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ABSTRACT

Land-use change in the tropics is creating secondary
forest at an unprecedented rate. In the tropical
Americas, mature dry tropical forest is rapidly being
converted to secondary forest during the fallow pe-
riod of shifting cultivation. We investigated litter
phosphorus (P) and nitrogen (N) dynamics in for-
ests recovering from shifting cultivation of maize
(corn) in three regions of the Southern Yucatan
Peninsula, Mexico. Our goal was to understand
how nutrient and water availability affect forest
recovery following conversion of mature forest to
agricultural land. To investigate such changes at a
regional scale, newly fallen litter was collected
monthly along a seasonal, a successional, and a
precipitation gradient. Reflecting possible P limita-
tion, litter P concentration declined with forest age,
while litter N concentration did not differ between
age classes. Average litter P concentration from the
southern, wettest region was 0.87 mg/g, almost
twice the litter P concentration in the drier central
and northern regions (0.44 and 0.45 mg/g, respec-

tively). Average N concentrations of litter from the
three regions ranged from 1.1% to 1.2%, with no
regional differences. However, minima in both P
and N concentration from all regions were pro-
nouncedly timed with peak litterfall, suggesting nu-
trient retranslocation during periods of water stress.
Additionally, successional differences in litter P
were clearest during wetter months. P nutrient-use
efficiency was lowest in the southern region and
highest in the central and northern study regions. N
nutrient-use efficiency was up to 40 times lower
than P nutrient-use efficiency and showed no re-
gional differences. Overall, our results suggest that
litter nutrient dynamics in secondary dry tropical
forests of the Southern Yucatan are strongly influ-
enced by water and nutrient availability, especially
P, as well as land-use history.

Key words: litter; nitrogen; phosphorus; shifting
cultivation; secondary forest; dry tropical forest.

INTRODUCTION

Concern over the global implications of tropical
deforestation has focused attention on the sparse
literature on ecosystem dynamics in both secondary
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tropical forests and dry tropical forests (Arnason
and Lambert 1982; Murphy and Lugo 1986a;
Brown and Lugo 1990; Campo and others 2001). In
many areas of the tropics, mature forest is being
converted to secondary forest during the fallow pe-
riod of shifting cultivation and following pasture
abandonment. Secondary forests comprise 40% of
the total tropical forest area and are being formed at
a rate of approximately 9 million ha/year (Brown
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and Lugo 1990). These forests play an important
role in global carbon dynamics, due in part to their
high rates of growth and nutrient turnover com-
pared to mature forests (Uhl and Jordan 1984; Mur-
phy and Lugo 1986b; Brown and Lugo 1990;
Hughes and others 1999).

Despite their rapid rate of formation and areal
extent, ecosystem dynamics in secondary tropical
forests remain largely undercharacterized. Because
litter production and litter nutrients are important
drivers of soil chemistry, their dynamics have a
direct impact on the recovery of soil fertility during
the fallow period of shifting cultivation (Nye and
Greenland 1960; Ewel 1976; Lambert and others
1980; Lugo 1992). Intensity of prior disturbance,
such as repeated cultivation and fallow periods,
may also affect the rate and dynamics of nutrient
cycling in secondary tropical forests (Uhl and Jor-
dan 1984; Buschbacher and others 1988; Hughes
and others 1999; Lawrence and Schlesinger 2001).
Therefore, ecosystem-level studies of nutrient cy-
cling in secondary tropical forests will aid in esti-
mation of how long it takes for cultivated soils to
return to nutrient levels capable of sustaining agri-
culture and continued increases in human popula-
tion.

The role of litter nutrients in secondary forest
recovery may be especially critical in dry tropical
forests, where seasonal pulses of nutrients in litter-
fall constitute one of the most important aspects of
the entire nutrient cycle (Campo and others 2001).
Dry forests, which comprise 42% of the total for-
ested area in the tropics (Brown and Lugo 1982),
receive less scientific and media attention compared
to the wet tropics, yet are important components of
changing global biogeochemical cycles because of
their areal extent and suitability for human habita-
tion (Murphy and Lugo 1986a). Due to the pre-
dominant role of water limitation in driving ecosys-
tem dynamics of seasonally dry tropical forests,
litter nutrient dynamics in these forests have been
poorly studied (Murphy and Lugo 1986a, 1986b;
Campo and others 2001). In this study, we investi-
gated litter phosphorus (P) and nitrogen (N) dy-
namics in successional and mature dry tropical for-
ests of the Southern Yucatan Peninsular Region
(SYPR). Our overall goal was to understand the
effects of seasonal, successional, and regional pre-
cipitation gradients on litter quality during recovery
of secondary forests following shifting cultivation of
maize. Our specific objectives were (a) to investi-
gate how litter nutrient quality varies during the
year, and whether these seasonal dynamics depend
on forest age or annual precipitation, and (b) to
explore how litter nutrient concentrations, P and N

inputs to the forest floor, and nutrient-use effi-
ciency change during forest recovery, and how
these dynamics are affected by a regional precipita-
tion gradient.

Previous work in the dry tropics suggests that
forest structure and function are primarily driven
by water limitation and seasonal drought (Lugo and
Murphy 1986). Annual litter production and the
litter nutrient cycle in dry tropical forests are very
dynamic, especially in areas with highly variable
precipitation (Lambert and others 1980; Swift and
others 1981; Lugo and Murphy 1986; Martinez-
Yrizar and Sarukhan 1990; Whigham and others
1990). Precipitation patterns in the dry tropics are
especially important because they are often tied to
biological patterns in growth, litterfall, and repro-
duction (Murphy and Lugo 1986a). Nutrient limi-
tation in the dry tropics is related to water limita-
tion because dry conditions prevent plant uptake of
available nutrients from soil, and affect the release
and mineralization of nutrients by slowing decom-
position. It is widely believed that many dry tropical
forests may be especially limited by P because of its
adsorption to clay and calcium in carbonate-rich
soils such as those of the SYPR (Vitousek 1984;
Lugo and Murphy 1986; Silver 1994; Campo and
others 2001).

Despite their areal and ecological importance,
tropical secondary and dry tropical forests are un-
derstudied compared to mature wet tropical forests
(Murphy and Lugo 1986a; Brown and Lugo 1990;
Martinez-Yrizar and Sarukhan 1990; Castellanos
and others 1991; Kauffman and others 1993;
Campo and others 2001). In this study, we quanti-
fied litter nutrient dynamics in secondary dry trop-
ical forest of the Yucatan to assess the role of water
and nutrient availability on forest recovery follow-
ing human disturbance. This work enables a better
understanding of the role of dry tropical forests in
global biogeochemical cycles, and how these dy-
namics are impacted by human activity.

METHODS
Study Area

Litter collection sites were located within three
study regions in the SYPR (Figure 1 and Table 1):
northernmost El Refugio (18°49'N, 89°23'W), cen-
trally located Nicolas Bravo (18°27'N, 88°56'W),
and southernmost Arroyo Negro (17°53'N,
89°17'W). The study regions are located 60-120
km apart and situated along a precipitation gradient
of approximately 900 mm ppt)/year (El Refugio) to
1400 mm ppt/year. Within each of the three study
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Figure 1. Map of study areas in the Southern Yucatan
Peninsular region (SYPR), Mexico. As point of reference,
shaded areas indicate location of Calakmul Biosphere
Reserve.

regions, 10—13 500-m? circular plots were estab-
lished in a successional sequence of secondary for-
est ranging from 2 to 25 years since abandonment
from maize agriculture, plus several mature forests
of unknown age (Table 1). Prior to recovery, the
secondary sites had been used for maize cultivation
with no chemical inputs, and most were probably
subject to periodic logging before agricultural use.
Therefore, mature stands in our study represent
forests in a precultivation state, which may have
been subject to logging but have not been used for
agriculture since Mayan times. The sites were cho-
sen according to their ecological similarity and cul-
tivation history following extensive interviews with
villagers (Klepeis 2000). Sites cultivated by the
same family but of different successional age were
chosen to minimize management-induced and
edaphic variation.

The climate of the Yucatan Peninsula is charac-
terized by highly variable precipitation over sea-
sonal and interannual time scales and a mean an-
nual temperature of 25°C (Harmon and others
1995). In our study region, peak rainfall occurs in

September/October, and the rainy season extends
from July to December (Turner and others 2001).
The dry season (defined as < 50 mm/month) typ-
ically lasts 3 months in Arroyo Negro, 3—4 months
in Nicolas Bravo, and 6 months in El Refugio, dur-
ing which time 35-40 mm/month falls in all three
regions [data courtesy of INEGI (El Instituto Nacio-
nal de Estadistica, Geografia e Informatica), Méx-
ico]. During wet-season months, precipitation is
heaviest in the south (136 mm/month in Arroyo
Negro), decreasing northward (118 mm/month in
Nicolas Bravo and 95 mm/month in El Refugio),
further compounding differences in annual precip-
itation caused by differences in the length of the
wet season. Peak litterfall occurs in March at all
study sites, although seasonal changes in litter pro-
duction were least pronounced in Arroyo Negro,
the southern, wettest region (Lawrence and Foster
2002). Generally, soils in the Yucatan are shallow,
calcareous, and highly permeable due to high or-
ganic matter content and underlying limestone
bedrock (Whigham and others 1990). Preliminary
soil analyses indicate that both sand and organic
matter content increase along gradients of forest
age and precipitation (Lawrence and Foster 2002).
Organic matter may increase with sand content if a
clay-rich layer prevents rapid drainage. It may also
bind smaller particles together, resulting in higher
numbers of sand-sized particles (0.05-2.0 mm).
Natural disturbances in the region include fires and
hurricanes, such as Hurricane Janet in 1955, Gilbert
in 1988, and Isidore in 2002 (Boose and others
1994; Harmon and others 1995).

Although human disturbance, including logging,
chicle (latex gum) production, and farming, has
contributed to land-cover change in the Southern
Yucatan since the early 1900s, the land was also
used by the Mayans for intensive agriculture until
approximately 1100 years ago (Turner 1974; Kle-
peis 2000). Government-sponsored development
initiatives, coupled with the opening of a highway
through the region in 1967, led to immigration of
colonists from other regions of Mexico. In the
1970s, rapid conversion of mature forest to agricul-
tural land was spurred by growth of the ejido sys-
tem, a collective farming initiative promoted by the
government. In the future, human population and
land-use change is expected to increase because of
efforts to shift the current agricultural system from
subsistence to market-oriented farming (Klepeis
2000; Turner and others 2001).

Sampling Regime and Nutrient Analyses

Newly fallen fine litter, consisting of leaves, small
reproductive parts, twigs, and small branches less
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Table 1.
Cultivation History

The 36 Sampling Sites in the Southern Yucatan Peninsula, by Region, Ownership, and

El Refugio (13 sites)
892 mm ppt/year®

Nicolas Bravo (13 sites)
1144 mm ppt/year

Arroyo Negro (10 sites)
1418 mm ppt/year

No. Years© No. Years No. Years
Site Name AgeP Cultivated Site Name Age Cultivated Site Name Age Cultivated
Hermelindo 2 5 Agustin 3 4? Antonio 4 7
Juventino 3 3 Pedro 5 4 Fermin 5 4
Juan 4 5 Enrique 5 2+ Gilberto 5 1
Hermelindo 5 2 Agustin 6 4? Gilberto 7 1
Rufino 8 2 Benito 8 4 Antonio 8 3+
Juan 8 4 Pedro 16 4 Fermin 9 3+
Juventino 10 2 Benito 18 2 Fermin 15 2+
Juan 12 1 Pedro 24 1 Antonio 18 2
Hermelindo 12 2 Enrique 25 1 Antonio Mature 0
Juventino 12 2 Agustin 25 1 Jose Mature O
Victor Mature 0 NB1 Mature O
Camino Principal Mature O NB2 Mature O
Roberto Mature 0 Calakmulita  Mature 0

“Median annual rainfall, to avoid bias induced from hurricanes. Data from 1986-98 (INEGI Mexico).

" Age of successional forest in January 1999.

“Total years in maize cultivation, which may have been distributed over one or more cultivation—fallow cycles.

than 2 cm in diameter, was collected monthly from
litter traps and analyzed for N and P. Four 1-m?
litter traps, made of 1 X 1-mm nylon mesh, were
arrayed orthogonally 8 m from the center in each of
the thirty-six 500-m? plots. The traps were posi-
tioned 10-20 cm off the ground to prevent soil
moisture from affecting litter chemistry between
collections, and trap positions remained the same
during the entire sampling year. Composites of the
four samples per plot were analyzed for the year
between January and December 1999. During this
sampling year, there were 11 missing litter compos-
ites (that is, all traps at a plot were stolen) out of
432, For these missing data points, we used an
average nutrient concentration computed from the
preceding and subsequent values at the respective
plot. In the case of several, but not all, traps being
stolen at a plot, the composite was made with the
litter collected from the remaining traps at that plot.
Because decomposition is relatively slow in dry
tropical forests (Arnason and Lambert 1982; Lugo
and Murphy 1986; Harmon and others 1995), we
believe that our monthly collections did not result
in substantial changes in litter chemistry. Nutrient
loss due to leaching may have affected litter nutri-
ent content, especially during the wet season, with
N being more susceptible to losses than P (see Cue-
vas and Medina 1986).

The litter was dried in the field at less than 70°C.

It was ground through a Wiley Mill (Thomas Sci-
entific, Swedesboro, NJ, USA) to pass through a no.
20-mesh screen. Litter P and N concentrations were
determined using a modified Kjeldahl digestion on
a Tecator 2000 Digestion System (Perstorp Analyt-
ical, Sweden). This method uses a concentrated
salicylic acid—sulfuric acid catalyst and 30% hydro-
gen peroxide to hydrolyze organic P and N to inor-
ganic forms. The digestion matrix was analyzed on
an Alpkem Flow Solution IV Autoanalyzer (OI An-
alytical, College Station, Texas, USA) in accordance
with the US EPA methods for total P and Kjeldahl N
determination. An estimate of litter C concentration
was determined by combustion of 59 random sam-
ples out of a total of 432. Litter C concentration was
not measured for all samples because of the negli-
gible variability in C content of the litter. Ground
samples were dried at 50°C for 48 h prior to being
weighed for combustion in a Fison 1108 Elemental
Autoanalyzer (CE Elantech, Lakewood, NJ, USA).
Measurements of litter C content were used to cal-
culate mass-based C:N and C:P ratios for secondary
and mature sites in each region as another estimate
of litter quality.

Total nutrient inputs (kg ha~' year™') were cal-
culated by multiplying monthly litter production
values for each sampling site (Lawrence 2004) by
nutrient concentration for the same site and month,
and adding them over the entire year. These annual
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nutrient input values were then used to calculate
within-stand nutrient-use efficiency (NUE), de-
fined as kilograms of dry litter mass per kilograms of
litter nutrient content (sensu Vitousek 1982, 1984).
This index was developed as an improvement over
using the simple inverse of plant-tissue nutrient
concentration as originally suggested by Chapin
(1980; Vitousek 1982). We chose this index of NUE
to assess stand nutrient cycling due to the nature of
our data set, the relative ease of studying litter
nutrients compared to other components of the
cycle, and the assumption that an understanding of
the litter nutrient cycle may serve as a model for the
whole stand nutrient cycle (Vitousek 1982, 1984;
Silver 1994). Litterfall is the predominant pathway
through which N and P travel from plants to soil
(Vitousek 1982). We also investigated regional dif-
ferences in resorption proficiency, defined as the
minimum nutrient concentrations in senesced
leaves (Killingbeck 1996), in mature forest sites.

We investigated percent reduction in litter nutri-
ent concentrations among regions and age classes in
order to compare the degree to which litter P and N
concentrations changed during the annual cycle.
The percent reduction from maximum to minimum
nutrient concentration and the percent reduction
from maximum nutrient concentration to that oc-
curring during peak litterfall were calculated for
each site. We did not attempt to quantify true nu-
trient resorption from live to senesced leaves be-
cause our sampling regime did not permit this type
of analysis. However, our assessment of the relative
changes in litter nutrient concentrations during the
annual cycle provides a similarly comprehensive
perspective on nutrient cycling, because it accounts
for relative changes in the nutrient content of
newly fallen litter in forests that receive markedly
different annual precipitation.

Statistical Analyses

We explored seasonal patterns in nutrient concen-
trations as a function of age and precipitation by
using repeated-measures analysis of variance
(ANOVA) with each of the 12 sampling periods as
the repeated measure. Regional patterns in mean
annual litter nutrient concentrations and NUE were
analyzed using simple ANOVA. To investigate suc-
cessional changes in litter nutrient concentrations
over all regions combined, we used two-way
ANOVA to allow for attribution of variance to re-
gional differences in litter nutrients over the pre-
cipitation gradient. Linear regressions were used to
model age-related changes in litter nutrient con-
centration and NUE in secondary forests of each
region. Regional comparisons in percent reduction

from maximum to minimum or peak litterfall levels
were carried out using ANOVA.

For analytical purposes, the 36 study sites were
grouped across all three regions into age classes that
best represent their ecological similarity and take
into account any uncertainty in exact forest age.
These age classes (2-5 years, 6-10 years, 12-25
years, and mature forest) refer to stand age in Jan-
uary 1999. All statistical analyses were carried out
using SAS V8 (SAS Institute 1989).

RESULTS

Seasonal Patterns in Litter Nutrient
Concentration

Across all regions and ages, litter P and N concen-
tration changed significantly through time (time
effect, P < 0.0001). Litter nutrient concentrations
reached their minima during peak litterfall in
March and were at maximum levels during the wet
season, July-December (Figures 2 and 3). Seasonal
patterns in litter P concentrations varied as a func-
tion of both age and region in separate analyses
(time*region effect, P < 0.01; and time*age-class
effect, P = 0.03). Arroyo Negro showed a more
marked decline during the dry season and did not
vary as much during the wet season (Figure 2a).
Phosphorus concentration peaked in mature forests
earlier than in younger secondary forests (Figure
3a). In contrast, seasonal patterns in litter N con-
centrations varied as a function of region
(time*region effect, P < 0.01) but not as a function
of age (time*age-class effect, P = 0.13). The signif-
icant regional effect seems to be caused by erratic
variation in El Refugio.

During peak litterfall in March, litter P and N
concentrations were reduced an average of 47%
and 33 %, respectively, from their maximum levels,
which always occurred during the wet season. The
greatest proportional reduction in litter P concen-
tration (from maximum observed to peak litterfall
value) generally occurred in the driest region, de-
spite a greater absolute change in the wettest region
[Arroyo Negro (Figure 2a)]. Older forests also
tended to experience greater proportional change
than younger forests (Figure 3a). When comparing
litter P maximum versus absolute minimum, re-
gardless of when that minimum occurred during
the annual cycle, the reduction was greatest in the
driest region as well (P = 0.07) (Figure 4a). In
contrast, there were no strong regional or succes-
sional patterns of relative reduction in litter N con-
centration, whether comparing maximum to peak
litterfall levels (Figures 2b and 3b) or maximum to
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Figure 2. Seasonal trends in litter phosphurus (a) and nitrogen (b) concentration by region. Monthly means * 1 S.E. for
10 sites in Arroyo Negro (AN), 13 sites in Nicholas Bravo (NB), and 13 sites in El Refugio (ER). The magnitude of the
seasonal trend in P in Arroyo Negro is significantly greater than that of Nicholas Bravo and El Refugio (repeated measures
ANOVA, regional effect, P<0.0001). Seasonal N dynamics were not significantly different among regions. Minima in litter
P during March correspond to peak litterfall. Note different scales on the y-axes.
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Figure 3. Seasonal trends in litter phosphorus (a) and nitrogen (b) concentration by age class. Points are monthly means
+ 1 S.E. for 10 2-5 year-old sites, 8 6-10 year old sites,, 10 12-25 year-old sites, and 8 mature sites, combined across all
regions.There were no significant differences between age classes for P or N (repeated measures ANOVA, age class effect,

P; p=0.41, N: p=0.75).

absolute minimum (Figure 4b). Not only the great-
est relative reduction in, but also the lowest mini-
mum, litter P concentration in mature forests (0.22
mg/g) occurred at a site in the driest region, El
Refugio, whereas the highest minimum value oc-
curred in an Arroyo Negro site (0.37 mg/g). In
contrast, minima in litter N concentrations showed
no regional trend, ranging from 0.62% to 0.96%
with high intraregional variability.

Regional and Successional Trends in Litter
Nutrient Concentration

Litter P concentration in the southern, wettest site,
Arroyo Negro, was significantly higher than that of
Nicolas Bravo and El Refugio over the entire course
of the annual cycle (regional effect, P < 0.0001)

(Figure 2a). Mean litter P concentration was 0.87
mg/g in Arroyo Negro versus 0.44 and 0.45 mg/g in
Nicolas Bravo and El Refugio, respectively. Litter N
concentrations were not significantly different
among regions (regional effect, P = 0.75). Litter C:N
ratios in the SYPR ranged from 40 to 44, whereas
C:P ratios ranged more widely, from 470 to 1220
(Table 2).

Litter N concentration did not vary significantly,
though it tended to increase, with forest age (Figure
5b). Mean litter P concentration, averaged over all
three regions, declined with forest age from 0.65
mg/g in the youngest age class to 0.50 mg/g in the
mature sites (age-class effect, P = 0.06) (Figure 5a).
Although the means show an effect of age class on
litter P concentration, the repeated-measures anal-
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Figure 4. Percent reduction in litter phosphorus (a) and nitrogen (b) concentrations by region, across all age classes. For
each site, the percent reduction in nutrient concentration from maximum to minimum levels during the annual cycle was
calculated, and regional means were compared using ANOVA. Bars are means * 1 S.E. Percent reduction in litter P
increases with decreasing precipitation from Arroyo Negro to El Refugio (ANOVA, p=0.07). Percent reduction in N does

not vary significantly by region (ANOVA, p=0.94).
Table 2.

Average Mass-based Litter Nutrient Concentrations, Carbon-Nitrogen (C:N) Ratio, and Carbon-
Phosphorus (C:P) Ratio as a Function of Forest Age

Average Litter Nutrient

Concentration
Region Forest Age mg P/g % N % C C:N Ratio C:P Ratio
El Refugio Secondary (n = 10) 0.45 1.08 4551 42 1022
Mature (n = 3) 0.47 1.09 46.56 43 984
Nicolas Bravo Secondary (n = 10) 0.46 1.10 47.27 44 1027
Mature (n = 3) 0.39 1.20 47.40 41 1219
Arroyo Negro Secondary (n = 8) 0.94 1.07 43.67 41 467
Mature (n = 2) 0.59 1.06 44.09 42 754

Mean of 12 monthly values per site, with number of sites per category indicated

in parentheses.

ysis over the entire annual cycle does not (age-class
effect, P = 0.41). The age-class effect is obscured
because during the dry season litter P converges on
the same low level regardless of age class (Figure
3a).

We further examined the association between P
dynamics and precipitation indicated by a decline in
litter P concentration during dry months and in dry
regions (Figures 2a and 3a). The effect of age on
litter P was much stronger during the wet season,
June-December, than it was over the complete an-
nual cycle (age-class effect, P = 0.01 for the wet
season only and P = 0.06 for the entire year).
Furthermore, the decrease in mean litter P concen-
tration with forest age over all sites is likely driven
by the wettest region, Arroyo Negro, where P con-
centration declined most with age. Regression anal-
yses relating average P concentration to age in sec-
ondary forests indicate a negative relationship in

Arroyo Negro (R* = 0.47 and P = 0.06). However,
in secondary forests of centrally located Nicolas
Bravo and the driest site El Refugio, litter P concen-
trations were not significantly related to age.

Total Litter Nutrient Inputs and Nutrient-
use Efficiency

Total annual P input ranged from 3.01 kg P ha™'

year ! in a 2-year-old forest in El Refugio to 14.45
kg P ha™' year ' in a mature forest in Arroyo Negro
(Table 3). Across all age classes, total P inputs from
litter were significantly higher in Arroyo Negro
than in Nicolas Bravo and El Refugio (P < 0.0001).
Mean P inputs in mature forests were 9.6, 4.9, and
5.8 kg P ha™ ' year™!, respectively. Nitrogen inputs
ranged from 59.8 kg N ha™ ' year™ ' to 204.3 kg N
ha~! year™!, with substantial variability within re-
gions and age classes (Table 3). However, there
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Figure 5. Average litter phosphorus (a) and nitrogen (b) concentrations across all regions, as a function of forest age. Bars
indicate means = 1 S.E. over the entire annual cycle. Although data presented here illustrate successional changes only,
we used Two-way ANOVA to allow for attribution of variance to the regional gradient. The data indicate a decline in litter
P (model, P<<0.0001; age class effect, p=0.06) but no significant change in litter N (model, p=0.96) with increasing forest

age.

were no significant regional or age-related differ-
ences in litter N inputs to the forest floor.

Overall, P NUE increased with decreasing precip-
itation (Figure 6a and Table 3). Phosphorus NUE
over the SYPR ranged fourfold, from 913 to 3964 kg
litter/kg P, while N NUE spanned a much narrower
range, 68 to 129 kg litter/kg N. Regional differences
in P NUE were large, with average P NUE in Arroyo
Negro significantly lower than in the drier regions
of Nicolas Bravo or El Refugio (1279 vs 2488 and
2509 kg litter/kg P, respectively) (P < 0.0001) (Ta-
ble 3). There were no significant differences in N
NUE among regions (Figure 6b and Table 3). Re-
gression analyses indicate that, in Arroyo Negro, P
NUE increased significantly with increasing forest
age (R* = 0.62 and P = 0.02). However, there were
no significant relationships between forest age and
P NUE for El Refugio and Nicolas Bravo, nor were
there any significant relationships between N NUE
and forest age in any of the study regions.

DiscussioNn

Regional and Successional Litter Nutrient
Dynamics

In the SYPR, there is a strong association between
litter P concentration and precipitation on a re-
gional scale. Litter P concentration was higher in
the wet southern region, compared to the drier
central and northern sites (Figure 2a). Although the
distance between study areas is at most 120 km, the
900- to 1400-mm/year gradient in total annual pre-
cipitation appears to be an important driver of forest

nutrient status. Regional variability in precipitation
may result in a threshold (perhaps around 1200
mm/year), below which P limitation is continuous,
and above which P limitation is seasonal. The lack
of a simple gradient effect of rainfall on litter P
concentration and P NUE is evidenced by the fact
that Arroyo Negro sites drive regional and succes-
sional patterns in these metrics. Additionally, litter
P concentration and P NUE in Nicolas Bravo are not
intermediate between El Refugio and Arroyo Ne-
gro, but are similar to El Refugio (Figures 2a and
6a).

Phosphorus return from litter in our mature
study sites is higher than that reported for dry for-
ests in Chamela, Mexico (679 mm ppt/year and
3.88 kg ha™ ' year™ '), but lower than that reported
for a seasonal forest in Belize (1720 mm ppt/year
and 9 kg ha™! year ') (Lambert and others 1980;
Campo and others 2001). Nitrogen return from lit-
ter in our mature sites is comparable to those re-
ported for Guatemala (2000 mm ppt/year and 169
kg ha ' year ') and Belize (156 kg ha™' year ')
(Ewel 1976; Lambert and others 1980).

Preliminary analysis of species composition data
(Table 4) indicates a high degree of similarity in
forest composition and species abundance in both
secondary and mature sites among the three study
areas (D. Perez Salicrup and D. Lawrence unpub-
lished data). However, differences in community
structure cannot be completely discounted as a po-
tential factor contributing to differences in litter
nutrient status at the regional scale. Forests in Nico-
las Bravo seem to share fewer species than Arroyo
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Table 3. Total Phosphorus (P) and Nitrogen (N) Inputs® to Forest Floor and Annual Litter NUE" by Site

P Input N Input
Region Site Age P NUE N NUE (kg ha ! year™ 1) (kg ha™! year™ 1)
El Refugio Hermelindo 2 2051 103 3.01 59.83
Juventino 3 2616 110 3.17 75.16
Juan 4 2787 116 3.15 76.01
Hermelindo 5 1816 72 5.30 134.25
Rufino 8 2191 68 3.77 121.55
Juan 8 3964 128 2.78 85.69
Juventino 10 2490 129 5.27 101.95
Juan 12 2818 104 4.91 133.26
Hermelindo 12 1806 78 8.38 194.17
Juventino 12 3258 102 4.31 138.02
Victor Mature 2692 116 3.66 85.06
Camino Pr. Mature 2070 89 5.88 136.76
Roberto Mature 2058 85 7.97 192.66
Nicolas Bravo Agustin 3 2490 110 3.26 73.55
Pedro 5 1889 103 4.69 85.69
Enrique 5 3390 112 3.10 93.46
Agustin 6 2436 97 4.93 124.53
Benito 8 2477 103 4.25 102.64
Pedro 16 1869 85 6.75 148.92
Benito 18 2516 87 5.42 156.29
Pedro 24 1822 88 9.42 194.68
Agustin 25 2901 96 3.71 112.00
Enrique 25 2716 111 3.87 94.35
NB1 Mature 2561 87 4.32 127.59
NB1 Mature 2561 87 4.32 127.59
Calakmulita Mature 2725 87 6.22 195.87
Arroyo Negro Antonio 4 941 103 7.63 69.39
Fermin 5 1129 103 10.53 115.49
Gilberto 5 913 80 14.07 160.56
Gilberto 7 937 81 9.99 114.85
Antonio 8 1253 91 11.94 164.57
Fermin 9 946 98 10.98 105.75
Fermin 15 1163 110 8.82 93.00
Antonio 18 1702 105 5.58 90.33
Antonio Mature 1405 99 14.45 204.32
Jose Mature 2405 95 4.65 117.18

“Total nutrient inputs (kg ha™ ' year™") were calculated from monthly litter production values at each site (D. Lawrence unpublished data) and corresponding litter nutrient

concentrations, totaling over the annual cycle.

b Annual nitrogen-use efficiency (NUE) was calculated as dry litter mass per litter nutrient content (kg/kg) after Vitousek (1982, 1984).

Negro and El Refugio, the end points of our precip-
itation gradient. This compositional difference may
explain why the precipitation effect is not gradual,
as expected, but more of a threshold.

During succession, litter P concentration declines,
while litter N concentration does not change signit-
icantly (Figures 3 and 5), suggesting that P is limit-
ing compared to N and is cycled more efficiently as
the forests age (Vitousek 1982). In his study of
successional forest in Guatemala, Ewel (1976) also
reports that litter N concentration did not decline
with stand age. Some of this change may be a result

of species turnover as a forest ages (Table 4), al-
though the specifics of such change are difficult to
define given our use of composite litter samples.
However, changes in nutrient-use efficiency during
succession may also reflect physiological change
within the species themselves, as many species per-
sist over the entire successional sequence sampled.
Furthermore, the relative influence of forest age on
litter nutrient dynamics is affected by both seasonal
and regional variability in precipitation. During the
rainy season (July—December), successional differ-
ences in litter P concentration were more apparent
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Figure 6. Nutrient use efficiency as a function of forest age, for phosphorus (a) and nitrogen (b). Annual NUE was
calculated as dry litter mass/litter nutrient content (kg/kg). Phosphorus NUE was significantly lower in Arroyo Negro (AN)
then in El Refugio (ER) and Nicholas Bravo (NB) (ANOVA, p<<0.0001). In Arroyo Negro, P NUE increased with forest age
in secondary sites ( P Nue=41.48"age + 754.90, R*=0.62, p=0.02). There were no regional or successional differences in

N NUE.

than they were during the dry season (Figure 3a).
Additionally, differences in litter P concentration
due to forest age were most pronounced in the
wettest site, Arroyo Negro, whereas this trend was
not as strong in the other study regions. In contrast,
the variability in litter N concentrations was not
attributable to differences in age or region, regard-
less of seasonal precipitation patterns (Figures 2b
and 3b). Overall, these results suggest that forest
function in the SYPR is primarily limited by water
availability with secondary limitation by P.

Seasonal Trends in Litter Nutrient
Concentrations

Seasonal trends in litter nutrient dynamics also in-
dicate a strong relationship between precipitation
and litter P concentration. During March-April, the
period of peak litterfall, litter N and P levels were at
their lowest across all regions and age classes (Fig-
ures 2 and 3). These dynamics may reflect retrans-
location of essential nutrients during times of
drought. This retranslocation may be an adaptive
process that is more energy efficient than taking up
nutrients from the soil (Potter and others 1987). It
may also be a nutrient-conservation mechanism for
plants in low-nutrient environments (Vitousek
1982; Killingbeck 1996), even if the nutrient stress
is caused simply by lack of soil moisture.

When litter nutrient dynamics are considered in
the context of concurrent changes in litter mass
(Figure 7a) (D. Lawrence unpublished manuscript),
nutrient supply appears to be more uniform in
younger than in older forests (Figure 7b). During

peak litterfall, when nutrient concentrations are
lowest, variation in nutrient input is driven by dif-
ferences in total litter production. With more litter-
fall at that time, mature forests deposit roughly
40% more P than the youngest forests. In contrast,
during the wet months (July-December), litter pro-
duction does not vary with forest age. Differences in
total inputs are driven by concentration, and the
younger forests deposit 20%-90% more P than
mature forests. These higher nutrients come when
soil moisture is high, speeding decomposition and
promoting rapid release into the soil solution. Thus,
enhanced nutrient availability during the wet sea-
son may encourage rapid growth in young forests,
enhancing recovery after human or natural distur-
bance.

The greatest proportional reductions in litter P
concentration during peak litterfall were generally
in the driest region, El Refugio (Figure 4a), suggest-
ing that water limitation contributes to greater nu-
trient-use proficiency in El Refugio than in the
other study regions. In mature study sites, minima
in litter P also declined with decreasing precipita-
tion, which further suggests that removal of essen-
tial nutrients such as P prior to senescence may be
driven by water limitation. Additionally, relative
reduction in litter nutrients during peak litterfall
tended to be higher in older forests, consistent with
the theory that the cycling of limiting nutrients
becomes more conservative as forests age. Our re-
sults suggest the interaction of both seasonal and
regional water limitation and successional change
in the ability of trees to retranslocate nutrients.
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Figure 7. Seasonal trends in litterfall mass (a) and P
return from litter (b) as a function of forest age. Mean
over all three regions is presented. In (b), horizontial lines
indicate mean monthly p input for each age class and
vertical lines, to scale, indicate the standard deviation in
monthly P input for the year.

Nutrient-use Efficiency

Phosphorus NUE was lowest in Arroyo Negro and
highest in the driest site, El Refugio (Figure 6a),
suggesting that P is less limiting in this system
where water is more available. Phosphorus NUE
increased significantly with forest age only in Ar-
royo Negro. In the drier sites, P NUE was high
regardless of forest age. However, the lack of a
simple gradient between water availability and P
NUE is illustrated by the fact that P NUE in Nicolas
Bravo is not clearly intermediate between El Refu-
gio and Arroyo Negro (Table 3). This may be driven
by a combination of differences in species compo-
sition (Table 4) and litterfall mass and seasonality
(Figure 7).

In contrast, N NUE displayed no regional or suc-
cessional trends. Nitrogen NUE was 20 times lower,
on average, than P NUE (Figure 6b and Table 3),
suggesting the relative degree of N and P availability
to plants. High P NUE and a lack of regional and
successional effects on N NUE suggest that P is the
limiting nutrient in this system, as indicated for
other tropical forests (Vitousek 1984; Lugo 1992;
Silver 1994). Phosphorus cycling in the tropics is
believed to be largely moderated by weathering
processes rather than through atmospheric and bi-
ological processes, although recent work in second-
ary tropical forests suggests an important role for
biota (McGrath and others 2000; Lawrence and
Schlesinger 2001). In highly calcareous soils such as
those in the SYPR, P may be chemically bound to
calcium and clay constituents (Vitousek 1984; Sil-
ver 1994). Phosphorus availability in dry tropical
soils may be further reduced because xeric condi-
tions prevent dissolution and plant uptake of P
bound to the soil (Lugo and Murphy 1986). This
condition would be exaggerated in our driest sites,
producing the regional and seasonal patterns in
litter P concentration and P NUE we found. In
contrast, the N cycle is sustained to a large extent by
atmospheric and biological processes, the latter of
which may be augmented by abundant microbial N
fixation in warm tropical soils (Vitousek 1984).

High P NUE compared to N NUE has been de-
scribed for numerous tropical forests, ranging from
very dry to wet montane sites [see Vitousek (1984),
Lugo and Murphy (1986), and Singh (1992)]. Our
results suggest P limitation and relatively abundant
N, within the constraints of highly variable regional
and seasonal precipitation. Additional variability in
P and N NUE may be driven in part by patterns in
litter production at each site (D. Lawrence unpub-
lished manuscript). For example, the low input of
4.65 kg P ha™ ! year ' in one mature site in Arroyo
Negro is due to notably small biomass and litter
production at that site (Read and Lawrence 2004).
It is also possible that regional and successional
differences in NUE are due in part to the interplay
of two factors whose relative contributions are dif-
ficult to quantify: the shift from less-efficient to
more-efficient species along those gradients, and
increasing efficiency within species as they respond
to reduced nutrient availability or other stresses
(Boerner 1984).

CONCLUSION

We investigated litter nutrient dynamics in the
SYPR because litter is one of the most labile com-
ponents of the nutrient cycle and has a direct effect
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on soil fertility, and thus plays a critical role in the
recovery of forests following cultivation. In so do-
ing, we have provided an understanding of ecosys-
tem-level response to natural and human-induced
environmental gradients in the dry tropics. Litter N
and P concentrations have markedly different dy-
namics over seasonal, successional, and regional
scales. Our study suggests that water limitation and
P limitation may serve as important controls on
ecosystem nutrient cycling in and recovery of these
forests. When forests in the SYPR are released from
water stress—that is, during the rainy season or in a
wetter region—litter nutrients are sustained at lev-
els higher than those detected during the dry season
or in regions with lower annual precipitation. Phos-
phorus-use efficiency tends to diminish with in-
creasing precipitation, as indicated by comparing
stand-level NUE, percent reduction in litter P, and
resorption proficiency. This work highlights the im-
portance of regional environmental gradients, such
as precipitation, which are seemingly small in com-
parison to global gradients, but that may exert con-
trol over ecosystem properties on a regional scale.
During this period of rapid land-use change in the
tropics, and in anticipation of projected global en-
vironmental change, it is critical that we under-
stand nutrient dynamics in both mature dry tropical
systems and in the secondary forests that are be-
coming an increasingly important part of the trop-
ical landscape.
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