elements released
from biomass burning before cultivation, which are
reduced during early succession due to plant uptake
and losses, but recover slowly afterwards due to the
input from litterfall in later phases of succession
(Table 5).

Seasonal pattern of litterfall

Monthly variation of litterfall showed a uni-modal
pattern of litterfall, with a high peak during February
and March in the first year and a lower peak from
March to May in the second year (Fig. 4a, b). The
2-month (February—March) litterfall peak in the first
year supplied between 65 and 80 % of total leaf
litterfall in the first year, whereas the 3-month
(March-May) peak in the second year only
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corresponded to between 44 and 54 % of litterfall in
the second year. The high peak in the first year
coincided with a very dry period between November
2012 and March 2013, whereas the much lower peak
in the second year corresponded to higher rainfall
between November 2013 and March 2014 (Fig. 4a, b).
Monthly leaf litterfall ranged from 31 &+ 2 kg to
3418 + 544 kg ha™' in the first year and from
196 + 31 to 1513 & 143 kg ha™' in the second year
(Figs. 5a, 6a). The highest monthly litterfall was
observed in MSF during February 2012 and the lowest
in YSF during June 2012. Monthly leaf litterfall was
inversely correlated to monthly rainfall. Since the
monthly variation in average ambient temperature and
photoperiod did not vary greatly during the year, no
significant relationship was observed between these
variables and leaf litterfall. Unlike leaf fall, reproduc-
tive parts (flowers + fruits) fell mostly during Decem-
ber and April (Figs. 5b, 6b) as April is the flowering
month (Ochoa-Gaona et al. 2008), whereas the high
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Table 3 Average annual litter and nutrient flux from vegetation to soil surface, measured bi-weekly between October 2012 and
September 2014, in different phases of forest succession in Calakmul, Mexico

Component of litterfall YSF (n = 4) MSF (n = 4) ASF (n = 4) PF(n=4)
Mean SE Mean SE Mean SE Mean SE
Leaf litter (kg ha~' year™") 47489 5619  6457.6° 2906  6403.1* 2702  5265.1" 3764
91 %) (91 %) (90 %) (84 %)
Twigs and cortex (kg ha™' year™") 245.1° 54.6 398.3% 27.6 455.8° 29.9 597.4% 62.9
(5 %) (6 %) (6 %) (10 %)
Reproductive parts (kg ha™" year™") 204.8* 443 247.9* 28.7 247.1* 21.1 423.1* 61.3
(4 %) (3 %) (4 %) (6 %)
Total litter fall (kg ha~! year™') 5203.1°  627.1 710374 3020  7105.9*  265.1 62854 4303
Nutrient flux
Carbon (kg ha™' year™") 2341.4° 2822  3196.6° 1359  3197.7° 1193 2828.4% 193.6
Nitrogen (kg ha™' year™") 62.1° 7.4 84.1° 3.8 83.8° 3.6 76.7°° 5.8
Phosphorus (kg ha™! year™") 1.3° 0.2 1.7 0.1 1.7° 0.1 1.8% 0.2
Potassium (kg ha™' year™") 35.7° 43 48.7° 2.1 48.7° 1.8 43.5%® 3.0

YSF Young secondary forests of 5-6 years, MSF medium secondary forests of 10-11 years, ASF advanced secondary forests of
20-21 years, PF primary forests, SE standard error of the mean

Values in brackets indicate the percentage of total litterfall. Different superscript letters show significant differences between

successional phases (p < 0.05, Tukey HSD)
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production in December might have resulted from an
increased fruit production. The December production
was higher in MSF and ASF than the April production,
whereas in YSF and PF the production of reproductive
parts was similar in these months (Figs. 5b, 6b). Twig
fall was highest during February and March with peak
values observed in primary forests (Figs. 5c, 6c¢).

Effect of forest age, land use intensity and soil
quality on annual litter production and associated
carbon transfer

Multivariate regression analysis showed that forest

age and land use intensity (LUI) were significant
predictors of annual litterfall (together explaining
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Table 4 Accumulated litter mass and nutrients on the forest floor, measured from August to October 2012

Forest floor mass in different horizons YSF MSF ASF PF
Mean SE Mean SE Mean SE Mean SE
O; horizon (kg ha™") 1273% 328 1857° 351 14942 328 1568° 415
18 % 24 % 14 % 13 %
O, horizon (kg ha™") 3197° 313 2731% 335 4053* 313 29007 396
45 % 36 % 37 % 24 %
0, horizon (kg ha™") 2613¢ 608 3015 650 52417 608 7499° 770
37 % 40 % 49 % 63 %
Total (kg ha™") 7083¢ 847 7603 905 10,789 847 11,967 1071
Total nutrients
Carbon (kg ha™") 2253° 152 2424 286 3354° 240 3635° 410
Nitrogen (kg ha™") 97.1° 6.8 103.1%¢ 11.6 147.7% 11.7 162.4* 18.7
Phosphorus (kg ha™") 1.7° 0.1 1.8 0.2 2.7% 0.2 3.0° 0.4
Potassium (kg ha™") 22.5¢ 1.7 25.0" 2.9 36.5% 32 43.8° 5.7

YSF Young secondary forests of 5 years, MSF medium secondary forests of 10 years, ASF advanced secondary forests of 20 years,
PF primary forests, SE standard error of the mean

Different superscript letters indicate significant differences (p < 0.05, Tukey HSD) between successional phases. Values in brackets
indicate the percentage of total mass of the respective group

Table 5 Estimated amount
of carbon and primary
nutrients in the soil to a
depth of 0.30 m in carbon
monitoring plots of
Calakmul, Campeche from
August to October 2012

YSF young secondary
forests of 5 years, MSF
medium secondary forests
of 10 years, ASF advanced
secondary forests of

20 years, PF primary
forests, SE standard error of
the mean

The uppercase superscript
letters indicate statistical
differences between
successional phases, while
lowercase superscript letters
indicate differences
between depth classes

(p < 0.05, Tukey HSD)
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Nutrients in the soil ~ YSF MSF ASF PF
Mean SE Mean SE Mean SE Mean SE
Soil organic carbon (Mg ha™")
0-0.10 m 31.5% 56 31.3% 41 406 130  417% 97
0.11-0.20 m 20.8%° 6.8 165%° 47 178 60  219%° 70
0.21-0.30 m 9.3A¢ 48 714 25 554 33 624 3.5
0-0.30 m mean 61.6% 162 54.8 10.1  63.8* 216 69.7° 19.7
Total nitrogen (kg ha™"
0-0.10 m 31934 301 31284 456 34974 278 3663 1001
0.11-0.20 m 27254 239 19684° 254  3057%% 194 2921%° 614
0.21-0.30 m 20794 280  1664%° 358  1874%° 128  2672%° 608
0-0.30 m mean 79984 434 6760% 808 84274 477  9257% 1791
Available phosphorus (kg ha™")
0-0.10 m 1.6 0.5 1142 0.7 1.342 0.8 1.84° 1.0
0.11-0.20 m 1.342 0.5 1.2h2 06 03B 02 234 0.6
0.21-0.30 m 0.35° 02  0.7°%° 04 03B 0.2 1.54° 1.0
0-0.30 m mean 3.18 1.1 2.98 1.3 1.88 0.9 5.5% 1.5
Exchangeable potassium (kg ha™")
0-0.10 m 4628 37 3914 86 318" 85 3338 36
0.11-0.20 m 357 40 2704 56 3428 99 3258 45
0.21-0.30 m 34940 67 2204 47 2778 85 2894 48
0-0.30 m mean 1168% 123 890" 177 9374 251  946* 129
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59 % of the variations observed) and of aboveground
net primary productivity (explaining 71 % of the
variations). The soil quality was not a significant
predictor (Table 6). Only forest age explained 36 % of
the variance in litter mass accumulation on the forest
floor. Forest age and LUI had no significant relation-
ship with the soil organic carbon accumulation, but the
SQ index appeared correlated to SOC in the 0.30 m
topsoil (Table 6).

Discussion
Annual litter production and accumulation
The quantity of annual litter production recorded in

this study was within the reported range in similar
forest ecosystems (Table 7). In this respect, the

Feb Mar Apr May Jun Jul Aug Sep
Months of litterfall

medium-aged secondary forests seemed to be more
productive than primary forests in terms of litter
production. However, the leaf production in early
secondary forests was already similar to that in
primary forests, indicating that the associated leaf
area index (LAI) increased rapidly to its maximum
levels, as reported by Brown and Lugo (1990). The
seasonal pattern of litterfall differed between the two
study years, due to differences in seasonal rainfall
pattern. This observation is in line with a regional
study carried out by Chave et al. (2010) who found a
positive correlation between seasonality in leaf litter-
fall and rainfall.

The amount of litter accumulation and nutrient
return to soil depends not only on litter production, but
also on the rate of litter decomposition (Dent et al.
2006; Wang et al. 2007). Litter decomposition is a
function of environmental conditions, species
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Fig. 5 a Monthly leaf A
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Fig. 6 a Monthly leaf
litterfall (kg ha~' year™),
Wilks’ lambda = 0.0053,
F(44, 128.2 = 8.55,

p = 0.000; b fruits and
flower fall, Wilks’

lambda = 0.1212, F(44,
128.2) = 2.14, p = 0.001;
and c twig fall, Wilks’
lambda = 0.1888, F(44,
128.2) = 1.59, p = 0.023;
in four different phases of
forest succession, measured
from October 2013 to
September 2014.

YSF young secondary
forests, MSF medium
secondary forests,

ASF advanced secondary
forests, PF primary forest.
Vertical bars denote 95 %
confidence interval
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Table 6 Multivariate regression analysis between litter production and carbon accumulation with the independent variables forest
age, land use intensity (LUI) index and soil quality (SQ) index in successional forest of Calakmul, Mexico

Dependent variable Independent variable

Forest age LUI index SQ index

Beta £+ SE V4 Beta = SE Beta = SE p
AL —0.61 + 0.23 0.02 —0.93 + 0.24 0.002 0.06 £ 0.20 0.74
Var. explained (59 %) 24 9% 35 %
ANPP —0.97 £ 0.19 0.00 —0.55 £ 0.20 0.01 0.07 £ 0.17 0.67
Var. explained (71 %) 47 % 24 %
LM 0.58 £+ 0.28 0.05 —0.02 £ 0.03 0.94 —0.15 £ 0.25 0.57
Var. explained (36 %) 36 %
SOC-30 0.27 £ 0.26 0.32 0.09 + 0.27 0.73 0.92 £ 0.03 0.01
Var. explained (51 %) 51 %

LUI land use intensity, SO soil quality, AL annual litterfall, ANPP aboveground net primary productivity, LM litter mass, SOC
soil organic carbon to a depth of 0.30 m, SE standard error, p probability of error, Var. explained percentage of variance explained

by predictor variables

Table 7 Site, vegetation and quantity of litterfall reported in this and previous studies

Study location Vegetation type Total litterfall References

(Mg ha™! year™")
Southern Yucatan, Mexico Tropical semi-evergreen forest 5.2-7.1 This study
Chamela Jalisco, Mexico Tropical deciduous forest 6.5-8 Martinez-Yrizar and Sarukhan (1990)
Yucatan Peninsula, Mexico Tropical dry forest 5.0-7.7 Whigham et al. (1990)
Costa Rica Forestry plantations 8.2-12.6 Montagnini et al. (1993)
Amazon forest, Venezuela Caatinga alta and Terra firme 4-7 Medina and Cuevas (1996)
Southern Yucatan, Mexico Tropical dry forest 3.8-6.8 Lawrence (2005)
Guangdong, China Broadleaf monsoon forest 8.5 Zhou et al. (2007)
Puerto Rico Lower montane evergreen forest 8-13 Ostertag et al. (2008)
Chiapas, Mexico Deciduous secondary forest 34-5.1 Rivera-Vazquez et al. (2013)

composition, the presence of micro- and macro-
organisms and substrate quality (Dickinson 2012;
Keiser et al. 2013; Norris et al. 2013). Studies carried
out in the region reported a faster litter decomposition
in early successional species than for older secondary
and primary forest species (Read and Lawrence 2003;
Xuluc-Tolosa et al. 2003; Bejarano et al. 2014). The
gradual accumulation of forest floor litter with
increasing forest age observed in the present study
can thus be explained by the higher litterfall and lower
leaf decomposition rates in older secondary forests.
The gradual increase in twig fall and its slower rate of
decomposition may be another important factor
explaining the accumulation of forest floor litter mass
(Harmon et al. 1995).

@ Springer

Seasonality of litterfall and species assemblages
of secondary forests

Previous studies in the study region have shown that
there is a gradual shift in species composition and
dominance during the successional stages of the forest
that grows back after the abandonment of agricultural
land (Ochoa-Gaona et al. 2007; Aryal et al. 2014;
Chazdon 2014). Our findings also indicate that sec-
ondary forests differ from primary forests in species
composition, which may influence their phenological
characteristics. The characteristic species in MSF and
ASF are more deciduous or undefined (deciduous or
evergreen, depending on the local conditions), whereas
those in YSF and PF are more dominated by evergreen
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species (see Table 1). This could explain the higher
peaks of litterfall of MSF and ASF during the dry
season of the first year compared with YSF and PF,
with about 70 % of the annual litterfall in the first year
concentrated in two dry months, in contrast to 55 % in
YSF and primary forests (Fig. 4). In the second study
year the peaks were more similar in all successional
stages, representing about 40-50 % of the total annual
litterfall. We attribute this variation to a combination of
the differences in species composition and the annual
rainfall pattern, which showed a larger dry spell in the
first year. Previous studies have reported that the peaks
in litterfall ranges from 25 to 100 % during the dry
season in the Yucatan peninsula as a whole (Lawrence
2005; Cuba et al. 2013) but in semi-evergreen forests
similar to those at the site of the study, the reported
range varies from 25 to 50 % (Martinez and Galindo-
Leal 2002). Our case indicates that in very dry periods,
such as the first year of the present study, the peak may
increase up to about 70 % of total annual litterfall in
secondary forests.

The change in forest phenology in the secondary
forests may be explained by changes in environmental
conditions associated with land conversion favouring
the establishment of more deciduous species. Another
reason may be the reduced availability of seeds and
propagules of original primary forest species and the
higher reproduction capacity of early successional tree
species (Moheno 2008). Although such changes from
pioneer to persistent and late successional species are
considered natural in tropical forest succession, it may
take more than a century for the secondary forests to
regain the original composition and dominance of
primary forest species (Aryal et al. 2014). An
increased proportion of deciduous species in sec-
ondary vegetation increases understory insolation and
susceptibility to forest fires, leading to potential
emissions of sequestered carbon to the atmosphere
(Chapin III et al. 2011; Cuba et al. 2013). Changes in
seasonal phenology and species composition of
Yucatan forests can also negatively affect the habitat
of forest fauna such as the white-lipped peccary
(Tayassu pecari) by changing food sources and
appropriate shelter (Reyna-Hurtado et al. 2009). Such
changes in floristic composition, structure, productiv-
ity and functioning of forest ecosystems after the land
use change may adversely affect conservation efforts
in transitional tropical forests if not considered in
policy issues (Roman-Dafiobeytia et al. 2014).

Predictor variables of litterfall and forest
productivity

Forest age and LUI were found to be significant
predictors of annual litter production and aboveground
net primary productivity. The effect of fire, land use
intensification, logging and other disturbances were
reported as important for carbon exchange in mid-
latitude forests (Ochoa-Gaona et al. 2007; Bradford
et al. 2008; Aryal et al. 2014). A study on a tropical
secondary forest chronosequence in Puerto Rico
reported that site quality has a significant effect on
litter production and decomposition (Ostertag et al.
2008). In the present study, site quality was only
significantly correlated to soil organic carbon (SOC)
content, indicating that higher quality soils may hold
more organic carbon. The soil quality index, which
combines various soil parameters as one independent
variable, was also not correlated to litter production,
indicating that soil characteristics do not influence the
amount of litter produced per year. This contradicts
other studies, which report higher litterfall in more
fertile soil (Balvanera and Aguirre 2006; Ostertag
et al. 2008). However, early recovery of annual
litterfall rate by secondary forests indicate that the
high nutrient input from vegetation to soil via litterfall
in the early stages of succession contributes to higher
nutrient uptake and faster growth in medium-aged
secondary forests, as observed in our plots. However,
litter decomposition in early successional species is
faster than in late successional species (Xuluc-Tolosa
et al. 2003), which might be the reason why soil
quality did not show an improvement over time in our
study.

It is interesting to note that LUI did not play a
significant role for SOC content along the successional
gradient. However, the plots that were used more
intensively before the fallow period were less produc-
tive in terms of forest litter and ANPP.

In both study years, litterfall peaks were observed
in drier months, confirming findings in other studies in
the dry or sub-humid tropics (Moraes et al. 1999;
Martius et al. 2004). The driest months coincided with
the highest litterfall in both years, particularly in
secondary forests. Since the peak litterfall character-
istics of these dry tropical forests are highly linked to
the temporal distribution of rainfall, changes in
rainfall pattern, such as more prolonged droughts,
can be expected to have significant effects on the
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functioning of forest ecosystems and associated
ecosystem services.

Conclusions and recommendations

This study portrayed the litter carbon and nutrient
transfer trajectory of successional forests and
showed the effect of pre-abandonment cultivation
intensity on carbon cycling in tropical forest
ecosystems. It was found that secondary forests
recovered the litter production capacity of primary
forest already in early stages of succession. It was
also found that carbon and nutrient accumulation in
forest floor litter (O horizon) increased gradually
with forest age. Older secondary forests seemed to
contain more deciduous species than early sec-
ondary forests and primary forests. Forest gover-
nance strategies in Mexico usually consider only
structural parameters of forests and not forest
composition. This study shows the importance of
taking into consideration the dynamic processes and
functioning of forest succession, when designing
forest governance strategies in Mexico. Future
studies should include litter decomposition experi-
ments to better understand the total nutrient flow
and carbon balance of tropical forests. Detailed
analysis of species composition and forest structure
data, such as leaf area index, could also help to
interpret the results.
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