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RESUMEN

Durante el ultimo siglo el N reactivo (Nr) se ha incrementado en dos 6rdenes de magnitud
como consecuencia del uso de fertilizantes nitrogenados, la guema de combustibles fésilesy
laextension eintensificacion del cultivo deleguminosas. Diversos estudios han comprobado
que atas tasas de deposicion cronicade N en los bosques templados cambian la estructura,
composicion y funcionamiento de estos ecosistemas. Los pocos estudios realizados en los
BTs limitan nuestra capacidad de entender el efecto del incremento del N en estas mismas

variables.

En este proyecto se exploro € efecto del incremento en ladisponibilidad de N en los ciclos
de carbono (C) y N en BTs. Para ello serealiz6 € meta-andlisis de los datos reportados en
la literatura y, por medio de un enfoque experimental, se exploraron los efectos del
incremento en la disponibilidad de N, en interaccion con e régimen de lluvia, en (1) la
dindmica del C y del N en e suelo de BTs estacionalmente secos (BTES) y (2) en la
descomposicion foliar de dos especies dominantes en estos mismos bosques. Los BTES
sel eccionados tienen caracteristicas ambiental es'y biol dgicas poco variables, |o cual permitié
aisar los efectos de la precipitacion media anual en las variables estudiadas. El disefio
experimental se basd en la adicion de N en BTES ubicados a lo largo de un gradiente de
precipitacion (536 — 1035 mm de precipitacion mediaanual) en la Peninsulade Y ucatan. La
adicion de N fue redlizada siguiendo las tasas esperadas en la deposicion de N atmosférico

para el ano 2030 en bosques tropicales.

Los resultados del meta-andlisis demostraron que la adicion de N incrementd la
productividad primarianeta, |a concentraci én de bioelementos de lahojarascay del mantillo
y las pérdidas de N en los BTs. Estos resultados indican que a pesar de que éstos son
ambientes ricos en N, tanto la comunidad de plantas como la de microorganismos del suelo

utilizan el N adicionado, soportando las evidencias previas acerca de la existencia de un



gradiente espacial de disponibilidad del N en BTs. En conjunto, estos resultados demuestran
gue los supuestos basados en & modelo de saturacion de N en BTs deben ser reevaluados.

En la primera aproximacion experimental se encontré que en € suelo de BTES la adicion de N
disminuyd las concentraciones de C organico en los bosques mas secos y hiimedos. El carbono enla
biomasa microbiana del suelo respondié diferenciamente entre los sitios a incremento de N,
mientras que en los suelos del sitio més seco, e incremento de N declind significativamente las
concentraciones microbianas de Cy N. En contraste, laadicion de N increment6 | as concentraciones
microbianasde Cy de N en los suelos del sitio mas hiumedo del gradiente. Lamineraizacion deN 'y
las tasas de nitrificacion no respondieron ante la adicién de N. En e suelo del bosgue més seco, la
adicion de N derivo en € incremento de las pérdidas de C y N debido alas emisiones de CO, y N2O.
Sin embargo, € incremento de N no afect6 consistentemente las emisiones de CO. y N.O en los

suelos del bosque més himedo.

En el segundo experimento se encontr6 que latasa de descomposicion fue af ectada por la adicion de
N solo cuando € material originado en el bosque més himedo y con menor contenido de N fue
descompuesto en todos los sitios, o cuando el materia proveniente de todos los sitios del gradiente
fue descompuesto en el bosgue mas himedo. Las concentraciones iniciales de los compuestos
solubles de carbono y de lignina fueron los mejores predictores de la masa final remanente para €
material de Gymnopodium. En un andlisis similar, € porcentgje inicia de compuestos de carbono

solubles en aguay la concentracién de N predijeron lamasa fina remanente de Piscidia.

Las conclusiones de este trabgjo son que (1) € incremento futuro de la deposicion de N podria
contribuir fuertemente a modificar las proyeccionesy retroaimentaciones del ciclo global del C por
cambios directos en los ciclos del Cy del N en BTr., (2) los suelos de los BTES reaccionan a
incremento del N dependiendo de la limitacién hidrica de cada bosque, 1o cua parece ser €
mecanismo que controla el ciclo del N en estos suelos y (3) la descomposicién foliar en los BTES
ante los escenarios de incremento de N atmosférico también podra variar dependiendo de la

limitacion hidrica del bosque y de laidentidad de la especie.



ABSTRACT

Nitrogen (N) reactive compounds (Nr) have increased by two fold during thelast century due
to the increment of fertilizer use, biomass burning and rise extent and intensification of
leguminous croops. There are evidence demostrating that chronic N deposition under
temperate forest change the structure, composition and function of them. However, the little
searching in tropical forests limit our capacity to understand the N chronic deposition effect

on these ecosystem variables.

In this work was explored the effect of N-supply availability on carbon (C) and N cyclesin
tropical forests. First, we achieved a meta-analysis with data reported in per-review
references. Then, we explored the effect of experimental N-supply, and its interaction with
the mean annual precipitation (MAP), on (1) both C and N soil dynamic in seasonal dry
tropical forest, and (2) foliar decomposition rate of two dominant speciesin three study sites.
SDTFs selected have similar environmental and biological characteristics that allowed study
the MAP efectsin our analysis. Experimenta desing was based on the N-supply SDTFsalong
precipitation gradient (536 — 1035 mm MAP) in the Y ucatan Peninsula. N-supply treatments
were calculated according to expected rate atmospheric N deposition for 2030 in tropical

regions.

Meta-analysis results showed that C, N, and P cycles respond to N-supply in ways not
previously predicted by the approach based on the N-saturation approach. N-supply changed
nutrient concentrations in litterfal, litter, and soil, supporting that both plants and
microorganisms use the added N and changing the cycle of C, N, and P. Despite observed
changes are based on low number and short-time searching, these provide more support for
the NP co-limitation than the N-saturation state in TFs



In the first experimental approach, organic C concentrations in soil from both the driest and
the wettest forest sites decreased significantly with elevated N input. However, microbial
biomass responded to N enrichment differently across sites. In soils from the driest site,
microbia biomass C and N concentrations declined significantly with elevated N input. In
contrast, in soils from the wettest site, microbial biomass C and N immobilization increased.
Net N-mineralizationand nitrification rates did not respond to elevated N input. In soilsfrom
thedriest site, elevated N input resulted in an increasein C and N losses due to CO2 and N2O
fluxes. However, elevated N input to soils from the wettest site did not consistently affect
CO2 and N20O fluxes. In soils from the wettest site, the main response to N enrichment was

an increase only in COo fluxes.

In the last experimental approach, N-supply did not have a significant effect on
decomposition rates at the drier sites. In contrast, N addition at the wettest site affects litter
decomposition. In this site the main response to N-supply was an increase in decomposition
of Gymnopodium’s litter and a decrease in Piscidia’s litter. Overall, we observed that,
decomposition was affected by the N-supply only when samples from the N-poor wettest site
were decomposed in al sites, or when litter from the all sites were decomposed in the wettest
nutrient-poor site. Initial water soluble C and, initial lignin were the best predictors of
observed final mass for litter of Gymnopodium. In similar analysis, initial percentage of

water-soluble C and N concentration predicted observed final mass for Piscidia litters.

The main conclusions of thiswork are that (1) future N-deposition increments could strongly
contribute to changing projections and feedback of C cycling worldwide by affecting the C
and N cyclein TFs, (2) the reactions of SDTF soils to increases in N deposition will vary,
depending on the details of thesite’s water limitations, which appear as a regulatory
mechanism of the N cyclein these soils, and (3) N-supply effects on decomposition processes
will vary, depending on the details of the site’s N status that results of mean annual

precipitation, and the identity of species.






INTRODUCCION GENERAL

Los bosgues tropicales (BTs) son ecosistemas importantes a escala global porque son
componentes primordiales del ciclo del carbono (C) y del nitrégeno (N). Estos bosques se
forman en regiones en las que la precipitacién media anual es superior a 500 mm, la
biotemperatura es superior a6° Cy larelacion de potencia de evapotranspiracion esinferior
a4 (Holdridge et al., 1971). En esta combinacién climética ocurren tres tipos de biomas: los
bosques tropicales y subtropicales secos de hojas amplias, los bosques tropicales y
subtropical es hiumedos de hojas amplias y,los manglares, que en conjunto ocupan ~ 30 % de
la superficie terrestre (Olson et al., 2001). Los BTs existen en una gran heterogeneidad de
factores abidticos y bidticos (Townsend et al., 2008). Por g emplo, éstos se desarrollan en
materiales parentales con diferentes origenes geoldgicos y relieves, albergando una gran
variedad de suelos (Richter & Babbar, 1991). Bioticamente, los BTs conservan ~ 50% de las
especies conocidas a nivel mundia (Losos & Leigh, 2004) y se caracterizan por su dta
riqueza de plantas (Wilson et al., 2012).

A escala global, los BTs contribuyen con ~ 40% a la productividad primaria neta (Malhi,
2012). Laocurrenciade climas cdlidos y himedosy la radiacion solar sostenida durante una
buena parte del afio, ocasionan que los BTs asignen mayor cantidad del C fijado alabiomasa
aérea que alasubterranea (Luyssaert et al., 2007). En cuanto alas emisiones ala atmosfera,
se estima que los BTs contribuyeron con ~ 20% del CO» de origen antropogénico emitido
por deforestacion entre € 2000 — 2008 (IPCC 2007), y emiten ~ 25% del COz de la
respiracion autétrofa (Luyssaert et al., 2007). En conjunto, el balance entre las entradas y las
pérdidas de C en los BTs, determina que estos biomas almacenen ~ 55 % del C asociado a
los bosgues del mundo (Pan et al., 2011).

Globamente, los BTs también tienen un efecto importante en € ciclo natural del N;
participando con ~ 70% del N atmosférico fijado biologicamente (Townsend et al., 2011) y
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emitiendo ~ 71% de los éxidos de N hacia la aimosfera por biomasa terrestre (Bai et al.,
2012). Un fenébmeno que llama la atencidn en los BTs es que la fijacion biolégica de N es
mantenida a tasas altas a pesar de gque este proceso es inhibido por las atas concentraciones
deN en el suelo (Hedin et al., 2009). Esta paradoja es explicada en términos de la existencia
de una ata heterogeneidad espacia en ladisponibilidad de N. De esta manera, en un mismo
BT existen ambientes de alta disponibilidad de N, que soportan atas tasas de pérdida del
bioelemento y ambientes de baja disponibilidad de N, que favorecen su fijacion biol6gica
(Hedin et al., 2009; Menge et al., 2009).

Cambiosen e climay en la deposicion atmosférica de N en regionestropicales

A escala global, los gases con efecto invernadero de origen antropogénico incrementaron ~
57 % en las Ultimastres décadas (IPCC, 2007); especificamente en los BTs durante el mismo
periodo, la temperatura superficial incrementé ~ 0.3 © C y la precipitacion media anual
descendio ~ 1 % en cada década (Malhi & Phillips, 2004). También a escala global, € N
reactivo atmosférico incrementd en dos 6rdenes de magnitud entre 1809 - 2005; pero tal
incremento parece no haber afectado sustancialmente la deposicion de N en BTs (1.0 - 7.5
kg N haafio?) (Galloway et al., 2008). Sin embargo, se estima que esta deposicion podria
incrementarse a tasas anuales de 32 kg N ha afio™ en € afio 2030 (Dentener et al., 2006) y
alcanzar 50 kg N ha afio™ en e afio 2100 (Lamarque et al., 2005). Estos incrementos serian
producidos por la intensificacion esperada en el uso de combustibles fésiles, e uso de

fertilizantes y en laquema de biomasa en | as areas tropicales (Galloway et al., 2004).

Las evidencias experimentales sugieren que el incremento esperado en la temperatura en
regiones con BTs estimularia la actividad de los microorganismos del suelo, la tasa de
descomposicion (Powers et al., 2009), las tasas de circulacion de C y de N en el ecosistema
(Malhi & Phillips, 2004; Saxe et al., 2001), y la liberacion de CO; hacia la atmosfera (Van
Der Putten et al., 2009); mientras que disminuiria la productividad primaria neta (Clark et

al., 2003). Por otra parte, uno de los efectos indirectos mas importantes del incremento
7



esperado en latemperaturaes que €l balance hidrico podriaser mas negativo en comparacion
con los valores actuales (Vicente-Serrano et al., 2013); por lo que la disponibilidad de agua
seramasimportante como factor limitante de laactividad microbiana (Davidson & Janssens,
2006). Los estudios en BTs humedos han demostrado concluyentemente que el ingreso extra
de N incrementa la concentracién de N total en suelo y las pérdidas de N hacia otros
ecosistemas via lixiviacién o emision de éxidos de N (Lu et al., 2011 a). Sin embargo,
aunque la adicion de N ha causado cambios en la produccion de biomasa aérea (LeBauer &
Treseder, 2008), en las tasas netas de mineralizacion de C y de N, en la tasa neta de
nitrificacion (Liu & Greaver, 2010; Lu et al., 2011 a), en labiomasa microbianay en latasa
de respiracion del suelo (Liu & Greaver, 2009; Lu et al., 2011 b) de los BTs, la direccion
del cambio suele no ser consistente entre los estudios. Finalmente, los efectos de la
interaccion entre el cambio climatico y el incremento de ladeposicion de N aln permanecen

incipientemente estudiados para BTs (Cusack et al., 2012).

Relacionesentrelosciclosdel Cy del Ny e régimen delluvia en bosques tropicales

Globamente y a escala ecosistémica, los ciclos del C y del N se encuentran fuertemente
acoplados, como consecuencia de que éstos son demandados en proporciones balanceadas
por los organismos (Elser et al., 2010). Estudios alo largo de gradientes de precipitacion en
BTs, en los que otros factores ambientales y bidticos han permanecido constantes, han
permitido determinar € importante papel de la precipitacion media anual como variable
reguladora del acoplamiento entre ambos bioelementos (Austin, 2002; Schuur, 2003). Enlos
BTs, los rangos de precipitacion méas estudiados son los humedos (1400-3500 mm de
precipitacion media anual) y los hiper-himedos (>3500 mm de precipitacién media anual)
(Austin, 2002; Austin & Vitousek, 2000; Santiago & Mulkey, 2005; Santiago et al., 2004,
2005; Schuur & Matson, 2001; Schuur et al., 2001), mientras que € rango seco (500-1400
mm de precipitacion media anual) ha recibido menor atencidon (Austin, 2002; Austin &
Vitousek, 2000; Roa-Fuentes et a. 2013).



En los BTs, una mayor precipitacion media anual estimula la productividad primaria neta,
la descomposicion de necromasa y las tasas de los ciclos internos de los bioelementos
(Powers et al., 2009; Santiago & Mulkey, 2005; Santiago et al., 2004; Schuur & Matson,
2001). Sin embargo, estos procesos alcanzan sus tasas maximas en el rango de 2000-2500
mm de precipitacion media anual (Austin, 2002; Powers et al., 2009), mientras que a mayor
precipitacion anua sus tasas disminuyen (Austin & Vitousek, 2000; Powers et al., 2009;
Santiago et al., 2005; Schuur et al., 2001). Los principal es factores que explican lareduccion
de la productividad primaria neta y de las tasa de descomposicion y de reciclge de
bionutrientes en los BTs hiper-himedos son los incrementos en la lixiviacién de los
bioelementos (Austin, 2002) y el decrecimiento del potencia de éxido-reduccion del suelo
(Schuur et al., 2001).

Indirectamente, la precipitacion media anual tiene un efecto inversamente proporcional en
latasade descomposicién y de mineralizacion de bioelementos (Powerset al., 2009; Waring,
2012) porque éstainfluye determinando |os rasgos estructurales y funcionales de lashojas y
la calidad de la hojarasca producida por la comunidad vegetal (Pasquini & Santiago, 2012;
Santiago et al., 2004). El principal rasgo distintivo alo largo de un gradiente de precipitacion
es que las comunidades vegetales de los bosgues secos tienen una mayor proporcion de
especies caducifolias, y con e incremento de la precipitacién media anual, los bosgues
tienden a tener mayor proporcion de comunidades perennifolias (Santiago et al., 2004). La
produccion de hojas de vida corta es una estrategia de las especies de las comunidades
vegetales paraenfrentar el déficit hidrico y a éstas son asociadas a rasgos que las hacen mas
susceptibles aladescomposicion como altas concentracionesde N y P, y una baja asignacion
del C fijado a compuestos estructurales foliares (Cunningham et al., 1999; Mass & Burgos,
2011; Wright et al., 2002). En contraposicion, la produccion de hojas de vida larga es una
estrategia de | as especies de |as comuni dades vegetal es en ambi entes hUmedos para enfrentar
la baja concentracion de bioelementos disponibles biolégicamente (Aerts & Chapin Il
1999). A las hojas de vida larga se asocian rasgos que las hacen menos susceptibles a la

descomposicion que las hojas caducifolias producidas en bosques secos, como la baja
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concentracion y masa foliar de N (Santiago & Mulkey, 2005; Santiago et al., 2004) y de P
(Austin & Vitousek, 2000; Santiago et al., 2004), bajos indices de area foliar (Austin &
Vitousek, 2000) y la asignacion de una mayor proporcion del C fijado a compuestos como
lahemicelulosao lalignina (Austin & Vitousek, 2000). Estos ultimos compuestos presentan
estructuras moleculares complejas que las hacen degradables por enzimas producidas por
microorganismos especializados del suelo (Hatakka, 2001).

Ciclode C y N en bosgues tropicales estacionalmente secos

L os bosques tropicales estacionalmente secos (BTES) abarcan e ~ 42 % de |la cobertura
potencial de los BTs a escala global (Murphy & Lugo, 1986) y son los biomas tropicales
mas amenazados por € cambio climético (DeFries et al., 2005). De hecho se estima que en
el afo 2055 cerca del 80% del area de los BTES podra ser afectada por € incremento de
temperatura y e decrecimiento de precipitacion (Miles et al., 2006). Para los BTES no
existen estimaciones especificas acerca de latasa futura de deposicion de N atmosférico, sin
embargo las evidencias indican que éstos seran susceptibles a incremento de la deposicion
debido a que en ~ 20% de los BTES del mundo es comin como préactica agricola la
combustion de biomasa (Sanchez & Portillo-Quintero, 2011). La combustion de biomasa
incrementa la emision de compuestos de N hacia la atmdsfera 'y su consecuente deposicion
sobre lasuperficieterrestre (Crutzen & Andreae, 1990). Adicionalmente, se estimaque entre
18 y 80% del boque himedo tropical podria perderse o convertirse en BTES (Huntingford
et al., 2008), lo que hace prioritaria la investigacion y caracterizacion de los ciclos
biogeoquimicos y sus cambios como efecto de las alteraciones en el climay la deposicion
deN.

En los BTES la disponibilidad de agua es e principa factor que controla la productividad
primaria netay la dindmica de los bioelementos (Austin et al., 2004; Martinez-Yrizar et al.,
1992). Durantelaépoca secalaactividad de los microorganismosy delas plantas disminuye
por déficit hidrico (Anaya et al., 2007; Campo et al., 2000, 2001; Solis & Campo, 2004).

También, durante esta época las plantas pierden sus hojas para disminuir latranspiraciéon y
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las concentraciones de formas minerales de N en el suelo se incrementan, debido a que la
menor cantidad de agua en €l suelo reduce su transporte y su uso biologico (Saynes et al.,
2005; Stark & Firestone, 1995). Durante €l inicio de la época de lluvias, los pulsos de
disponibilidad de agua afectan fuertemente la actividad de los microorganismos del suelo
(Campo et al., 1998; Fierer & Schimel, 2002). Las primeras lluvias causan la lisis de las
células microbianas liberando bioel ementos que son mineralizados rapidamente, soportando
una alta tasa del crecimiento microbiano (Van Gestel et al., 1993) y de la respiracion del
suelo (Davidson et al., 1991; GarciaMéndez et al., 1991; Kim et al., 2012). En esta época,
la emisién de Oxidos de N es estimulada por la acumulacion de nitrato en laépocasecay la
formacion de microporos andxicos en el suelo que favorecen lavia desnitrificadora (Kim et
al., 2012). Cuando la demanda microbianade N es suplida, € N deja de ser inmovilizado y
las concentraciones de amonio en suelo sostienen la productividad primaria neta, ala vez
que determinan atas tasas de nitrificacion (Stark & Firestone, 1995). Estas tasas se
relacionan positivamente con la desnitrificacion y, en sus pasos intermedios, con laemision
de Oxidos de N (Matson & Vitousek, 1987). Finamente, durante €l resto de la época de
[luvias, tanto lacomunidad microbianadel suelo como lacomunidad vegetal son mas activas
funcionalmente y, en & caso de la comunidad de plantas, se alcanzan las mas altas tasas
fotosintéticas del afio (Gamon et al., 2005).

El desacople entre laépoca de mayor disponibilidad de bioelementosy la de mayor demanda
de bioelementos por parte de | as plantas genera que |os BTES sean importantes emisores de
Oxidos de N aescalagloba (Austin et al., 2004) y que puedan comportarse como bosques
limitados por N (Ceccon et al., 2004; Jackson et al., 1988; Campo & Vazquez-Y anes,2004).

Bosgues tropicales estacionalmente secos de la Peninsula de Y ucatan

En México, los BTES ocupan ~ 10 % del territorio (Challenger & Soberdn, 2008). Estos
tienen una gran heterogeneidad climatica, topogréfica y edéfica (Rzedowski et al., 1979),

asi como una gran variacion en la estructura vegeta, altariqueza floristica (Trejo & Dirzo,
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2000) y ato grado de endemismos (~ 60 % de sus especies) (Trgo, 1998). En estos bosgues
las familias dominantes son las leguminosas, euphorbiaceas, burseraceas, cactaceas,

mal pigiaceas y anacardiaceas (Rzedowski, 1991).

En México los BTES se distribuyen en las provincias de la Costa ddl Pacifico, la Depresion
del Basas y en la Peninsula de Yucatan (CONABIO, 1997). Biogeograficamente la
Peninsula de Y ucatan es la més aislada de estas provincias porque presenta mayor afinidad
biol6gicaconlosBTESinsularesdel Mar Caribe (Espinosaet al., 2008) y porque su material
parental céarstico (Bautista et al., 2005) le confiere caracteristicas biogeoquimicas Unicas.
Por giemplo, €l efecto estabilizador de los carbonatos en lamateriaorganicadel suelo (Shang
& Tiessen, 2003) actuan favoreciendo una alta acumulacion de C en el suelo, explicando las
més altas concentraciones de C en & suelo del pais (99-166 Mg C hal) (Balbontin et al.,
2009). En estos bosques latasa de residencia de | os bioelementos en |0s suelos es superior a
un afio debido a que la tasa de recambio de bioelementos esté limitada a la época de lluvia
(Campo & Vazquez-Y anes, 2004), limitando a su vez laproductividad primarianeta (Campo
et al., 2007).

Aunque en la Peninsula de Y ucatén existe una marcada estacionalidad climatica, a escala
regional se presenta un gradiente de mayor precipitacion en € norte de la Peninsula, que
decrece haciael sur (Figural). Estavariacion climética explicaladominanciade Leptosoles
en sitios del norte y la asociacion de Leptosoles con Cambisoles en los sitios del sur
(Bautista-Zufigaet al., 2004) debido a que |os procesos pedogéneti cos estan principal mente
limitados por la duracion eintensidad de la época de lluvias. Adicionalmente de norte asur,
las comunidades vegetales presentes son la selva caducifolia espinosa, la selva baja
caducifolia y la selva mediana subcaducifolia (Miranda-Hernandez, 1963). En laregion la
familia dominante es leguminosae y las especies dominantes son Gymnopodium
floribundum Rolfe, Piscidia piscipula (L.) Sarg., Lysiloma latisiliguum (L.) Benth, y
Bursera simaruba (L.) Sarg. (Roa-Fuentes et al., 2013).
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Los BTES delaPeninsulade Y ucatan han sido estudiados en el marco de diversos proyectos
gue tienen como objetivo su caracterizacion funcional a lo largo del gradiente de
precipitacion. Brevemente, | os resultados muestran que con €l incremento de la precipitacion
media anual se registra un aumento en la altura 'y diametro de los arboles (Roa-Fuentes et
al., 2012). Adicionamente, alo largo del gradiente de precipitacion, los suelos de los sitios
mas secos tienen menores tasas de mineralizacion de la materia organica y mayores
concentraciones de C en lafraccion |&bil (Cuevaset al., 2013), asi como mayores cantidades
de mantillo (Roa-Fuentes et al., 2013), concentraciones de C, tasas de respiracion basal y
concentraciones de N total e inorganico en comparacion con los bosgues mas himedos del
gradiente (Cuevas et al., 2013; Maldonado, 2013).

Los modelos de estimacion de la deposicion actual de N calculan unatasa anual de 8 kg de
N ha? en la Peninsula de Y ucatén (Dentener et al., 2006). Sin embargo, es posible que la
deposicion anua estimada sea mayor debido a que en ésta se ha registrado |la mayor tasa
anual de incendios de origen forestal o agricolaen Mesoamérica (Y okelson et al., 2009) y, a
gue laguema de biomasaincrementalaemision y posterior deposicion atmosféricade Oxidos
y formasreducidasde N (Crutzen & Andreae, 1990; Veldkamp et al., 1992). Adicionalmente,
es posible que éreas con produccién intensiva de animales o de cultivos en la regién puedan

ocasionar mayores tasas de deposicion local (com. pers. E. B. Allen).

Lamayoriade los estudiosy las hipotesis planteadas respecto al efecto del incremento de N
sobre el funcionamiento de los BTr han sido realizados para los BTr himedos (Lu et al.,
2011). Sin embargo, las evidencias paralos BTES que se han recopilado en la Peninsula de
Yucatan han documentado que la adicion experimental de N puede incrementar la
concentracion de N foliar en agunas especies del BTES (Campo & Dirzo, 2000), la
productividad primaria neta (Campo et al., 2004), larelacion C:N en el suelo (Gamboa et
al., 2010) y disminuir el tiempo de recambio de los elementos en el suelo (Campo €t al.,
2004). En conjunto estos cambios suelen ser mas intensos en |os bosgues en regeneracion

que en los bosques maduros.
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Figura 1. Diagramas ombrotérmicos de tres bosques tropical es estacional mente secos en la
Peninsula de Yucatan. Los datos en barras son medias + 1 EE de la precipitacion media
mensual, y en linea continua son valores medios mensuales de la temperatura durante el
periodo 2001 al 2010. Los meses secos son indicados con flechas. PM A : precipitacion media
anua, TMA: temperatura media anual. Fuente: CONAGUA comunicacién personal.

14



En este proyecto se exploro el efecto del incremento en la disponibilidad de N en los ciclos
deCy N en BTs. Paraello se exploraron los efectos del incremento en ladisponibilidad de
N, eninteraccion con el régimen delluvia, enladinamicadel Cy del N en el suelo de BTES.
El disefio experimental se basd en la adicion de N en BTES ubicados a lo largo de un
gradiente de precipitacion (536 — 1035 mm precipitacion media anual) en la Peninsula de
Yucatan. La adicién de N fue realizada siguiendo las tasas esperadas en la deposicion de N
aimosférico para e afio 2030 en regiones con BTs (Dentener et al., 2006). Los BTES
sel eccionados tienen caracteristicas ambiental es'y biol 6gicas poco variables, |o cual permitio
aidar los efectos de la precipitacion media anual en los ciclos del C y del N en estos
ecosistemas. Adicionalmente, serealiz6 el meta-analisis delos cambiosen losciclosdeCy

N en los BTs que han sido reportados en la literatura.
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OBJETIVOS

En este proyecto se explor6 e efecto del incremento en la disponibilidad de N en los ciclosde C
y N enBTs.

L os objetivos especificos de este estudio fueron:

1 Estimar los patrones de cambio en la dinamica de C y de N como consecuencia del

ingreso extrade N en BTs.
2. Analizar los efectos de diferentes tratamientos de adicion de N en la dinamica del

Cydd N ene suelo de BTES de Y ucatan ubicados alo largo de un gradiente de de precipitacion.

3. Determinar los efectos de diferentes tratamientos de adicion de N en |la tasa de
descomposicion de hojas de Piscidia piscipula (L.) Sarg. (Fabaceae) y Gymnopodium floribundum

Rolfe (Polygonaceae) en BTES de Y ucatén ubicados alo largo de un gradiente de de precipitacion.
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CAPITULO 1.

A meta-analysis on the effects of increased nitrogen availability on
macronutrient cycling in tropical forests

Sometido en Functional Ecology, octubre 19 del 2013

Marylin Bgarano® and Julio Campo?

4 nstituto de Ecologia, Universidad Nacional Autdnoma de México, México D.F., Mexico

Resumen

1. El incremento de la deposicion atmosférica de nitrogeno (N) puede incrementar hasta por un factor
de cuatro en las regiones tropicales para el 2030. Las evidencias sugieren que € incremento en la
deposicion de N podria afectar los ciclos del carbono (C) y del N. La actual teoria biogeoguimica
para bosquestropicales (BTs) se fundamenta en estudios realizados en bosques tropi cal es maduros,
en los que es alcanzada la demanda biologica de N y la adicion experimental de N incrementa la
transformacion y pérdidas del N. De esta maneralos BTs son considerados ecosi stemas saturados
por N. Sin embargo, investigaciones recientes, como la paradoja de N y la existencia de gradientes
de limitacién por N alalimitacion por P, sugieren que los BTs podrian reaccionar ala deposicion
de N en direcciones no contempladas anteriormente.

2. Nuestro objetivo fue realizar un meta-andlisis para explorar las consecuencias de la adicién
experimental de N en los ciclos del C, N y del fésforo (P) en BTs. El andisis fue redizado
considerando tanto las variables aéreas como las subterréneas, asi como la importancia de las
caracteristicas experimentales y de |os sitios de estudio.

3. Losresultadosindican quelosciclosdel C, Ny del P responden ala adicion experimental de N en
direcciones no predichas anteriormente por el enfoque de saturacion de N en estos ecosistemas. La
adicion experimental de N cambid la concentracion de estos nutrientes en la hojarasca, € mantillo
y € suelo, evidenciando que las plantas y 1os microorganismos usan e N adicionado, cambiando
susciclos. A pesar de que los resultados reportados en este estudio provienen de estudios cortos (<
5 afios) y con pocas réplicas, nuestros resultados soportan mas lateoria de N-P co-limitacion que la
de saturacion por N enlosBTs.

4. El fuerte efecto de las condiciones experimental es en este estudio indica que paraentender € efecto
de la deposicion atmosférica de N es necesario redlizar investigaciones con condiciones
experimentales mas redlistas. Debido a que los BTs son componentes importantes de los ciclos
globales de C y de N, € incremento en la deposicion de N atmosférico podria cambiar sus
proyecciones futuras, retroalimentando el ciclo del C aescalaglobal.
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Summary

1.

Deposition of atmospheric nitrogen (N) could increase up to a factor of four in tropical regions by 2030.
Evidence suggests that this increased N deposition could affect the carbon (C) and phosphorous (P)
cycles. Current biogeochemical theory on tropical forests (TFs) usually accounts for mature forests, in
which N biological demand is achieved and N-supply increases the soil N transformations and | osses;
supporting their N-saturation state. However, evidence suggests TFs could react to N deposition in
previoudy understood ways, such as the N-paradox and the existing gradient from Pto N limitation in
successional and altitudinal TFs.

Our objective was to provide a meta-analysis to explore the consequences of N-supply on C, N and P
cycling in TFs, analyzing the changes in aboveground and belowground variables. We also explored
the importance of experimental and site characteristics.

The results show that C, N, and P cycles respond to N-supply in ways not previously predicted by the
approach based on the N-saturation approach. N-supply changed nutrient concentrations in litterfall,
litter, and soil, supporting that both plants and microorgani sms use the added N and changing the cycle
of C, N, and P. Despite observed changes are based on low number and short time searching, these
provide more support for the NP co-limitation than the N-saturation state in TFs.

Experimental conditions effect on variables responses is an indicator of the need for more realistically
planned research conditions in order to better understand TFs changes to future N-deposition
increments, including the subjacent mechanisms that control them. Since TFs are an important
component of the globa C and N cycle, future N-deposition increments could strongly contribute to
changing projections and feedback of C cycling worldwide.

K ey-words Carbon cycling, coupled nutrient cycles, nitrogen deposition, nitrogen paradox,

nitrogen saturation, phosphorus cycling.

I ntroduction

Atmospheric deposition of nitrogen (N) has increased globally by a factor of 3.6 since the pre-

industrial era due to fertilizer application, fossil fuel combustion, and legume cultivation (Gruber

& Galloway 2008). Evidence from awide range of terrestrial ecosystems suggeststhat thisincrease

affects the carbon (C), phosphorous (P), and N cycles (Lu et al. 2011, Marklein & Houlton 2012).

The impact of N on these cycles is a consequence of their stoichiometric relationship wherein

organisms demand these elements in fixed proportions (Sterner & Elser 2002). Recent climate

models, which incorporate N-deposition as a part of the CN-coupled models, predict a lower net
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C-uptake (37-74%) than values projected by C models aone (Thornton et al. 2009; Wania et al.
2012), demonstrating the importance of the N cycle in future climate change. For tropical regions,
the CN-coupled models have greater uncertainties (Bai, Houlton & Wang 2012) due to the
unknown sensitivity of the C-cycle to changesin N-supply (Zaehle & Dalmonech 2011). Tropical
forests represent nearly 32% of the world’s forests (Olson et al. 2001) and play a central role in
globa C and N cycles (Pan et al. 2011; Bai, Houlton & Wang 2012). Therefore, their responses to
N-deposition could substantially influence climate change and global nutrient cycles (Vitousek et

al. 2010).

In meta-analyses of N-deposition effects, thereisaremarkably low representation of TFscompared
to non-tropical forests (~5% of studies) (e.g. Lu et al. 20114, Lu et al. 2011b). There are two main
explanations for this. First, TF studies are usually performed under experimental conditions
unsuited to criteriaused in meta-analyses (e.g. time of N addition > 1 year). Second, TFs have been
the subject of biased research due to their biochemical theory was mainly generated from studies
of mature lowland moist forests (Cleveland et al. 2011), in which N addition did not show an effect
on the net primary productivity (NPP) (e.g. Vitousek 1984), supporting the N-saturation model.
This model, devel oped from temperate forests under chronic N-deposition (Aber 1998), posits that
thereis athreshold after which N-supply achieve the biological demand and becomeslost from the

ecosystem (Matson, Lohse & Hall 2002).

However, TFsinclude ecosystems that differ in their macronutrient limitation according to the age

of the soil substrate (Vitousek 1984), elevation (Tanner, Vitousek & Cuevas 1998), and
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successiona state (Davidson et al. 2004). In fact, according to successional and mountain forest
distribution, it is estimated that ~30% of TFs are more N-limited than P-limited (FAO 2010;
Scatena et al. 2011). Thus, TFs could be seen as ecosystems occurring along a gradient of N
availability, from N-limited (i.e. early-substrate landscapes, montane elevations, or regenerating
forests) to P-limited (i.e. old-substrate landscape, lowland elevations, and mature forests). ThisTF
gradient leans itself to the NP co-limitation state rather than a N-saturation state in the same way

described globally (Elser et al. 2007).

Studies of the effects of N-supply on TFs differing in their N availabilities have demonstrated that
the N retention is determined by the biotic demand, soil retention, and loss pathway (Lohse &
Matson 2005). When N-supply is used biologically in N-limited ecosystems, N isimmobilized to
support new biomass, thereby changing the internal cycling of both C and N (Vitousek et al. 1993;
Campo & Véazquez-Y anes 2004). Conversaly, when N-supply exceeds the biological demand in P-
limited ecosystems, a portion of N can be retained by the soil-exchanging cation and anion
capacity, while the rest is lost by the emission of N oxides or the leaching of NO3z-N (Hall &
Matson 2003; Lohse & Matson 2005). In addition, a recent study has demonstrated that N-supply
can increase the soil phosphatase concentration, and with this, increase the P biological availability
for plants (Marklein & Houlton 2012). However, these effects have not been tested for TFs with

differing N availabilities.

Our objective was to synthesize research about the consequences of N enrichment on C, N, and P

cycling in TFs by analyzing changes in aboveground and belowground variables (Table 1).
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According to the N-limitation gradient in TFs, we hypothesized that N addition would change the
C, N, and P ecosystem cycles. We also explored the importance of experimental conditions (N
addition rate and length, fertilizer chemical form, and experimental site) and site study
characteristics (mean annual precipitation and temperature, and soil C:N ratio) on the responses;
each modulator variable (i.e. covariables) with its own hypothesis. For experimental conditions,
we hypothesized that high rates and longer durations of N addition would generate the strongest
responses in soil N losses, according to N-saturation state of TFs. For fertilizer type, we
hypothesized that variables associated with soil microorganism activity would be more sensitive
than other variables because fertilizer type directly affects soil conditions (Nason & Myrold 1992),
and microorganisms are sensitive to these changes (Myrold 1998). For the study site, we expected
that experimental N addition in N-limited TFs would affect both aboveground and belowground
variables as a consequence of N use by plant and soil microorganisms. However, additional
supplies of N- in P-limited TFs would produce more changes belowground than aboveground
variables as an effect of N use by nitrifier and denitrifier bacteria that mediate the N lost.
Additionally, experimental N addition could be used to increase the production of phosphatases,

accelerating the P cycle; more in P-limited than N-limited TFs (Marklein & Houlton 2012).

Materials and methods

Data collection and classification

Peer-reviewed studies were metaanalyzed using the ISI Web of Science database
(http://apps.isiknowledge.com) during June 2012. The search includes articles from 1985 to 2012
with tropical forest and subtropical forest as keywords. The results were refined with the words

nitrogen, nitrogen addition, nitrogen fertilization, and nitrogen deposition. The resulting papers
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were filtered with the following criteria: (1) the study was performed in a tropical or subtropical
forest; (2) inorganic N fertilizer was added; (3) it measured at least one of the C, N, or P pools or
fluxes; (4) the N application rate, the chemical form, and the experimental duration were reported;
and (5) the mean and sample sizes of the selected variables were reported for the control and N-
supply treatments. TF studies have been poorly represented in previous meta-analyses (e.g. Lu et
al. 2011a) because they often do not meet two main criteriac N-supply was conducted for over a
year, and the experiment was performed in field conditions. In order to analyze the largest number
of studies, these criteria were avoided, but the short-pulse and the ex-situ effects were analyzed as
covariables (see Meta-data analysis section). Sixty-seven studies met the meta-analysis criteria
(Table S1), which were augmented with data from tropical dry forests (M. Bgarano & J. Campo,

unpublished data) for atotal of 68 studies.

The meta-analysis approach assumes independence between studies (Hedges, Gurevitch & Curtis
1999). Therefore, when studies included multiple time points or soil horizons, only the final time
and/or “A horizon” data were considered. Also, measurements within one study from different
levels of N-supply, N-chemical forms, and ecosystems, were considered independent. For all
variables, three sets of information were recorded for each pair comparison (i.e. control and
treatment, hereafter referred to as k pair): the statistical set, including sample size, mean, and
standard error or deviation; the experimental conditions set, including rate and time of N-supply,
chemical form of fertilizer, and experiment kind (i.e. in situ or ex situ); and the site characteristics
set, including the biome, successiona status, elevation, mean annual precipitation (MAP), mean

annual temperature (MAT), and soil characteristics. Unlabeled error bars were assumed to denote
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the standard error and were changed to standard deviation Digitizelt 1.5 (GeoMem Software,

Perthshire, UK) was used to extract datafrom figures.

From database build, thirty-eight response variables (Table 1) were selected for analysis when
containing over three independent k comparisons. In order to detect the effects of experimental
conditions and site characteristics on response variables, the rate and time of N-supply, chemical
form of fertilizer, MAP, MAT, and site soil C:N ratio were considered as modulator variables
(Table 2); these variables were consistently reported across studies. Additionally, an association
was found among biome and forest type, relativeto elevation, successional status, and experimental

type of study. Thus, these variables were combined into anew variable called Sudy Ste (Table 2).

Meta-data analysis

The meta-anaysis was performed following Hedges, Gurevitch & Curtis (1999) using Metawin
2.0 software (Rosenberg, Adams & Gurevitch 2000). The natural log of response ratio (In R) was
used to calculate the effect size, which is a proportion of the change resulting from experimental
manipulation. The first step in the analysis was to calculate the overal weighted In R and its
variance for all paired observations. Then, a mixed model approach was used to analyze each
variable. Overal In R was calculated from the fixed component, in which an significant total
heterogeneity (Qr) indicate a good fit of model, while the statistical significance of modulator
variables was calculated from the random component (Hartung, Knapp & Sinha 2011). The
response variables were analyzed for categorical and continuous modulator variables when each

level had at least three observations and sample size was over 30, respectively. Statistical
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significance of the fixed component was achieved when the 95% confidence intervals (Cl) did not
include 0. The random component was considered as significant when the p-value of between-
group heterogeneity (Qg) of model was < 0.05. The percentage change of significant variableswas
calculated from In R — 1, where a value other than O indicated an increment or decrement of the
response variable in response to N-supply. Because the meta-analysis had small sample sizes and
could violate statistical assumptions, Cls were bias-corrected via bootstrapping (i.e. 999
repetitions) (Adams et al. 1997). Findly, a principal component analysis was performed to
visualize how the categories of modulator variables influence the significant variables of each

nutrient cycle. This analysis was performed with Info Stat software (Di Rienzo et al. 2011).

Results

Studies were most frequently in lowland and montane tropical forests (Fig. 1). Total number of k
comparisons used in the analysis was 804, in which the most common locality conditions were
lowland (< 500 m adl), humid (c.a. 2000 mm year-1), and hot (c.a. 20 °C) forests, in which soil
C:N ratios were nearly 16:1 (Fig. Sla-h). Experimentally, the most common k conditions were of
NH4NOs3 addition and for low rate and long-term N addition (Fig. S1f-g). The k comparisons were

frequently taken in moist, lowland, and montane forests (Fig. S1h).

Aboveground macronutrient pools and fluxes
N addition significantly increased variabl es associated with plant productivity, such as biomass (43
%), diameter at breast height (DBH) (39 %), litterfall mass (30 %), and litter mass (17) (Fig. 2).

Moreover, added N was taken up by plants, resulting in increased shoot N (20 %) and foliar N:P
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ratios (22 %); however, N uptake did not change the foliar N-concentration (Fig. 2). N addition not
only increased the litterfall mass, but also significantly increased its N-concentration (9 %) and in
turn enriched litter quality by increasing both N (15 %) and P (10 %) litter concentrations (Fig. 2).
N fertilization decreased biological N-fixation in litter (65 %) (Fig. 2).

Belowground macronutrient pools and fluxes

N addition decreased soil pH (2 %) (In R = -0.0233, Cl = -0.014 - -0.0175, n = 34). The
belowground C-cycle was the least sensitive cycle studied for N addition. N addition increased
total soil C (6 %) and soil organic C (17 %) concentrations, but it did not change the C-
concentration of microbial biomass, soil respiration, litter decomposition, or dissolved organic C-
concentration (Fig. 3). The effects of N addition were the strongest on the soil N-cycle compared
to other cycles, increasing microbial biomass N (32 %), total soil-N (9 %), NH4*-N (57 %), NOs”
-N (98 %), total dissolved-N (65 %), dissolved organic-N (23 %), and dissolved inorganic-N (20
%) concentrations (Fig. 3). The overall increase in mineral forms of N asaresponse to N addition,
in turn, showed that N fluxes escalate by increasing net N-mineralization (17 %), N2O (99 %), NO
(by two times) emissions, and NO3™-N leaching (7 times); however, N addition did not significantly
change net nitrification (Fig. 3). Additionally, extra N supply decreased biological N-fixation in

the soil (17 %). Parameters relating to the soil P-cycle did not change as a result of the N-supply

(Fig. 3).

Effects of the experimental conditions of N-supply
Categories of N-supply influenced aboveground variables more than belowground variables (Fig.

4a, S2). Theln Rs of the aboveground variables increased in the low N-supply rate category, while
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they decreased, increased or caused no change with high N-supply of the foliar and litter N
concentrations, as well as the litterfall mass, respectively (Fig. S2). Soil-dissolved organic C-

concentrations only had a significant increase with medium amounts of N-supply (Fig. S2).

Categories of N time addition influenced bel owground more than aboveground variables (Fig. S3),
and also it influence N cycle more than other cycles (Fig. 4b). Nitrogen litter concentration
decreased and increased for intermediate and long-term categories, respectively (Fig. S3).
Regarding belowground variables, we found no difference between categories for some N loss
variables (i.e. N-leaching and NO emissions) (Fig. S2), but they differed for N2O emission
concentration (Fig. S3, 4b). N2O emission exhibited the same behavior as other variables that
change between time N-supply categories do, having the greatest change in the short- and long-

term categories and the smallest change in the intermediate-term category (Fig. 4b).

The belowground variables of al cyclesresponded significantly to type of fertilizer categories (Fig.
4c, $4). The heterogeneity of response in these affected variables can identify two main groups:
the C- variables, which typically had a significant positive response to urea addition, while the
other group, which includes the soil N mineral forms, N mineralization, and dissolved organic C,
had similar significant positive responses to the addition of urea plus NOsNH4 (Fig. 4c, $4).
Variables with unigque responses were total dissolved N, which increased strongly with NH4sNO3
addition, and available P-concentration, which decreased significantly with urea and urea plus

NO3NH4 additions, and increased significantly with NOsNH4 addition (Fig. 4c, $4).
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Effects of site

The Study Ste categories changed the most for belowground variables of all nutrient cycles
included in this study (Fig. 4d and S5). There were some main patterns of variation for some Study
Ste categories. First, the soil poolsand fluxes of N and decomposition in the mature montane Sudy
Ste category had significant positive responses (Fig. 4d, S5). Second, the microbial biomass C and
total soil C increased significantly in the mature, dry lowland Study Ste (Fig. 4d, S5). Findly,
available soil P and dissolved total N concentrations significantly increased in the mature, moist
lowland Sudy Ste (Fig. 4d, S5). The MAT and soil C:N ratio were significant for belowground

variables (Table 3).

Discussion

Aboveground nutrient pools and fluxes

N addition increased productivity variablesin TFs, giving greater support to their NP co-limitation
status than their N-limitation status. This outcome is consistent with findings about N-supply
increasing the PPN in TFs (8%) (LeBauer & Treseder 2008). Two other results also support the
NP co-limitation in TFs. First, the increase in foliar N:P ratio and the N-shoot concentrations were
signs that the added N was used by plants. In this way, even though the N-supply did not increase
foliar N-concentration, in contrast to global results (Xia& Wan 2008; Lu et al. 20114), the response
appears to be an effect of experimental condition. In fact, foliar N-concentration increased with
study lengths over 36 months or with addition rates less than 125 kg N ha* year, suggesting that
foliar allocation of N does not occur when (1) the N-supply is brief, possibly because there is

greater demand for N from the microorganisms than from the plants (Kaye & Hart 1997), or (2)
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the N addition rate is high, possibly because it stimulates high rates of N losses (Hall & Matson
2003). Thereafter, control of experimental conditions on the foliar N increase could partialy
explain the increase in plant productivity due to a positive correlation with photosynthetic rate
(Shipley et al. 2005). Second, the high N- and P-litter availability did not correspond with a
significant change in foliar concentrations, suggesting that plant communities decreased their N
and P resorption capacity according to nutrient availability (Sistla & Schimel 2012). Our findings
areinlinewith previous studies of N-supply, which increased the N-concentration in both the litter
and litterfall (Lu et al. 2011a), and ecosystem P-availability (Marklein & Houlton 2012) across a

wide variety of terrestrial ecosystems.

Belowground nutrient pools and fluxes

Responses to N-supply on C, N, and P soil cycling supported the NP co-limitation state better than
the N-saturation state in TFs; however, the C-cycle was the least sensitive to N addition. Pursuant
to previous results reported for a smaller number of TFs (Liu & Greaver 2010), N-supply did not
change the C-concentration of the microbia biomassin this study. Thisresult is contrary to global
patternsreported (Liu & Greaver 2010), in which the decrease of microbial biomass C is explained
because the N-added increased the synthesis of toxic N-compounds or decreased the soil pH (Fog
1988; Treseder 2008). In our results, N addition caused a pH decrease of 2%, which is similar to
the decline found in aglobal analysis (Liu & Greaver 2010), suggesting that this change, aswell a
possible increase in toxic N-compounds, does not affect the C microbia biomassin TFs. The lack
of changein soil respiration, litter decomposition rate, or dissolved organic C-concentration can be

explained by the fact that litter decomposition and soil respiration rates are processes that depend
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on microbial activity (Treseder 2008). Furthermore, the N-supply increased the total and organic
C-concentrations, validating results reported in aglobal analysis (Liu & Greaver 2010). Sincethere
are no effects of N-supply on C decomposition, the increase in fine-root biomass, which was found

previously under N-supply (Xia& Wan 2008), could be a possible explanation for these results.

The effect of N-supply on the soil N-cycle was the strongest where it increased the dissolved
organic N and soil NH4*-N concentrations. These compounds are the input and product of the
inmobilization and the mineralization processes (Chapin 111 et al. 2011), explaining the microbial
N biomass and net N-mineralization increment found. Together these results, as well as the C:N
ratio of 16 (the theoretical threshold where microorganisms become N-limited) (Booth, Stark &
Rastetter 2005), are evidence that microbial biomass tended to be N-limited in TFs, supporting

another recently recorded result (Cusack et al. 2010).

N addition changed soil N fluxes in a similar direction to those reported in globa reviews.
Experimental N addition significantly increased (1) the N mineralization rate, (2) the soil N pool
concentrations, (3) the NOz-'N leaching, and (4) the N oxides fluxes, while it decreased biol ogical
N fixation (Liu & Greaver 2009; Lu et al. 2011a). Implications of N enrichment effects have been
widely discussed in previous reviews. In summary, N addition accelerates the soil N-cycle,
increasing N fluxes to the atmosphere or other ecosystems in line with initial predictions for TFs
(Matson, Lohse & Hall 2002), which are based on the N-saturation approach. The most important
implication of our results is that they support the N-paradox approach in TFs (Hedin et al. 2009)

and indicate that increases in N-supply would increase NoO emissions, contributing to the
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greenhouse effect and eutrophication of aguatic ecosystemsin TFs ( Matson, Lohse & Hall 2002;
Bai, Houlton & Wang 2012). Additionally, N-supply did not change soil cycle variables of P. This
lack of change is similar to previous meta-analysis results, in which the N-supply increased the
phosphatase activity in the rhizosphere but did not change P availability in bulk soil (Marklein &

Houlton 2012).

Effects of experimental conditions

Increases in length and rate of N addition raised the nitrification rate, weakly supporting our first
experimental hypothesis that soil processes associated with N loss would be greatest in the high
rate addition and long-term addition time categories. Additionally, soil N2O emissions, NH4"-N
and NOs -N concentrations, N mineralization, and N nitrification increased significantly following
an unexpected behavior over time. These results indicate that soil microorganisms, including
nitrifier and nitrifying bacteria, may have a strong initial response in the N cycle to N addition, as
seen in other TFs (Hall & Matson 2003). At the intermediate length of time, N-added is used more
by other soil microorganisms than by nitrifying bacteria and finaly, the added N is again mainly
used by bacteria mediating the N loss (Kaye & Hart 1997; Templer et al. 2008). These responses
suggest that TFs do not fit the N-saturation approach, where it is predicted that N losses will be

accumulative and linear with length and rate of N addition (Aber et al. 1998).

The effect of fertilizer type supported our hypothesis that belowground variables would respond
more strongly than aboveground variables, because soil microorganisms are more susceptible to

soil chemical changes caused by each type of fertilizer. The lack of change in aboveground
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variables under different fertilizer added is similar to previous results obtained globally (LeBauer
& Treseder 2008). Furthermore, C and P cycle variables tended to respond in different ways to
urea and urea plus NH4NOs addition than to ammonium salt, but our data are insufficient in

explaining these results.

Effects of site

We expected that experimental N addition would change both above- and belowground variables
of nutrient cycles in N-limited TFs. The changes found in both mature montane and lowland
successiona wet forests demonstrate that added N was used biologically, supporting their N-
limited state (Tanner, Vitousek & Cuevas 1998; Davidson et al. 2004). However, we aso found
two unexpected responses. First, N-supply affected the N cycle, increasing the soil N mineral
concentrations, the net nitrification rate, and the NO emission in montane tropical forests. These
changes were higher than those occurring in mature lowland tropical forests, where the highest N
losses were predicted according to N-saturation state. These unexpected results are in line with
recent studies reporting high losses of N in montane forests, despite biological use (Brookshire et
al. 2012). Under the N-saturation approach, both biological N use and high N losses are indicators
of two extremes of a gradient from N-limitation to N-saturation, respectively, suggesting the need

to reconsider the N-saturation approach in TFs.

Second, we found unexpected differences between mature lowland dry and moist tropical forests.
Nitrogen supply increased the microbial biomass C and N net mineralization in dry forests, but

decreased the microbia biomass C in wet forests, supporting the idea that soil microorganisms
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could be experiencing some N-limitation in dry forests. Data supporting the first point are that dry
forests have a lower decomposition rate due to low water availability (Powers et al. 2009), higher
organic soil C and N concentrations (Jiménez, Lorenz & Lal 2011), and a more open nitrogen
cycle than their wet counterparts (Austin & Vitousek 1998), suggesting that soil microorganisms
could be more N-limited in dry than in wet forests. The patterns seen in this section suggest that
types of TFs can respond differently to N addition. However, due to low representation of some
Sudy Ste categories, these patterns should be considered as preliminary and can be used to

develop new hypotheses for testing.

Our findings suggest that ecosystem cycles of C, N, and P respond to N addition in ways not
previously predicted based on the assumption of N-state. Nitrogen addition increased the NPP, the
nutrient concentrations in litterfall and litter, and the ecosystem losses of N, evidencing that plants
and soil microorganisms use the added N, thus changing C, N, and P cycling. These results provide
more support to the NP co-limitation state than the N-saturation state, suggesting the need for a
broader understanding of TFs role in future global change. Though supported by few and short-
term studies, findings show that future N-deposition increments could have greater impact than
previoudly predicted in C, N, and P ecosystem cycles. However, these results al so indicate the need
for moreresearch, in which experimental conditions must berealistically planned, in order to better
understand TFs changes to future N deposition increments as well as the subjacent mechanisms
that control them. Because TFs are an important component of the C and N global cycle, future N
deposition increments could have a strong contribution to changing projections of global C cycle

feedbacks.
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Table 1. Response variables considered in this study.

Nutrient Namevariable Observations

Aboveground
Pools C Biomass Biomass increment
DBH Diameter breast height
Litter mass
Litter MBC Litter microbia biomass C
N Foliar N
Shoot N
Litter N
P Foliar P
Litter P
Leaf NP Leaf NP ratio
Fluxes C Plant respiration
Litterfall mass
Litter respiration
N Litter BNF Litter biological N fixation
Litterfall N
Belowground
Pools C Total C
Organic C
MBC Microbial biomass C
DOC Dissolved organic C
N Root N
Total N
MBN Microbial biomass N
NH4*-N
NOs3-N
DTN Dissolved total N
DON Dissolved organic N
DIN Dissolved inorganic N
Soil C:N ratio
P Tota P
Labile P
Fluxes C Decomposition
Sail respiration
N BNF Biological N fixation
Net mineralization
Net nitrification
N20 emission
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NO emission
Leaching NOs-N
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Table 2. Experimental conditions and their categories included as modulator variables in
this analysis. *Variables collapsed in the Sudy Ste variable (see Materials and methods
section).

VARIABLES

EXPERIMENTAL ADDITION
Rate of N addition (kg N hayear?)
Low (<75)
Medium (75-125)
High (>125)
Time of N addition (months)
First-term (<13)
Intermediate-term (13-35)

Long-term (>35)

Fertilizer
Urea
Urea/NH4NOs
NH4NO;

Others
STE CHARACTERISTICS Sudy Ste
Dry Lowland Mature (DL-M)

Biome (Olson et al. 2001)* Dry Lowland Successional (DL-S)
Tropical and subtropical broadleaf moist forest Moist Lowland Ex situ (ML-E)
Tropica and subtropical broadleaf dry forest Moist Lowland Mature (ML-M)

Elevation (Cleveland et al. 2011)* Moist Lowland Successional (ML-S)
Lowland (<1000 m asl) Moist Montane Mature (MM-M)
Montane (> 1000 m asl) Moist Montane Successional (MM-S)

Successional status (according to each paper description)*
Successional forest
Mature forest
Experimental conditions*
Insitu
Ex situ
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Table 3. Significant continuous variables for nutrient pools and fluxes in tropical forests.
Mean annual precipitation (MAT), mean annual temperature (MAP), and soil C:N ratio.
Significance: ns, non significant (p > 0.05); *, p < 0.05; **, p< 0.01; ***, p < 0.001.

Covariable Response | nter cept Slope Qs
Pools
Elevation NOs-N 0.29 0.0008 " 132 ™
MAT NH4"-N 223 -0.0863 ™ 11.4 ™
MAT Soil total C -0.22 0.0130° 3.60 °
MAT NOs-N 239 -0.8880 ™ 9.69 ™
MAP NOs-N -0.34 0.0050 * 929 *
Soil C:Nratio  Soil total C 036 -0.2430 " 943 "
Fluxes
Elevation N net mineralization -0.08 0.0005 ™" 145 ™
Elevation Net nitrification 0.04 0.0005 467 °
MAT Sail respiration 0.30 -0.0001 ° 522 "
MAT N net mineralization 235 -0.0959 " 311 7
MAT Net nitrification 3.03 -0.1182 " 127 ™
MAP Net nitrification -0.71  0.0050 ™ 148 ™
Soil C:N ratio N net mineralization -0.48 0.0540 8.66
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Figure 1. Localitiesincluded in the meta-analysis.
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Figure 2. Confidence interval of the response ratio (In R) for each aboveground variable. n.
Number of pair comparison between control and experimental N-supply. Qr. Tota
heterogeneity and its associated p-vaue (***p<0.001).
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Figure 3. Confidence interval of the response ratio (In R) for belowground variable. n.
Number of pair comparison between control and experimental N-supply. Qr. Totdl
heterogeneity and its associated p-value (***p<0.001).
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Figure 4. Principa component analyses incorporating the significant variables to
experimental conditions. (a) The rate of N addition, (b) the time of N addition, (c) the
chemical form of fertilizer and, (d) the Study Site. Study Site abbreviations arein Table 2.
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Figure S1. Frequency distributions according to modulator variables used in this meta-

analysis.
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Figure S2. Confidence interval of the responseratio (In R) for each significant variableto N
addition. n. Number of pair comparison between control and experimental N-supply. Qs.
Between group heterogeneity and its associated p-value (* p<0.05, **p<0.01).
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Figure S3. Confidence interval of the response ratio (In R) for each significant variable to
time of the N addition. n. Number of pair comparison between control and experimental N-
supply. QB. Between group heterogeneity and its associated p-value (* p<0.05, ** p<0.01).
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Figure $S4. Confidence interval of the response ratio (In R) for each significant variable to
chemical form of fertilizer used. n. Number of pair comparison between control and
experimental N-supply. Qgs. Between group heterogeneity and its associated p-value
(*p<0.05, **p<0.01).
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Figure S5. Confidence interval of the response ratio (In R) for each significant variable to
Sudy Ste variable. n. Number of pair comparison between control and experimental N-
supply. Qg. Between group heterogeneity and its associated p-value (*p<0.05, **p<0.01).
Acronyms arein Table 2.
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Resumen

L os bosqgues tropicales tienen un papel desproporcionado regulando los ciclos globales del carbono
(C) y del nitrégeno (N). En estos bosques no ha sido bien estudiado el impacto del incremento en la
deposicion del N atmosférico. Nuestro objetivo fue determinar si el ingreso del N tiene un efecto en
el ciclodel Cy del N en bosques tropicales estacionalmente secos (BTES) através de un gradiente
de precipitacion (540 — 1040 mm de precipitacion media anual). Usamos un experimento
deadicién de N en microcosmos para explorar como respondenla dinamicadel Cy del N en €

suelo. Los flujos de NO, y la tasa de mineralizacion y de nitrificacion del  suelo

incrementaron considerablemente con e aumento de la precipitacion media anual, mientras
gue la emision de CO; decrecid con € incremento de la precipitacion media anual. Las
concentraciones de C organico en el suelo de los bosgues més secos y himedos decrecieron
significativamente con la adicion de N. Sin embargo, la biomasa microbiana respondio
diferenciamente entre los sitios a incremento de N. En los suelos del sitio més seco, e

incrementode N decling significativamente las concentraciones microbianas de C 'y N. En contraste,
en los suelosdel sitio himedo, la adicién de N increment6 las concentraciones microbianas de
C y de N. Lamineraizacion de N y las tasas de nitrificacion no respondieron ante la adicién de
N. En e suelo del bosque més seco, la adicién Nimplicd e incremento de las pérdidasde Cy N

debido alas emisionesde CO.y N2O; sin embargo, en los suelos del bosque mas seco el

incremento de N no afect6 consistentemente lasemisiones de CO. y N-O. En los suelos del

bosque més himedo, la adicion de N solo incrementd emisiones de CO,. Concluimos que |os

BTES pueden reaccionar a la adicion de N de maneravariable dependiendo de la limitacion
hidrica de los sitios, rasgo que parece ser e mecanismo regulador del ciclo de N en estos
suelos.
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ABSTRACT

Although tropical forests play a disproportionate role in regulating global C and N cycles, the impact
of elevated N-deposition on these ecosystems is not well studied. Our goal was to determine whether
elevated N input had an effect on soil Cand N cycling in seasonally dry tropical forests along a precipitation
gradient (with mean annual precipitation ranging from 540 mm to 1040 mm). We used a microcosm N-
fertilization experiment to explore how soil C and N dynamics respond to N addition. NO, fluxes and net
N-mineralization and nitrification rates in soils increased considerably with mean annual precipitation.
In contrast, CO, fluxes decreased with increased mean annual precipitation. Organic C concentrations
in soil from both the driest and the wettest forest sites decreased significantly with elevated N input.
However, microbial biomass responded to N enrichment differently across sites. In soils from the driest
site, microbial biomass C and N concentrations declined significantly with elevated N input. In contrast,
in soils from the wettest site, microbial biomass C and N immobilization increased. Net N-mineralization
and nitrification rates did not respond to elevated N input. In soils from the driest site, elevated N input
resulted in an increase in C and N losses due to CO, and N,O fluxes. However, elevated N input to soils
from the wettest site did not consistently affect CO, and N,O fluxes. In soils from the wettest site, the
main response to N enrichment was an increase only in CO, fluxes. We conclude that the reactions of
seasonally dry tropical forest soils to increases in N deposition will vary, depending on the details of the

site’s water limitations, which appear as a regulatory mechanism of the N cycle in these soils.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Nitrogen fertilizer use, the cultivation of N-fixing plants, the
burning of fossil fuels and biomass burning have changed the global
N cycle (Gruber and Galloway, 2008; Davidson, 2009). From 1860
to 2005, the deposition of reactive N increased one order of magni-
tude, with regional variations reflecting differences in the intensity
of agriculture and fossil fuel use (Galloway et al., 2008). In recent
decades, the deposition of reactive N has increased in the tropics,
and this region may see the most dramatic increases in the com-
ing decades (Lamarque et al., 2005; Dentener et al., 2006). Findings
from moist and dry tropical forest studies suggest long-term change
in the N cycle in these ecosystems (Hietz et al., 2011).

Evidence regarding the effects of elevated N deposition on ter-
restrial ecosystem has been obtained in temperate and boreal
ecosystems, where net primary production is frequently limited
by N availability. Elevated N input decreases the microbial

* Corresponding author. Tel.: +52 55 56229027, fax: +52 55 56228995.
E-mail address: jcampo@ecologia.unam.mx (J. Campo).
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immobilization of inorganic N and increases N losses through leach-
ing and denitrification (Houlthon et al., 2006); it also affects the rate
of CO, emissions from the soil (Treseder, 2008) and the leaching of
labile compounds (Sleutel et al., 2009). Although tropical forests
represent 44% of global forest area and contribute significantly to
global C and N cycles (Malhi and Phillips, 2004; Pan et al., 2011;
Zhuang et al., 2011), we have little information about the impact of
elevated N deposition on N cycling and C storage in these ecosys-
tems (5% of all studies of global forest ecosystems were performed
in tropical regions; Lu et al., 2011a,b). Studies in tropical rain forest
ecosystems show that both changes in soil N cycling with elevated
N input and the magnitude of N losses depend on soil nutrient sta-
tus (Hall and Matson, 1999; Koehler et al., 2009b). In these studies,
tropical rain forests with N-limited net primary productivity did not
exhibit a short-term increase in N losses. However, tropical forest
sites with net primary productivity not limited by N showed rapid
and large increases in soil N cycling and losses—although ecosystem
responses to N enrichment in Panama’s forests also depended on
the presence of an organic layer in soils (Koehler et al., 2009b; Corre
et al., 2010). On the other hand, while N addition did not increase
net primary productivity in these N-rich tropical forests, C pools
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Table 1

Characteristics of three climatic sites of Yucatan, Mexico.

M. Bejarano et al. / Applied Soil Ecology 73 (2014) 105-115

Chicxulub

X'matkuil

Hobonil

Localization
Altitude (m a.s.l.)

24°14'N, 89°31'W
4

20°51'N, 89°35'W
22

19°38'N, 88°59'W
36

Climate?® BS1 Aw0 Aw1

Mean annual temperature (°C) 25.8 26.6 26.2

Mean annual precipitation (mmyr-') 531 993 1035
Precipitation/Potential evapotranspiration (mmmm~")> 0.5 0.8 1.0

Soil bulk density (gcm=—3)° 0.53-+0.03b 0.66-+0.03a 0.66+0.04a
Soil clays (%) 21.7+1.0b 23.3+14b 30.0+24a
Soil silt (%) 1.0+ 0.0b 1.0+0.0b 1.3+0.5a
Soil sand (%) 74.5+1.0a 733+1.4a 65.8+2.8b
pH (H,0) 7.4+0.04a 7.5+0.04a 7.4+0.02a
Field capacity (% moisture)* 65.6 43.0 33.1
Permanent wilting point (% moisture)© 57.7 35.6 26.1

Tree density (stems 144 m~2)> 37+5c¢ 104 +6a 56+7b
Tree height (m)® 3.3+0.2b 34+0.1b 4.5+0.2a

Different letters indicate significant differences (P<0.05) among sites.
@ Climatic classification according Képpen adapted by Garcia (2004).
b Cuevas et al. (2013).
¢ Roa-Fuentes et al. (2012).

are sensitive to elevated N deposition in some tropical soils (Cusack
et al.,, 2011). For example, field-fertilization experiments indicate
that microbial activity responds positively to elevated N input, with
potential effects on the loss of soil C pools via respiration (Cleveland
and Townsend, 2006). Responses to elevated N input are likely to
vary among tropical forests, which differ significantly in climate
(mainly in total amount and distribution of annual precipitation)
and in soil nutrient status (Vitousek and Sanford, 1986). The lack of
sufficient information on the relative strength of these functional
responses in tropical forest regions constitutes one of the greatest
uncertainties for the prediction of the future climates (Thornton
et al., 2009; Yang et al., 2010; Zaehle and Dalmonech, 2011).

The objective of the present study was to determine the impact
ofelevated Ninput on Cand N dynamics in soils collected from three
mature seasonally dry tropical forests (SDTF) along a precipitation
gradient in Yucatan (Mexico). Sites ranged from very dry, with a
mean annual precipitation of 540 mm, to a dry site that receives
1040 mm of annual precipitation. SDTFs in the Yucatan Peninsula
show high N contents in leaves and litterfall (Campo and Dirzo,
2003; Read and Lawrence, 2003), and soils are both nitrate- and
C-rich (Solis and Campo, 2004). Previous N-addition experiments
showed that elevated N increased the net primary productivity in
some of these Yucatan forests, and consistently increased the N
input to soil due to litterfall (Campo and Vazquez-Yanes, 2004;
Campo et al., 2007). Soil C and N storage, however, did not change
under elevated N-input (Gamboa et al., 2010), suggesting greater C
and N losses via soil respiration and denitrification.

Our hypotheses were that: (1) soils from the wettest site should
exhibit the most soil C and N cycling, indicated by higher net N
transformation rates, soil organic matter decomposition, and C and
N losses exemplifying a system with elevated microbial activity due
to high water availability; and (2) following N enrichment, soils
from the driest site should exhibit the greatest changes in soil C
and N cycling, typifying a system with high organic C and N storage
due to the reduced availability of water for microbial activity.

2. Materials and methods
2.1. Study sites

The study was carried out at three sites along a gradient of mean
annual precipitation (MAP) in the Yucatan Peninsula (Table 1).
The landscape consists of flat areas and the predominant lithology
includes late Pliocene material, with numerous areas of exposed
limestone. Soils are either shallow black lithosols surrounding rock
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outcrops or deeper red rendzinas at slightly lower relief categories
(Shang and Tiessen, 2003). In both soils (black lithosols and red
rendzinas), it is common that organic debris and limestone frag-
ments form a large portion of the soil matrix. At least 90% of soil C
pools are stored in the Oa soil horizon (Shang and Tiessen, 2003).
Dominant soils at study sites (rendzic Leptosols) are mainly shallow
(0.2m in depth) and organic-rich, and directly overlie weathered
calcium carbonate.

Long-term climate data from weather stations across the
Yucatan Peninsula show that the entire region is characterized by
a distinct seasonal period of low precipitation (Garcia, 2004). The
climate in the area is hot, ranging from semi-arid to subhumid
and supporting tropical dry or very dry forest. Mean temperature
is approximately 26 °C (Table 1), with less than a 6°C difference
between the coolest and warmest months. Average annual precip-
itation increases from 531 to 1035 mm along the gradient; most of
it falls during the rainy season (June-October), which contributes
75% of total precipitation (Fig. 1). The natural vegetation at the
study sites is SDTF, with mean canopy heights increasing with MAP.
Despite this increase in tree size, both aboveground and below-
ground biomass is very similar across sites (Roa-Fuentes et al.,
2012). Although tree species composition varies across study sites,
these SDTFs share the same set of dominant tree species (Aca-
cia gaumeri, Bursera simaruba, Caesalpinia gaumeri, Gymnopodium
floribundum, and Lonchocarpus yucatanensis).

2.2. Soil sampling and experiment design

Soils at each forest site were sampled to determine C and N con-
centrations at the onset of the rainy season (June) of 2010. At each
site, 138 soil cores (5 cm x 10 cm deep) were collected on a grid of 6
x 23 points (50 m x 220 m, total area 1.1 ha) in flat areas (i.e. there
are no topographic variations within the sampled areas). The cores
from each forest were transported to a greenhouse and stabilized
for two weeks before the N-addition experiment. A subset of 16
cores collected at this time was used to measure initial soil C and
N concentrations. Of the remaining cores, 96 were used in labora-
tory assays pertaining to net N transformation and CO, and N,0
fluxes. The 26 cores with the highest rock content (determined by
gravimetry) were discarded.

In the laboratory, samples from each site were randomly
assigned to one of two treatments (that is, we used a completely
randomized design): control and elevated N input. Three times a
week, for four months (the duration of the rainy season at the study
sites), we added fertilizers and enough deionized water to keep
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Fig. 1. Mean monthly precipitation (+1 SE) indicated by bars and temperature indi-
cated by the solid line (June 1999-2009), and monthly precipitation in the year
preceding soil cores collection (Jun 2009-2010) in three seasonally dry tropical for-
est sites at Yucatan Peninsula. Inter-annual variation in monthly temperature is
negligible. (a) Chicxulub (531 mm of mean annual precipitation; weather station
Progreso 21°17'34"N, 89°36'28"W); (b) X'matkuil (993 mm of mean annual precip-
itation; weather station Mérida 20°59'00”N, 89°38'00”"W); (c) Hobonil (1035 mm of
mean annual precipitation; weather station Tantakin 20°01'89”N, 89°02'50"W).

soils at approximately 50% of water holding capacity (100% water
holding capacity was determined as the gravimetric water content
of water-saturated soil that had been allowed to drain over 6h).
The amount of N added was the same each time. The treatments
comprised total additions equivalent to 8 kg N ha~! for the control
and 32kg N ha~! for the elevated N input; in both treatments N
was added as (NH4);SO4. Such N additions are similar to the back-
ground value in the Yucatan Peninsula in the year 2000—where
N concentrations in rainfall are almost four times higher than the
background value proposed elsewhere (Cerén et al., 2002)—and the
proposed rate for 2030, respectively (Dentener et al., 2006).
Measurements of C and N concentrations were made at 0 (i.e.
before incubation), 30, 60 and 120 d of the experiment. At each
time, 16 soil cores were removed for C and N measurements and
for gas emissions assays. Six soil cores were analyzed for C and N
concentrations in microbial biomass and 10 soil cores were incu-
bated for 48 h at 25°C and 50% of field water holding capacity in
a glass container (1L volume) to collect N,O and C,0 soil fluxes.
Two samples were used to measure gas flux—one at the beginning
of incubation and one at the end. After each incubation period, we
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separated soil cores into two groups: six cores were analyzed for
total and inorganic C and N concentrations in soils, and four cores
were used for the remaining analyses (water-extractable C and N).
Before each analysis, the soil of each core was sieved (No. 30) and
weighed. A 2 g soil subsample from each core was taken to estimate
gravimetric water content.

2.3. Sample analyses

2.3.1. Soil C and N concentrations

Total soil C was analyzed using an automatic C analyzer (SHI-
MADZU SSM-5000A) after grinding a 5 g air-dried subsample and
passing it through a 100-mesh screen. Soil inorganic C concentra-
tion was estimated from carbonate concentrations in samples; four
cores were sampled at each time of incubation, and a subsample of
5 g of dry soil was ground, sieved (No. 100), mixed with 50 mL of
0.5N HCl, and boiled for five minutes. The mixture was filtered (No.
2) and the extracts were separated to a 5 mL aliquot. Aliquots were
mixed with two drops of phenolphthalein to titrate the remaining
acid with 0.25N of NaOH (Van Reeuwijk, 2002).

The concentration of total N was determined from acid diges-
tion in concentrated H,SO4 (Anderson and Ingram, 1993) using
an NP element analyzer (Technicon Autoanalyzer II). Microbial
biomass Cand N concentrations were determined using chloroform
fumigation-extraction (Vance et al., 1987) with replicated samples
of fresh soil. Fumigated and non-fumigated samples were incu-
bated for 24 h at 24°C. Microbial biomass C was extracted from
both fumigated and non-fumigated samples using 0.5 M K;SO,4 and
Whatman No. 42 filter paper; the concentration of C was measured
with an automatic C analyzer (SHIMADZU TOC-Vcsn). Concentra-
tions of C in the non-fumigated extracts were subtracted from
concentrations in the fumigated extracts, and microbial C was esti-
mated using a conversion factor (K¢) for microbial C equal to 0.45
(Vance et al., 1987). The inorganic C concentrations in the extracts
of microbial biomass were estimated by adding 0.5N HCI to the
extracts. Microbial biomass N was extracted in a similar way and fil-
tered through Whatman No. 1 filter paper; the filtrate was digested
in acid and the total concentration of N was determined with the NP
element analyzer. The method for calculating microbial biomass N
concentrations was similar to that employed for microbial C; in this
case, a conversion factor (Ky) of 0.57 was used (Jenkinson, 1988).

For each study site we performed a liner regression between
total and inorganic C concentrations in soils and in microbial
biomass (Supplementary data, Tables S1 and S2). Organic carbon
concentrations in soil were estimated by subtracting inorganic C
concentration from total C concentration. Also, we proceeded to
correct microbial biomass C concentrations for inorganic C con-
centrations in microbial biomass.

Water-extractable C and N were determined by stirring for 1 h a
10 g soil subsample with deionized water (soil:solution ratio, 1:10,
w/v) to estimate the concentration of water-extractable inorganic
Cand N, water-extractable organic C and N, and water-extractable
total C and N. The extracts were vacuum filtered through a mem-
brane (Millipore 45 wm). Water-extractable total and inorganic C
concentrations were estimated using high-temperature oxidation
(SHIMADZU TOC-Vcsn), and water-extractable organic C concen-
tration was calculated by subtracting water-extractable inorganic
C concentration from water-extractable total C concentration.
Water-extractable total N concentration was determined by chemi-
luminescence (TOCV-TNM-1) and water-extractable inorganic N
concentration, by colorimetry (Automator Il AA Technicon). Water-
extractable organic N concentration was calculated by subtracting
inorganic N concentration from the total N concentration in water
extracts. Finally, water-extractable C:N ratios were calculated by
dividing organic C by total N concentration in water extracts.
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2.3.2. Net N transformations

We measured inorganic N concentrations (NO3—-N+NH4-N)
and net N-mineralization and nitrification rates using 2M KCl
extraction and aerobic incubation. Inorganic N concentrations were
measured by extracting a 15 g sub-sample from each soil sample
in 100mL 2 M KCl (Robertson et al., 1999). The soil KCl solution
was shaken for 1 h and allowed to settle overnight. A 20 mL aliquot
supernatant was transferred into sample vials and frozen for later
analysis (initial inorganic N concentration). Net N-mineralization
and nitrification rates were measured for each incubation time (30,
60and 120d of aerobicincubation) (Robertsonetal., 1999). Another
three samples were wetted to field water holding capacity with
distilled water, maintained at field capacity moisture (by gravime-
try) and incubated at 25 °C for 30, 60 or 120 days before extraction
with KCl (final inorganic N concentrations). An analysis of both
initial and final inorganic N concentrations was done on an Auto-
analyzer system using procedures to determine NO3-N+NO,-N
(which were reported as NO3-N; using the sulfanilamide method)
and NH4-N (using the salicylate-hypochlorite procedure). Net N-
mineralization was calculated as the difference between inorganic
N at the beginning and end of each incubation time, and results
were expressed in terms of mean daily inorganic N production.
Likewise, net nitrification was calculated as the difference between
NO5-N at the beginning and end of the each incubation time, and
results were expressed in similar units.

2.3.3. CO, and N>O fluxes

Gas samples were stored at 3 °C and were analyzed in a gas chro-
matograph (Shimadzu GC-2014) with a sample loop injector (1 mL,
120°C), Supelco column (04162010, chemical phase HayeSep D,
2m x 1/8 IN SS) methanizer to convert CO, to CH4 (380°C), and
two detectors (electron capture detector, ECD, 325 °C, for N0, and
flame ionization detector, FID, 250 °C, for CH4 ). N, was used as a car-
rier gas (flux 25 mL min~1). Gas concentrations were determined by
comparison with a calibration curve and its integrated peak areas.
Calibration curve points were determined using standard certified
mixed gases and their dilutions in high-purity He (Standard Prax-
air: 970 ppm CHy, 5120 ppm CO,, 80 N,O ppm; Standard Scotty
Analyzed Gases: 5 ppm CHy, 605 ppm CO5, 1 ppm N50).

2.4. Statistical analyses

Statistical analyses were performed using R software (R
Development Core Team, 2011). For each estimated variable we
built two linear models. The initial model (IM) was formulated to
test for differences among sites before N addition (t=0 d), and the
experimental model (EM) to estimate the effect of experimental
factors and their interactions (N-addition treatment (N), exper-
imental time (T) and forest site (S)). In both models, residuals
were explored for normality and variance homogeneity. Also, EM
was explored for temporal correlation among experimental times
(30, 60, and 120 d). When the residuals of each model satisfied
homoscedasticity and normality assumptions, we employed the
least square (LS) and maximum likelihood (ML) methods to fit the
models using the stats package (R Development Core Team, 2011).
When the residuals of some models had heterogeneity of variance
among levels of S and/or N factors, we followed the methodol-
ogy suggested by Zuur et al. (2009) to avoid data transformation
and to incorporate heterogeneity into EM. Models were built using
the nlme package (Pinheiro et al., 2011) with generalized least
square (GLS), restricted maximum likelihood (REML) and the Varl-
dent function. These estimation methods have been explained with
considerable statistical detail and implemented in ecological stud-
ies elsewhere (West et al., 2007; Zuur et al., 2009). Briefly, first we
tested whether it was necessary to use an autoregressive correla-
tion structure for the relationship between levels of the T factor
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(AR-1). The AR-1 correlation is used to explain temporal data sets
that are expected to display a closer correlation between the values
of a given time and the time immediately previous (Ives and Zhu,
2006). The second step was to select the best variance structure,
and the last step was to model the selection according to the Akaike
information criterion (Hoeting et al., 2006) and the lowest p value
of likelihood ratio (Zuur et al., 2009) (Supplementary data, Table
S3). All final models were checked for normality of the distribution
of residuals. When variables or interactions among them were sig-
nificant in the final model, comparisons between interaction levels
were performed using the contrast package (Kuhn et al., 2011). The
correlations between each pair of estimated variables were calcu-
lated using Spearman’s rank-order correlation coefficient; p values
were corrected using the Holm-Bonferroni method and the Rcmdr
package (Fox, 2005).

3. Results
3.1. Regional patterns in soil C and N concentrations and fluxes

There were significant differences in organic C and total N con-
centrations among sites (Table 2). Soils from the driest site had the
highest organic C and total N concentrations, whereas soils from
the wettest site had the lowest concentrations (F=13.3, P<0.001,
for organic C; F=6.1, P<0.05, for total N). In contrast, concentra-
tions of inorganic C increased with the MAP (F=11.2, P<0.01). The
soil organic matter quality at the wettest site was high, as indicated
by alow soil C:N ratio (F=10.8, P<0.01).In contrast, soils from drier
sites (Chicxulub and X'matkuil), had higher soil C:N ratios (range
19-23), indicating poor-quality organic matter.

Microbial C and N varied significantly among sites, although
changes were not consistently related to MAP (Table 2). Soils from
X’matkuil had the highest concentrations of microbial biomass C
and N, whereas soils from the wettest site, Hobonil, had the low-
est concentrations (F=62.6 and F=66.2, P<0.001, for microbial
biomass C and N, respectively), reflecting the lower concentrations
of organic C and total N in Hobonil soils. Microbial C:N ratios dif-
fered considerably among forests. The corresponding ANOVA test
showed that soils from Chicxulub and X’'matkuil had the highest
microbial C:N ratios (F=5.33, P<0.01).

The microbial C mean contribution to soil C (measured as the
ratio between C concentrations in microbial biomass and organic C
concentrations in soils) ranged from 0.7% to 2.0%. This mean contri-
bution was highest in X'matkuil soils and lowest in Chicxulub soils.
Also, the contribution of microbial N to total soil N was lowest at
the driest site (1.2%) and increased at wetter sites (ranging between
1.3 and 1.4%).

As in the case of microbial biomass, water-extractable C con-
centrations in soils varied significantly among sites (by 75% in the
case of total and organic C, and by a factor of 2 in the case of
inorganic C), but changes were not consistently related to MAP
(Table 2). X'matkuil soils had the highest concentrations of water-
extractable total C, organic C and inorganic C, whereas at the driest
site, Chicxulub, and the wettest site, Hobonil, soils had the low-
est C concentrations in water extracts (F=6.20-12.7, P<0.01). In
contrast, water-extractable N concentrations in soils varied con-
siderably among the three sites with MAP. All water-extractable
N concentrations (i.e. total, organic and inorganic N) in soils from
the driest site were approximately three times higher than in soils
from the wettest site (F=11.8 for total N, F=8.61 for organic N,
and F=28.8 for inorganic N, P<0.01). Water-extractable C:N ratios
increased with MAP (F=15.5, P<0.001).

Across sites, inorganic N concentrations (NOs and
NH4) in soils varied significantly (Table 2). NH4
concentrations were highest in soils from X'matkuil (F=3.61,
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Table 2

Carbon and nitrogen concentrations and carbon:nitrogen ratios in soil cores before nitrogen addition experiment (time 0).

Variable

Sites
Chicxulub X'matkuil Hobonil

Organic C(mg Cg1)* 273 + 18a 228 + 17a 90 £ 7b
Inorganic C(mgCg')? 5.9 + 0.3c 7.7 £ 0.5b 213 +4.3a
Total N (mg N g—1)? 14.1 + 1.4a 9.7 + 1.1b 8.7 + 0.9b
Soil C:N ratio? 194 + 5.9a 23.5 + 3.0a 104 + 1.8b
Microbial biomass C (ng Cg™1)* 1899 + 332b 4551 + 309a 925 + 108c
Microbial biomass N (g N g=')? 168 + 21b 440 + 28a 110 £ 7¢
Microbial C:N ratio® 113+ 1.1a 10.3 £ 0.5a 8.4 + 0.5b
Water-extractable Co (ug Cg~')° 724 + 116b 1273 + 114a 861 + 109b
Water-extractable Ci (ug Cg')° 292 + 38b 510 + 45a 249 + 33b
Water-extractable N total (g Ng—1)° 290 + 34a 286 + 36a 111 + 18b
Water-extractable No (g N g=1)" 237 + 30a 256 + 33a 97 £ 17b
Water-extractable Ni (ug N g=1)° 43 + 5a 31+3b 13 +1c
Water-extractable C:N ratio® 24 +03c 4.5 + 0.6b 7.8 +£1.0a
NH4*-N (ug N g1y 21.0 + 2.2b 32,5 + 3.5a 26.8 + 3.3ab
NO; -N (ngNg ') 524 +4.7a 39.9 + 2.5b 352 +2.1b

3 Values for each site are means + SE of six soil cores.
b Values for each site are means + SE of four soil cores.

Different letters indicate that means are significantly different (P<0.05) among sites.

Variable acronyms: Ci, inorganic carbon; Co, organic carbon; Ni, inorganic nitrogen; No, organic nitrogen; N total, total nitrogen.

P<0.05); however, NO3 concentrations were highest in soils from
the driest site (F=7.13, P<0.01). Also, net N-mineralization and
net nitrification rates varied among sites (Fig. 2). Consistently,
both N transformation rates were lowest at the driest site, Chicx-
ulub, and highest at the wettest site, Hobonil (F=4.39 for net
N-mineralization rates and F=4.09 for net nitrification rates,
P<0.05). Net nitrification: net N-mineralization ratios did not
change across study sites (0.9940.02, 1.04 £0.02, and 1.01 +£0.03,
for Chicxulub, X'matkuil, and Hobonil, respectively) (F=1.25,
P>0.05).

CO, fluxes in soils from the northern, driest site, Chicxulub,
were significantly higher than those from wetter counterparts (i.e.
X'matkuil and Hobonil; Fig. 3a; F=3.92, P<0.05). In contrast, N,O

Fig. 2. Net N-mineralization (a), and net nitrification (b) rates in soil cores before
to experimental N addition. Values for each site are means =1 SE of six soil cores.
Different lower cases indicate that means are different statistically (P<0.05) across
study.
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fluxes in soils from the southern, wettest site, Hobonil, were sig-
nificantly higher than fluxes from Chicxulub and X'matkuil soils
(Fig. 3b; F=5.64, P<0.05).

3.2. Impact of elevated N input

3.2.1. Total soil C and N, microbial biomass C and N, and
water-extractable C and N concentrations

The impact of elevated N input on organic C concentrations var-
ied as a function of site (N*site effect, P<0.01) (Table 3). Organic C
concentrations in soils from the driest and wettest sites decreased
with elevated N input, but their concentrations did not change in
soils from X’'matkuil. In contrast, the addition of elevated amounts

Fig. 3. Fluxes of CO; (a), and N,O (b) in soil cores before to experimental N addition.
Values for each site are means + 1 SE of ten soil cores. Different lower cases indicate
that means are different statistically (P<0.05) across study sites. sites.
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Table 3
Carbon and nitrogen concentrations and carbon:nitrogen ratios in soil cores under two treatments of nitrogen addition.
Variable Time (d) Sites
Chicxulub X'matkuil Hobonil
Control +N Control +N Control +N
Organic CSH (mg Cg') 30 345 + 42 266 + 26 233 +£ 21 270 + 30 124 £ 23 81+ 10
60 311 + 27 258 + 39 240 + 50 265 + 24 127 £ 22 69 £ 6
120 287 + 28 270 + 25 227 + 44 225 + 18 81+6 91 +17
Inorganic C“H (mg Cg 1) 30 53 +0.2 62+04 79+ 04 6.8 + 0.5 172 £35 226 £5.7
60 5.6 + 04 6.3 + 0.6 7.7 +£08 7.0 £ 0.6 15.5 +5.8 29.9 + 139
120 5.9 + 0.6 6.2+ 04 8.0+ 0.7 81+14 23.0 £ 3.8 27.0+ 73
Total N (mgNg1) 30 127 £24 13.7 £ 3.1 9.7 £29 10.7 £25 8.6 + 2.0 62+ 1.7
60 126 £ 1.6 15.7 £ 3.9 123 £3.6 16.1 + 3.6 88+ 1.8 89 +23
120 159+ 1.0 11.0 + 3.6 80+19 124 £ 2.0 88 +28 9.6 £ 0.9
C:N ratio 30 27.2 £13.1 194 +£11.6 24.0 +£ 5.8 252 +79 144 £ 32 13.1+£35
60 247 £7.0 16.4 + 8.2 19.5 £5.0 16.5 £ 5.5 144 + 4.6 7.8 +2.1
120 18.1 + 1.8 245 +82 284 +£938 182+ 2.6 92 +42 9.6 +2.8

Values for each site are means + SE of six soil cores.
Control: addition of 8 kg N ha~!; +N: addition of 32 kg N ha~'.
CH Significant effect of elevated N addition on the Chicxulub and Hobonil soils.

of N did not have a significant effect on inorganic C and total N con-
centrations, nor on C:N ratios in soils from any of the three sites
(F=2.28,F=0.55, and F=1.20, P> 0.05; respectively).

The effects of elevated N input on microbial biomass C and N
varied as a function of both site and time (N*site effect, P<0.01;
and N*time-incubation effect, P<0.05) (Table 4). Chicxulub soils
showed marked declines in microbial biomass C and N concen-
trations under elevated N input at the beginning (30 d) and at
the end of the incubation time (120 d). In contrast, microbial
biomass C and N in soils from the wetter sites increased under
elevated N input; the increase in microbial biomass C occurred
sooner in Hobonil soils than in X’matkuil soils. Effects of elevated
N addition on microbial C:N ratios varied as a function of site
(N*site effect, P<0.05). High input of N decreased the microbial
C:N ratios in soils collected at the drier sites (by 58% in the case
of Chicxulub, and by 36% in the case of X'matkuil) at 30 d. In
contrast, elevated N input increased microbial C:N ratios in the
wettest site soils compared to the control soils (by 37%) at 30
d.

Across sites, elevated N input did not affect any water-
extractable C concentrations (i.e. total, organic and inorganic
C) (Table 5) (F=0.46-2.44, P>0.05). Also, across sites, water-
extractable total, organic and inorganic N concentrations did not
change with elevated N input (F=0.03-0.25, P>0.05). In contrast,
elevated N input decreased water-extractable C:N ratios in soils
from all three sites compared to the control (F=8.58, P<0.01).

Across all sites and N treatments, both water-extractable C con-
centrations (i.e., organic and inorganic C) changed significantly over
time (time effect, F=11.1-14.0, P<0.01). Water-extractable C con-
centrations reached their minima at the end of the experiment in
120 d and were at maximum levels in the middle of the experiment,
60 d. In addition, all water-extractable N concentrations increased
through time across all sites (F=16.2 for water-extractable total
N, F=10.9 for water-extractable organic N, and F=31.3 for water-
extractable inorganic N, P<0.01). Water-extractable C:N ratios
decreased through time (by 50% and 65% in the case of Chicxu-
lub and X’matkuil, and by 75% in the case of Hobonil) (F=49.6,
P<0.001).

3.2.2. Soil inorganic N concentrations and net N transformations
The effects of elevated N input on inorganic N concentrations
varied as a function of site in separate analyses (N*site effect,
F=30.2 for NH4 and F=11.6 for NO3, P<0.001) (Table 6). In sam-
ples collected at the driest site, elevated N input increased NHy4
concentrations compared to the control earlier than in samples
collected at the wettest site. In contrast, X'matkuil soils showed
a decline in NH,4 concentrations under elevated N input during 60
d of incubation and did not vary as much at 120 d. A separate anal-
ysis indicates that elevated N increased NO3 concentrations in soils
from the driest and wettest sites (t=5.39, P<0.001 for Chicxulub
soils, and t=2.98, P<0.01 for Hobonil soils). In contrast, elevated

Table 4
Microbial biomass carbon and nitrogen concentrations and carbon:nitrogen ratios in soil cores under two treatments of nitrogen addition.
Variable Time (d) Sites
Chicxulub X’'matkuil Hobonil
Control +N Control +N Control +N
Microbial biomass CS*H (ug Cg1) 30 3595 + 409 1364 + 194 1496 + 987 1786 + 354 602 + 29 1721 + 137
60 4084 + 217 4615 + 384 3166 + 760 2691 £ 211 2781 £ 250 1769 + 179
120 6445 + 1099 3959 + 1284 2400 + 289 5010 + 504 1464 + 292 2645 + 567
Microbial biomass No*H (ug N g—1) 30 314 £+ 41 273 £9 174+ 9 327 £22 60 + 6 122 +£ 13
60 454 + 95 466 + 67 357 £ 20 244 + 44 106 + 15 93 +17
120 638 + 138 309 + 158 335+ 99 561 + 93 99+ 3 151 + 21
Microbial C:N ratio®*H 30 114 + 1.8 51+09 8.6 £5.7 55+1.2 10.1 £ 1.5 141 £ 1.1
60 9.0 +2.2 9.9+ 3.3 88+1.9 11.0+£ 2.1 262 +44 19.1 £ 43
120 101+ 14 12.8 + 3.8 72+34 89+25 148 £ 3.1 175+ 0.9

Values for each site are means + SE of six soil cores.
Control: addition of 8 kg N ha~'; +N: addition of 32 kg N ha~'.

CXH Significant effect of elevated N addition on the Chicxulub, X’matkuil, and Hobonil soils.
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Table 5
Water-extractable carbon and nitrogen concentrations and carbon:nitrogen ratios in soil cores under two treatments of nitrogen addition.
Variable Time (d) Sites
Chicxulub X'matkuil Hobonil
Control +N Control +N Control +N
Water-extractable Co (pg Cg™') 30 910 + 161 709 + 269 1044 + 102 1461 + 134 811 + 88 797 + 219
60 1095 + 61 894 + 199 1181 + 273 1082 + 201 987 + 151 645 + 191
120 637 + 81 559 + 141 674 + 148 641 + 185 435 + 134 518 + 238
Water-extractable Ci (ug Cg') 30 281 £ 50 304 £ 75 464 + 81 526 + 57 280 £ 75 195 + 39
60 431 + 66 181 + 57 399 + 88 253 +£90 349 + 53 203 £ 15
120 223 £20 223 +£37 230 £ 59 234 + 48 188 + 29 185 + 23
Water-extractable N total (ng Ng~1) 30 317 + 45 243 + 61 190 + 34 347 + 34 93+ 13 122 + 36
60 306 + 46 380 £ 75 330 £ 90 306 + 55 152 + 12 114+ 15
120 456 + 81 559 + 46 313 £ 22 406 + 75 210 £ 18 266 + 62
Water-extractable No (g N g~') 30 269 + 28 205 + 69 164 + 33 311 £ 34 80+8 111+ 29
60 260 + 21 322 +£59 284 £ 71 381 +£43 138 + 11 99 + 11
120 377 £ 61 464 + 41 258 +£24 338 £ 63 276 £ 13 236 £ 34
Water-extractable Ni (ug Ng~!) 30 48 £ 6 38+7 26 +5 36+4 13+£0 11+£3
60 46 + 12 58 + 12 46 + 12 25+ 30 14 +1 15+2
120 79 £ 10 95 +5 55+ 5 68 + 15 34+9 3017
Water-extractable C:N ratio 30 29+0.2 29+0.7 55+ 0.8 42 +04 88 +0.38 65+ 1.6
60 3.6 +£0.7 23 +0.2 3.7+04 35+12 64 + 0.6 57+09
120 14+ 0.1 1.0+ 0.2 21+04 1.6 £ 0.9 2.1+08 1.9+0.8

Values for each site are means =+ SE of four soil cores.
Control: addition of 8 kg N ha~'; +N: addition of 32 kg N ha~"-

Variable acronyms: Ci, inorganic carbon; Co, organic carbon; Ni, inorganic nitrogen; No, organic nitrogen; N total, total nitrogen.

N input did not have a significant effect on NO3 concentration in
X'matkuil soils (t=0.26, P>0.05).

Across all sites, elevated N input did not affect net N-
mineralization and net nitrification rates (Figs. 4 and 5)
(F=3.02-3.08, P>0.05). Elevated N input, however, increased net
nitrification:net N-mineralization ratios compared to the control
(by 15%, F=7.62, P<0.01).

3.2.3. CO; and N>O fluxes

Elevated N input effects on CO, and N,O fluxes varied as a
function of site in separate analyses (N*site effect, P<0.05). Soils
collected at the driest and wettest sites showed more marked
increases in CO; fluxes under elevated N input compared to the con-
trol (t=5.39, P<0.01 at the driest site; t =5.84, P<0.01 at the wettest
site) (Fig. 6a and c). Elevated N input, however, did not affect the
CO; flux in X’'matkuil soils (t=0.64, P>0.05) (Fig. 6b). In addition,
elevated N input increased N, O fluxes in dry site soils compared to
the control (t=8.37, P<0.001 for Chicxulub soils; t=7.35, P<0.001
for X’'matkuil soils) (Fig. 7a and b). However, elevated N input did
not affect N, O fluxes in soils from the wettest site (4.07 - 0.34 pg

N m=3 g1 h~! in control, and 5.10+£0.61 wg N m=3 g-1 h~1 in
elevated N treatment, t=1.48, P>0.05) (Fig. 7c).

No significant correlations were observed between CO, fluxes
and organic or inorganic C concentrations (R=0.34-0.44, P>0.05).
Also, none were observed between NO, fluxes and net nitrification
rates or NO3 concentrations (R=0.48 for net nitrification rates, and
R=-0.40 for NO3 concentrations, P>0.05).

4. Discussion

4.1. Soil C and N concentrations and losses in seasonally dry
tropical forests

Organic C and total and mineral N concentrations in soils at
our study sites are higher than those reported for other SDTF soils
(between 5 times and an order of magnitude higher, Table 7). The
high organic C content was associated with organic matter sta-
bilization by CaCOs3 in Yucatan soils (Shang and Tiessen, 2003).
Also, net N-mineralization and nitrification rates in Yucatan soils
are high—in fact, they are close to the upper bound of the range
reported for SDTF soils (Table 7).

Table 6
Ammonium and nitrate concentrations in soil cores under two treatments of nitrogen addition.
Variable Time (d) Sites
Chicxulub X'matkuil Hobonil
Control +N Control +N Control +N
NH4*-NEXH (ug N g-1) 30 239 +35 347 £ 3.6 32.1+40 22.7+£23 30.2 +£ 44 303 +£29
60 232424 354 + 3.1 31.7 £ 4.8 21.8 £ 4.6 289 + 3.7 25.7 £ 5.0
120 18.8 £ 6.1 21.7 +£ 3.6 312+ 69 36.8 + 2.6 293 +3.3 404 + 2.7
NO;~-N®H (ugNg1) 30 543 £ 6.6 60.4 + 438 456 + 2.7 46.6 + 1.8 32.6 +£2.1 373+24
60 40.0 £ 6.2 702 + 2.2 51.1+£5.9 41.1 £35 352 +74 341+ 34
120 76.0 £ 7.2 68.6 & 5.1 49.0 £ 7.1 572+ 76 31.0 £ 5.0 36.0 + 8.2

Values for each site are means =+ SE of six soil cores.
Control: addition of 8 kg N ha~'; +N: addition of 32 kg N ha~'.
CH Significant effect of elevated N addition on the Chicxulub and Hobonil soils.

CXH Significant effect of elevated N addition on the Chicxulub, X’matkuil, and Hobonil soils.
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Table 7

Carbon and nitrogen concentrations in soils of seasonally dry tropical forests (SDTFs).
Variable This study SDTFs in Yucatan Other SDTFs References
OrganicC(mgCg') 89-272 107-116 5-24 1-4
Total N (mgNg1) 8-14 1-20 0.2-4.3 3-14
C:N ratio 10-27 11-23 9-23 1,2,5-9,12-16
Microbial biomass C (ng Cg1') 920-4550 1000-2300 100-500 1-4,79,15
Microbial biomass N (ng Ng=1) 100-400 10-70 48,14
Microbial C:N ratio 7-10 8-12 4,14,16
NO3~ (ngNg1) 35-52 34-50 2-34 1-3,8-10,12,15-16
NH4* (ngNg1) 21-33 73-100 2-41 1-3,8-10,12,15-16
Net N mineralization (ngN g d-') 10-25 2-29 3,10,12,16
Net nitrification (wg Ng~'d!) 10-23 3-17 3,10,12,16

Values are the minimum and maximum results reported in studies. Data for wet season.

References: (1) Gamboa et al. (2010); (2) Héfele (2007), (3) Jara et al. (2009), (4) Srivastava (1992), (5) Campo and Vazquez-Yanes (2004), (6) Campo et al. (2007), (7) Cuevas
et al. (2013), (8) Roy and Singh (1994), (9) Anaya et al. (2007), (10) Ellingson et al. (2000), (11) Garcia-Oliva et al. (1999a), (12) Garcia-Oliva et al. (1999b), (13) Garcia-Oliva
et al. (2004), (14) Johnson and Wedin (1997), (15) Montaiio et al. (2007), (16) Saynes et al. (2005).

At our study sites, soil C and N are strongly associated with
the MAP on a regional scale. Although the wettest forests show
larger net primary productivity and larger N content in litterfall
(J. Campo, unpublished data), organic C and total N concentra-
tions in soils decreased with increased rainfall, suggesting a more
rapid C and N turnover with MAP. Consistent with our hypothe-
sis, we found that the mean contents of organic C in the upper
10 cm of soil profile—calculated as the product of organic C con-
centration and bulk soil density from Tables 1 and 2-also decrease
with increased MAP, from approximately 15 kg C m~2 at the drier

Fig. 4. Net N-mineralization rates in soil cores under two treatments of N addition
(+N, N-addition=32kg N ha~'; control, N-addition=8 kg N ha!). Values for each
site are means =+ 1 SE of six soil cores. (a) Chicxulub (531 mm of mean annual pre-
cipitation), (b) X’'matkuil (993 mm of mean annual precipitation), and (c) Hobonil
(1035 mm of mean annual precipitation).
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sites (i.e., Chicxulub and X'matkuil) to 7kg C m~2 at the wettest
site (Hobonil) reflecting the positive effect of MAP on soil organic
matter decomposition (Vitousek et al., 1994; Schuur and Matson,
2001). The increase in C content at the driest site was accompanied
by the highest soil organic C respired by microbes, as predicted by
our first hypothesis. This positive trend matched a stronger trend
involving increased labile soil C content with decreased annual
rainfall at our study sites (Cuevas et al., 2013) and decreasing
water-extractable C and N concentrations with MAP across sites
(an indirect consequence of higher microbial demand; Rees and
Parker, 2005).

Also, we expected that sites with more precipitation would
exhibit higher net N transformation rates and greater N losses
because this factor can stimulate internal N-cycling rates.
Our results show that internal N-cycling rates (both net N-
mineralization and nitrification rates), and N, O fluxes were higher
at the wettest site than at the driest site. This pattern follows a

Fig. 5. Net nitrification rates in soil cores under two treatments of N addition (+N,
N-addition=32kg N ha~!; control, N-addition =8 kg N ha~'). Values for each site are
means =+ 1 SE of six soil cores. (a) Chicxulub (531 mm of mean annual precipitation),
(b) X'matkuil (993 mm of mean annual precipitation), and (c) Hobonil (1035 mm of
mean annual precipitation).
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Fig. 6. Fluxes of CO, from soil cores under two treatments of N addition (+N, N-
addition=32kg N ha~!; control, N-addition=8kg N ha~'). Values for each site are
means £ 1 SE of ten soil cores. (a) Chicxulub (531 mm of mean annual precipitation),
(b) X’'matkuil (993 mm of mean annual precipitation), and (¢) Hobonil (1035 mm of
mean annual precipitation).

Fig. 7. Fluxes of N,O from soil cores under two treatments of N addition (+N, N-
addition=32kg N ha~'; control, N-addition=8 kg N ha~'). Values for each site are
means =+ 1 SE of ten soil cores. (a) Chicxulub (531 mm of mean annual precipitation),
(b) X’'matkuil (993 mm of mean annual precipitation), and (c) Hobonil (1035 mm of
mean annual precipitation).
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pattern reported for humid tropical forest counterparts: tropical
forest soils with high rates of N-cycling have high N-oxide emis-
sions (Davidson et al., 2000; Corre et al., 2010), and could be the
key to the observed lowest soil total N storage at the wettest study
sites. We cannot determine whether such an increase in N losses
via N-oxide fluxes resulted from the higher concentration of NO3
observed in the soil (thus relaxing a possible direct substrate lim-
itation to denitrification), or whether it reflects more favorable
conditions for denitrification in the clay-rich, wettest soils, or both.
The lack of a simple gradient effect of rainfall on soil Cand N dynam-
ics is also evidenced by the fact that soils collected at X’'matkuil
had the highest microbial biomass C and N concentrations. Micro-
bial C:N ratios in X'matkuil soils, however, are between those of
Chicxulub and Hobonil soils, though they are closer to the ratios
observed in Chicxulub soils. Thus, the 500-1050-mm MAP gradient
appears to be an important driver of soil Cand N status, but the rela-
tionship between the turnover of these bioelements and the total
annual amount of precipitation observed across sites shows consid-
erable variability, reflecting changes in soil clay content (an indirect
consequence of changes in MAP) and water content (Table 1).

4.2. The effects of elevated N input on soil C and N concentrations
and losses in seasonally dry tropical forests

Our results are consistent with findings from other studies that
show that N addition increases the soil organic matter quality in
forest ecosystems (Treseder, 2008; Lu et al., 2011a,b). The increase
in substrate quality for microbial activity has been reported as
stronger in C-rich soils (such as Yucatan soils) than in C-poor soils
(Yang et al.,, 2007; Cusack et al., 2009, 2011; Koehler et al., 2009a).

We expected that sites with less precipitation would exhibit
greater changes in internal C- and N-cycling rates after N enrich-
ment, because less precipitation can limit the microbial activity
and nutrient availability, and thereby enhance C and N storage in
soils. Our results show that the addition of N increased CO, and
N,O emissions from soils collected at the driest site. Soils from
the driest site were nutrient-poor and had high C:N ratios, which
likely contributed to a relative high demand by microbes. Accord-
ingly, N immobilization increased at the driest site, as indicated by
the significant decrease in microbial C:N ratios. The convergence
of the results of CO, and N0 flux studies and microbial C:N stoi-
chiometric ratios suggests a system with N limitation. Similarly,
our experiment shows that nutrient-rich soils from the higher pre-
cipitation site with low C:N (i.e., the wettest site) had higher CO,
fluxes following N fertilization, compared to unfertilized controls.
These patterns of response are similar to those reported by Hall
and Matson (2003) for N-limited tropical rain forests, and also for
other tropical rain forest ecosystems without evidence of N-limited
net primary productivity (Grandy et al., 2008; Cusack et al., 2011).
Interestingly, although microbial activity at the wettest site can be
limited by N (as the CO, fluxes indicate), soil N cycling rates and N
losses showed no changes after the increase in N input (as indicated
by both net N transformation rates and N-oxide emissions). Over-
all, these results suggest that higher precipitation at the wettest
site could stimulate internal N-cycling rates and thereby intensify
N losses. A greater natural abundance of '°N in the leaves of tree
species at the wettest site compared to that found in the leaves
of species at the drier sites (Roa-Fuentes, 2013) is consistent with
an N cycle that becomes increasingly leaky with increased MAP,
considering that foliar 15N signatures are positively correlated with
N losses (Templer et al., 2012). Thus, our experiment demonstrates
that a variety of factors influence the potential effects of N inputs
on soil C dynamics and loss in these seasonally dry tropical forest
ecosystems. There is no data for examining how water availability
relates to the indirect influence of N input on C inputs to soil via
trees. However, given that the same pattern of CO, increase after N
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addition occurred in soils from both the driest and the wettest sites,
we think this is a robust pattern in microbial response that should
stimulate further research on the potential effects of N inputs on C
retention and loss in this semiarid forest biome.

This study shows a striking contrast in the consequences of
adding high amounts of N at a very dry site (i.e., with a low supply
of water) such as the Chicxulub forest ecosystems, as compared
to a site with a higher water supply, such as the Hobonil forest
ecosystems. Increased N input to the soils of a low-water-supply
system leads to a very high increase in N immobilization, much
higher than in soils from the site where water is less limiting. This
effect is much greater than that observed for net N-mineralization
and nitrification at both sites.

Across all sites, elevated N input did not affect net N-
mineralization and nitrification rates in soils, as might be expected.
However, microbial biomass N concentration in the elevated N-
fertilized soils from wetter sites increased with respect to control
soils. Additionally, in soils from the driest site, microbial C:N ratios
decreased, suggesting a change in microbial biomass composition
from fungi, indicated by higher stoichiometric C:N, to the lower
stoichiometric ratio of bacteria (Frey et al., 2004; Waldrop et al.,
2004; Bradley et al., 2006; Waldrop and Zak, 2006; Cusack et al.,
2011). The lack of a concomitant response in terms of increased net
N-mineralization and nitrification rates is surprising, as increased
N transformation has been found to increase N input rates in tropi-
cal rain forest soils (Corre et al., 2010). Thus, although we observed
a clear relationship between elevated N input and N-oxide fluxes
in the driest site soils, the response of soils from wetter sites
was unclear, and only the soils from X'matkuil yielded a similar
response to that shown by soils collected at the driest site. An
understanding of the lack of responses to elevated N addition in
the soils of the wettest site will need to consider differences in
microbial composition in very dry and dry climates (considering
that the application of N did not have a significant effect on soil pH;
data not shown). In any case, our results show that, in addition to
the regional variation in microbial C:N ratios, leading to predictable
patterns of N cycling in tropical forest soils (Hall and Matson, 1999,
2003), an environmentally induced response may also determine
the levels of N-oxide fluxes from the soils.

From an ecosystem perspective, if the increased rates of N inputs
from the atmosphere continue as expected (Dentener et al., 2006),
the results of our Yucatan studies suggest that all forest sites could
exhibit positive feedback due to enhanced N availability resulting
from a more rapid return of nutrients to the soil (Campo et al.,
2007) and high amounts of N mineralization from high-quality
litter (Solis and Campo, 2004). The mechanisms underlying this
plant effect could be more complex than a simple increase in N
returning to the soil, since it has been observed that fertilization
significantly enhances both N availability and net N-mineralization
in N-limited ecosystems (Solis and Campo, 2004). Additionally, the
possible negative feedback for N availability due to nutrient export
from the ecosystem by N-oxide fluxes and N-leaching could be off-
set by an increase in litterfall production, such as that observed
after repeated (3-year) N-fertilization at our study sites (Campo
and Vazquez-Yanes, 2004).

Our study on the consequences of regional variation for the
impact of elevated N input on the limestone soils of the Yucatan
Peninsula allows us to conclude that the reactions of seasonally
dry tropical forest ecosystems to increases in N deposition will
vary, depending on the details of the site’s water limitations that
appear as a regulatory mechanism of the N cycle in these soils.
Given the potential for tropical forest biogeochemistry research,
the strong impact of these ecosystems on global carbon and nitro-
gen cycles, and the concomitant effect on global warming, the topic
of the present study warrants further investigation—for example,
on the long-term fates of N in the field, the effects of N-induced
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changes on carbon and nitrogen losses, and changes in microbial
community composition and function.
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Supplementary material

Table S1. Lineal regression between total carbon and inorganic carbon concentrationsin soil
for each study site.

Study site Intercept Slope R? P

Chixchulub 10.2 0.01 0.73 0.02
X’matkuil 14.3 0.02 0.70 0.03
Hobonil 80.7 0.59 0.77 0.01
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Tabla S2. Lineal regression between total carbon and inorganic carbon concentrations in
microbial biomass for each study site.

Study site Intercept Slope R? P

Chixchulub 10.3 0.01 0.78 <0.001
X’matkuil 0.48 0.02 0.82 <0.001
Hobonil 10.6 0.10 0.86 <0.001
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Table S3. Significance test of covariance and variance structures used by fitting models. Models were build to variables of soil
carbon and nitrogen dynamic inin soil cores with nitrogen addition.

Covariance structure Variance structure

Variable LR [ Form LR/R-adj Estimation Method  Final predictor factors
Organic C 0.34 - SxT 26.9  FE* GLS/REML S+ N+ SxN
Inorganic C 0.97 - S 156  *** GLS/REML S+N+ SxN
Total N 0.01 - - 0.66  *¥* LS/ML S.
C:N ratio 2.53 - S 21.0  HH* GLS/REML S+N
Microbial biomass
C 8.58  ** -0.38 SxT 113 ** GLS/REML S+ N+ T+ SxN + SXT + NxT + SXNxT
Microbial biomass
N 14.0 ** -0.18 SxT 126  *** GLS/REML S+ N+ T+ SxN + SXT + NxT + SXNxT
Microbial C:N
ratio 11.4  *%* -0.15 SxT 159  ** GLS/REML S+ N+ T+ SxN + SXT + NXT + SXNxT
Water-extractable
Co 1.53 - - 0.26  *k* LS/ML S+T
Water-extractable
Ci 0.49 - T 946  *k* GLS/REML S+ N+ T+ SxT + NxT
Water-extractable
Ntotal 3.80 - SxT 33.0  FE* GLS/REML S+N+ T+ SxN
Water-extractable
No 447 * -0.03 SxT 32.0  HkE GLS/REML S+ N+ T+ SxN
Water-extractable
Ni 0.03 - SxT 48.7  kxx GLS/REML S+ T+ SxT
Water-extractable
C:N ratio 1.05 - SxT 357 HEE GLS/REML S+N+ T+ SxT
NH4* 1.98 - SxT 20.5  F** GLS/REML S + N+ SxN
NO5 1.92 - SxT 78.8  kx* GLS/REML S+ N+ SxN
Net N
mineralization 0.05 - SxT 27.0  F** GLS/REML S+T
Net nitrification 0.06 - S xT 26.6  FE* GLS/REML S+T
CO; flux 2.20 - SxT 52,2 kEE GLS/REML S+ N+ T+ SxN



N0 flux 0.59 - SxT 225wk GLS/REML S+ N+ T+ SxN

Base model was a saturated model (SM). SM: Y ~S+N+T+SxN+SxT+NxT+SxNxT
Y, response variable; S, study site; N, N-addition treatment; T, time of incubation; x, interaction among predictor variables
LR, likelihood ratio; @, Phi value of covariance structure; GLS, generalized least square; REML, restricted maximum likelihood;

LS, least square; ML, maximum likelihood.
Statistical significance: *, P <0.05; **, P <0.01; *** P <0.001
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CAPITULO 3
Sometido en Biotropica Octubre 10 del 2013

Precipitation Regime and N Addition Effects on Decomposition in
Tropical Dry Forests

Marylin Begjarano-Castillo?, Maria M. Crosby-Galvan®, Victor Parra-Tablef,
Jorge D. Etchevers® and Julio Campo?
& Ingtituto de Ecologia, Universidad Nacional Auténoma de México, AP 70-275, Mexico D.F. 04510,
Mexico, P Colegio de Postgraduados, Texcoco 56230, Mexico, ¢ Universidad Auténoma de Yucatan,
Merida 97000, Mexico

Resumen

Realizamos un experimento en campo usando |as hojas senescentes de dos especi es dominantes gue co-ocurren
en un gradiente de precipitacion (de 531 hasta 1036 mm de precipitacion media anual, durante un afio en
la Peninsula de Yucatan. El experimento, que combiné la adicion denitrégeno (N), lavariacion en la
precipitacion media anual vy las medidas de la quimica inicia del material en descomposicién de tres
bosques, nos permitid explorar la influencia del agua y de la adicion de N en la tasa de descomposicion
en bosgues tropicales estacionalmente secos. Las especies estudiadas fueron Piscidia piscipula y
Gymnopodium floribundum. Cuatro parcelas independientesfueron dejadas intactas (testigos) o fertilizadas
simulando dos escenarios de incremento en la deposicion de N para el 2030 ((+N1: 2.4 kg ha' afio™? o +N2:
24 kg ha' afio) en cada uno de los bosques. La adicion de N notuvo un efecto significativo en la tasa de

descomposicion de las hojas senescentes de los sitios secos (531 y 993 mm de precipitacion media anual).
Por el contrario, la adicion de N en el sitio mas humedoafectd la descomposicion del materia. En el sitio
himedo la respuesta general al incremento de N fue unincremento y un decrecimiento en ladescomposicion
de las hojas de Gymnopodium y Piscidia, respectivamente. En general, encontramos que la tasa de
descomposicion fue afectada por la adicion de N solo cuando €l material originado en el bosque més himedo y
con menor contenido de N fue descompuesto en todoslos sitios, o cuandoel material proveniente de todos los
sitios del gradiente fue descompuesto en el bosgue més himedo. Lasconcentraciones iniciales de los
compuestos solubles de carbono (r? = -0.53, P < 0.01) y de lignina (r? = 0.73, P < 0.001) fueron los mejores
predictores de la masa final remanente para el material de Gymnopodium. En unanalisis similar, €l porcentgje
inicial de compuestos de carbono solubles en agua (r? = -0.49, P < 0.01) y laconcentracion de N (r?2 =
-0.75, P < 0.001) predijeron la masa fina remanente de Piscidia. Concluimos que €l efecto de la adicién de
N en el proceso de descomposicion podra variar dependiendo de la cantidad de Ndisponible en los sitios;
este factor, a su vez, es controlado por la precipitacion media anual y laidentidad de las especies.
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Abstract

We conducted afield N experiment over one year, using senescent leaves of two dominant tree species that co-
occur along a precipitation gradient (from 531 mm to 1036 mm of mean annual precipitation) in Y ucatan
Peninsula. This experimental setup, combining N addition experiments, variation in mean annual precipitation,
and measurements of the initial litter chemistry of species from three different forest sites, allowed us explore
the influence of water and N enrichment inputs on decomposition rate in tropical dry forests. The leaf litter of
representative species of each site was studied, including Piscidia piscipula and Gymnopodium floribundum.
Four independent plots (12 x12 m) at each forest were either left intact (controls) or fertilized with N at two
scenarios of increasein N deposition for year 2030 (+N1: 2.4 kg ha* yr?, or +N2: 24 kg ha' yrY). Fertilization
with N did not have a significant effect on decomposition rates at the drier sites (531 and 993 mm of MAP
sites). In contrast, N addition at the wettest site affects litter decomposition. In this site the main responseto N
enrichment was an increase in decomposition of Gymnopodium’s litter and a decrease in Piscidia’s litter.
Overall, we observed that, decomposition was affected by the N enrichment only when litter ecotypes from the
N-poor wettest site were decomposed in al sites, or when litter from the all siteswere decomposed in the wettest
nutrient-poor site. Initial water soluble C (r? =-0.53, P <0.01) and, initial lignin (r?>=0.73, P < 0.001) were the
best predictors of observed final mass for litter of Gymnopodium. In similar analysis, initial percentage of water
soluble C (r? =-0.49, P < 0.01) and N concentration (r? = -0.75, P < 0.001) predicted observed final mass for
Piscidia litters. We conclude that N addition effects on decomposition processes will vary, depending on the
details of the site’s N status that results of mean annual precipitation, and the identity of species.

K eywor ds Carbon compounds, Climate change, Litter quality

I ntroduction

Tropical forests have a huge influence on the global carbon (C) cycle. These forests exchange
more carbon dioxide with the atmosphere than any other ecosystem (Roy et al. 2001; Bond-
Lamberty and Thomson 2010). In net ecosystem C balance, litter decomposition is a key
process (McGuire and Treseder 2010). Climate, litter quality (particularly initial lignin and
nitrogen content) and external nitrogen (N) availability interact to determine decay rate. On
the one hand, mean annual precipitation (MAP) has been shown to exert a positive influence
on decomposition rates in lowland tropical forests (Powers et al. 2009; Waring 2012). This
positive relationship between MAP and decay rate reflects the influence of precipitation
regimes on both the leaching of soluble compounds from the litter and the activity of
decomposer microorganisms (Berg and McClaugherty 2008). On the other hand, MAP

indirectly regulates decomposition processes by controlling carbon quality and the nutrient

70



content of leaves (both green and senescent). For example, Santiago and Mulkey (2005)
showed that there is a negative relationship between MAP and N concentration in both green
leaves and litter, while leaf lignin content increases with site precipitation (Austin and

Vitousek 2000).

The importance of litter N concentration for decomposition and the effects of increased N
input on decomposition have been documented for temperate ecosystems (see Hobbie et al.
2012; and references), but few comprehensive syntheses exist for tropical forests, and the
studies that do exist have focused mainly on wet tropical forests (see below). Although the
relationship between initial litter N concentration and decomposition rates has been observed
in different studies of tropical forests (e.g., Kaspari et al. 2008; Bakker et al. 2011), the
relationship between decomposition and external N availability is less clear. It is
hypothesized that in terrestrial ecosystems, as N deposition increases, litter quality gains
importance as a modulator of decomposition (Knorr et al. 2005). Currently, in tropical
forests, N deposition is the second greatest external N input, following biological N fixation
(Cleveland et al. 1999). However, biogeochemical global models predict that it could
increase four-fold by 2030, reaching the level of current biological N fixation (Dentener et
al. 2006). Although productivity in tropical forest is more frequently phosphorus- than N-
limited, recent evidence demonstrates that N availability could limit the activity of soil
microorganisms (Cusack et al. 2010). Although numerous studies of litter and soil organic
matter have explored the effects of N enrichment on decomposition, uncertainties remain
about how this process is influenced by N availability. Evidence indicates that applied N may
have inconsistent effects on decomposition. Some studies have reported significantly faster
decomposition rates in response to increased N availability (Kwabiah et al. 1999; Cusack et
al. 2009), while many others have reported either a reduction in decay rates (Mo et al. 2006;
Fang et al. 2007; Powers and Salute 2011) or no significant effects (Hobbie and Vitousek
2000). These inconsistencies suggest that the effect of increased N input on decomposition
may be very specific to each forest site and experiment. On the one hand, variations in the

response to N additions across studies can be explained by differences in litter chemistry—
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high plant biodiversity in tropical forests means that local and regional biogeochemistry can
be very heterogeneous (Townsend et al. 2008). On the other hand, another source of variation
could be the wide range of N addition rates applied across decomposition studies (from 50
to 220 kg N ha-1 yr-1; M. Bejarano and J. Campo, unpublished data). Knorr et al. (2005), in
a meta-analysis of the influence of N addition on litter decomposition, showed that the
variation in responses can be explained in part by differences in fertilization rates, and in part

by differences in litter chemistry (particularly, by lignin content in litters).

One striking aspect of the studies of decomposition and N deposition in tropical forests is the
underrepresentation of tropical dry forests (TDF). TDF is the most threatened tropical biome,
and current estimates predict that nearly 80% of the area it covers could suffer a decrease in
precipitation of at least 50 mm per year by 2055 (Miles et al. 2006). Biogeochemical theory
of tropical forest has drawn mainly on wet tropical forest approaches. However, from the
perspective of increased N deposition, there are important biogeochemical differences
between wet and dry forests, and these differences may mean that increased N deposition
leads to greater changes in the latter. Due to the lower water supply, TDFs usually have a
lower decomposition rate (Powers et al. 2009), higher soil C and N concentrations (Gamboa
etal. 2010; Jiménez et al. 2011), and a more open N cycle than their wet counterparts (Austin
and Vitousek 1998). These properties can explain the negative correlation between MAP and
soil C:N ratios (Austin and Vitousek 1998) and suggest that microorganisms may be N-

limited in TDFs.

Our study sought to elucidate the relationships among litter decomposition, precipitation
regime and rate of N addition in TDFs. We conducted a year-long field N experiment using
the senescent leaves of two dominant tree species that co-occur along a precipitation gradient
(from 531 mm to 1036 mm of MAP) in Yucatan. This experimental setup, which combined
N addition experiments, variation in MAP, and measurements of the initial litter chemistry

of species from three different forest sites (ecotypes sensu; Ramirez-Valiente et al. 2010),
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allowed us explore the influence of water and N enrichment inputs on decomposition rates
in TDFs.

We used this natural precipitation gradient to test the following hypotheses: (1) at the wettest
site, where the plant growth period is longer and soil mineral N concentrations are lower
(Roa-Fuentes et al. 2012), leaf litter should exhibit higher recalcitrant C (lignin) content and
lower N concentrations than litter from the driest site; (2) the driest site should exhibit lower
decomposition rates than the wettest site when variables other than precipitation regime
remain constant; and (3) the wettest site should exhibit higher decomposition rates than the

driest and most N-rich site, exemplifying a system with low N availability.

M ethods

Study sites

This study was carried out at three sites along a MAP gradient in the Yucatan Peninsula,
Mexico. The gradient runs from north/driest (Chicxulub) to south/wettest (Hobonil) (Table
1). The three forest sites studied are similar with regard to temperature, relief, parent material,
overstory composition and time. Long-term climate data from weather stations across the
Yucatan Peninsula show that the entire region is characterized by a distinct period of low
precipitation. The climate in the region is hot and subhumid, and supports either tropical dry
or very dry forest in the Holdridge system (Holdridge et al. 1971). Mean temperature in the
region is 26.2°C, with less than 1°C difference across sites. Approximately 75% of total
precipitation falls between June and October (Fig. 1). The landscape consists of flat areas
and the predominant lithology includes late Pliocene material, with numerous areas of
exposed limestone. Soils are either shallow black lithosols surrounding rock outcrops or
deeper red rendzinas at slightly lower relief (Shang and Tiessen 2003). Although soils at all
study sites can be regarded as organic-rich, C concentrations in the forest floor and mineral
soil at the driest forest site are 1.7 and 4 times higher than the mean values at the wettest
forest. Also, N concentrations in both the forest floor and the mineral soil decrease as MAP

increases.
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The vegetation at the study sites is TDF, with mean canopy heights increasing with MAP
(Table 1). The site with 993 mm MAP has more trees (diameter at breast height, DBH > 2.5
cm) per unit area than its drier and wetter counterparts; however, basal areas do not differ
across sites. Despite the increase in tree size, both aboveground and belowground biomasses
are very similar across sites (Roa-Fuentes et al. 2012, 2013). Floristically, Leguminosae are

the most important family across sites.

Experimental design

At each location, four 12-by-12-m plots received ambient N deposition (control) and eight
plots of the same dimensions received ambient N deposition plus low N addition (2.4 kg N
ha-1 yr-1, +N1 treatment) or high N addition (24 kg N ha-1 yr-1, +N2 treatment). These N
addition rates were selected to obtain the expected N deposition rates for the year 2030 in
Yucatan Peninsula and the highest expected N deposition rates in tropical regions for the
same year, respectively (Dentener et al. 2006). The N addition was performed at the end of
the dry season (May) with a polymer-coated controlled-release urea (Multicote (8) 40-00-00,
Haifa Chemical); Multicote fertilizers are expected to release their N contents over four to

six months at temperatures greater than 20 °C.

Decomposition experiments

At each of the three study sites, senesced leaves were collected from the middle crown
position of two tree species that co-occur and are dominant across sites (Gymnopodium
floribundum Rolfe, Polygonaceae; and Piscidia piscipula (L.) Sarg., Fabaceae) (DBH
approximately 10 cm). From this point forward we refer to genus names to avoid confusion.
Leaves were collected from the plants before fall, as we were concerned that decomposition
of litter and leaching of leaf nutrients would lead to an underestimate of nutrient
concentrations in senescent leaves taken from the soil. Senescent leaves of each tree species
were collected at each of the three sites at weekly intervals over a period of two weeks. These
leaves are easy to identify as they are generally of different color (often yellow) from live

leaves. Senesced leaf samples for each species were air-dried, composited and sorted to
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remove insect-damaged leaves. Approximately five grams of this homogeneous mixture
were sealed in 20 x 20 cm fiberglass mesh (1-mm mesh size) litterbags. Additional senesced
leaf samples were dried at 60°C for two days (or to constant weight), weighed to determine
dry mass conversions, and analyzed for initial chemistry.

During the first week of June, 2010 (at the start of the rainy season), a total of 1512 litterbags
(2 species x 3 ecotypes % 3 decomposition sites x 3 N fertilizer treatments x 4 replicates x 7
periods of litterbag harvesting) were placed on the surface of forest floor layer. Litterbags
received one of the following N treatments: control (no nutrient addition), low N addition
(+N1, equivalent to 0.24 g N m-2), and high N addition (+N2, equivalent to 2.4 g m-2); this
was done to simulate enrichment over bag area in accordance with plot N treatment.
Litterbags were separated in stands by 50 cm. Leaf litter (from this point forward we refer to
senescent leaves as leaf litter to avoid confusion) was decomposed at the site where it was
collected, to estimate the in situ decomposition rate for each MAP regime, and was
decomposed at all sites along the precipitation gradient, to explore the effects of changes in
decomposition environment and tissue quality on decomposition rates (common litter
experiments). Litterbags were harvested at 15, 30, 60, 90, 120, 180 and 365 days after having
been placed in the field.

Analytical methods

Four replicates (approximately 10 g) of the initial oven-dried leaf litter samples were ground
in a Wiley mill (40-mesh screen) and used to determinate initial litter chemistry. Soil from
the litterbags was brushed prior to drying and weighing. Total C concentration in leaf litter
was determined by high-temperature combustion using a C analyzer (SHIMADZU SSM-
5000A). Total N concentration was estimated using an N elemental analyzer (Technicon
Autoanalyzer II) following acid digestion with concentrated H2SO4 (Anderson and Ingram
1993). Carbon fractions, including soluble cell components, hemicellulose and bound
proteins, cellulose, and lignin and recalcitrant components, were determined using an
ANKOM plant fiber analyzer (Ankom Technology, Macedon, New York, USA) and forage

fiber methods (Van Soest 1963).
75



Following collection, decomposition litterbags were air-dried in the field and returned to the
laboratory. In the laboratory, adhered debris was removed and litter was dried at 60°C for

two days, then weighed to determine remaining mass at each time interval.

Data analysis

Species were not considered as a factor in experimental design, due to the difficulty of
determining differences between phylogenetic and experimental effects. To address our first
question regarding differences in initial litter quality across sites (i.e., ecotypes) we used one-
way analysis of variance (ANOVA). The generalized least square method was used for model
estimation with the gls:nlme function (Pinheiro et al. 2011) when model residuals did not

meet the normality assumptions for ANOVA. No data transformations were need.

Annual decomposition rates (k-values) were determined using two methods of statistical
analysis. First, a linear regression procedure was fitted for each combination of N addition
treatment, decomposition site and ecotype to estimate the k annual decay constant. The k-
values were calculated as the slope of the log transformation of the exponential function of
Olson (1963) and were compared among factor combinations using a Student’s t-test.
Second, a four-way ANOVA was performed with a linear regression model that included
final mass as an explained variable and ecotype, decomposition site and N addition treatment
as predictor variables with the Im:stats function (R Development Core Team 2011). Models
were analyzed for residual normality and homoscedasticity, and no data transformations were
need. Correlations among decomposition rates and initial litter chemistry were performed.
Seven factors of initial leaf litter chemistry were tested against decomposition rates: (1) litter
N, (2) water-soluble C, (3) cellulose, (4) hemicellulose, (5) lignin concentrations, (6) C:N

ratios and (7) lignin:N ratios.

Statistical analyses were performed using R software (R Development Core Team 2011).

Statistical significance was set at 95% level for all tests. All ANOVA were fitted by testing
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the significance of variables and interactions with likelihood ratio tests (Zuur et al. 2009).
When the terms of models were significant, planned orthogonal comparisons were carried

using the contrast: contrast package (Kuhn et al. 2011).

Results

Initial leaf litter chemistry

Carbon concentration in litter was very consistent across ecotypes within each species (Table
2). The range of variation across ecotypes was only 1% for Gymnopodium leaf litter and 4%
for Piscidia leaf litter. Also, ecotype did not have a significant effect on leaf litter N
concentration in Piscidia. In contrast, N concentration in Gymnopodium leaf litter was higher
in the ecotype from 993 MAP than in other ecotypes. The contrasting concentrations of N
among ecotypes resulted in opposing variations in C:N ratios, and thus in distinct

stoichiometry among litter ecotypes.

We observed substantial cross-site variation in initial C fractions in Gymnopodium leaf litter
(Table 2). For example, among ecotypes, initial water-soluble C was highest in the ecotype
from the driest site, while initial hemicellulose, lignin and lignin:N ratios were highest in the
ecotype from the wettest site. The highest cellulose concentrations were measured in the
ecotype from 993 mm MAP, with concentrations decreasing in the following order: 993 mm

MAP > 531 mm MAP > 1036 mm MAP.

As in the case of Gymnopodium litter, initial water-soluble C concentrations in Piscidia litter
were highest in the ecotype from the driest site, and content decreased with increases in MAP.
In contrast, hemicellulose concentration increased with increases in MAP. Cellulose and

lignin concentrations and lignin:N ratios did not vary across sites.

Leaf litter decomposition
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Mass loss of Gymnopodium litter in the in situ decomposition experiment did not vary across
sites (ecotype effect) (t=-0.6to 0.7, p = 0.4 to 0.6) (Fig. 2). In contrast, mass loss of Piscidia
litter was accelerated with increasing site MAP (t =-3.1 to -3.4, p <0.001) (Fig. 3).

When Gymnopodium and Piscidia litter ecotypes from 993 mm MAP were decomposed
across the precipitation gradient, increased MAP had a positive impact on the k-value at the
wettest site (Figs. 2 and 3) (t = -3.7 for Gymnopodium, and t = -3.4 for Piscidia, p < 0.001).
Decomposition rates for the Piscidia litter ecotype from the wettest site decreased with
decreases in MAP (t=-5.1,p <0.001). However, MAP did not influence decomposition rates
in the following cases: Gymnopodium litter ecotypes from the driest and the wettest sites (t
=-14-0.5,p=0.2 - 0.5), and the Piscidia litter ecotype from the driest site (t = 0.5, p =
0.6).

Fertilization with N did not have a significant effect on decomposition rates for any of the
Gymnopodium and Piscidia litter ecotypes at the drier sites (i.e., 531 and 993 mm of MAP
sites) (t =-0.74 to 1.1, p = 0.2 to 0.8, for Gymnopodium; Fig. 2) (t= -1.5to 1.1, p=0.2 to
0.9, for Piscidia; Fig. 3). However, the application of N at the high rate (+N2) significantly
increased the decomposition rate of Gymnopodium litter from 531 and 1036 mm MAP at the
wettest site (t = 7.1, p <0.001 and t = -2.4, p = 0.02, respectively). In contrast, the addition
of N at elevated rates decreased the decomposition rate of Piscidia litter from 1036 mm of

MAP at the wettest site (t=7.9, p <0.001).

The three-way variance analysis indicated that climate had a strong effect on the final mass
of litter with the control treatment (F = 246 and F = 266, p < 0.001, for Gymnopodium and
Piscidia litters, respectively), and test showed that decomposition was fastest at the wettest
site for litter ecotypes from 993 and 1036 mm MAP (Figs. 2 and 3). The final mass of
Gymnopodium and Piscidia litters varied as a function of both site of decomposition and N
addition treatment (site X N addition effect, F = 28.5 and F = 32.8, p < 0.001, respectively).
For Gymnopodium, N addition impacted the decomposition of all litter ecotypes at the

wettest site, and the decomposition of litter ecotypes at all sites. Although N addition did not
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have consistent effects, generally enrichment with N at high rates (+N2) decreased the
decomposition of leaf litters. In particular, the addition of N at high rates significantly
decreased the decomposition of Piscidia litter collected at the 1036 mm MAP site when
decomposing at both wetter sites (i.e., in sites with 993 and 1036 mm of MAP), as well the
decomposition of litter from 993 mm MAP ecotype when decomposing at the wettest site.

We found that control litters generally decomposed faster at their site of origin. Thus, the
final mass of the litter ecotype from 531 mm MAP was lower at the driest site than at other
sites, while final mass of litter ecotypes from both wetter sites was lower at both 993 and
1036 mm sites (Figs. 2 and 3). Initial water-soluble C (12 =-0.53, p <0.01) and initial lignin
(r2 = 0.73, p < 0.001) were the best predictors of observed final mass for Gymnopodium
litter. In a similar analysis, the initial percentage of water-soluble C (12 =-0.49, p <0.01) and

N concentration (r2 = -0.75, p < 0.001) predicted the final mass of Piscidia litters.

Discussion

Regional patterns in litter chemistry

Carbon compound concentrations in leaf litter of both dominant species in Yucatan TDFs
showed much variation across sites. At the driest site, plants accumulate water-soluble C,
while leaf litter from sites with greater precipitation is richer in recalcitrant compounds (e.g.,
lignin). At our study sites, the duration of the rainy season varies: it lasts four months at
Chicxulub, the driest site, five months at X matkuil and six months at Hobonil, the wettest
site. Both results suggest that increases in lifespan and in the period for photosynthetic
activity (as might be expected if a longer growing season were involved) favor a greater
synthesis of expensive energetic C-chain compounds in the wettest forest.

When the results of Gymnopodium and Piscidia along this natural rainfall gradient were
considered, we observed that leaf litter N concentration did not show consistent responses to
precipitation regime. Thus, our results differed from the findings of studies across species in

precipitation gradients in tropical regions (Santiago and Mulkey 2005) and on a global scale
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(Craine et al. 2009). Those studies show that N concentration in leaf litter decreases with
increased MAP. Similar findings were reported from Hawaiian studies with Metrosideros
polymorpha along a similar precipitation gradient range (i.e., 500 to 1000 mm of MAP;
Austin and Vitousek 1998). Thus, our study also indicates a lack of response of leaf litter N
concentrations to precipitation regime, and suggests a close N proficiency (sensu Killingbeck

1996) across tropical dry to very dry forests.

Regional variation in litter decomposition

The overall decomposition rates we observed in our study (k-values from 0.4 to 0.8) are in
the lower half of the global range for TDFs (0.3-1.7; Martinez-Yrizar 1995). Nevertheless,
the low levels of decomposition at our study sites are close to decomposition averages
reported for TDFs in the Chicxulub and X’matkuil regions, determined using the mass
balance approach (0.7 -0.8 yr-1 in two consecutive years; Campo et al. 2007). Again,
decomposition rates appear as similar for the litter of both species. When annual rainfall in
the study year was considered, we observed that its value across study sites (698 mm for
Chicxulub, 992 mm for X’matkuil, and 1058 mm for Hobonil) was similar to the average
reported for longer periods (see Fig. 1). However, no data were available to assess whether
our low rates of decomposition were related to other aspects of litter carbon quality (e.g.,
litter composition poor in accessible C compounds and/or rich in recalcitrant C such as
condensed tannins), or to the effect of decomposer fauna. In any case, our results show that,
in addition to inter-site variations in resource allocation to recalcitrant C, leading to
predictable patterns of decomposition in tropical forest litters, an environmentally induced
precipitation variation may also be determinant of the high levels of C accumulation in

Yucatan’s soil.

Although our hypothesis that accessible C compounds would decrease with MAP and
recalcitrant C would increase with precipitation was clearly supported at the regional level,
the expected greater decomposition of litter richest in accessible C and relatively poor in

recalcitrant C received little support. For example, although the litter of both species (i.e.,
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Gymnopodium and Piscidia) from the driest site is relatively rich in water-soluble C and
relatively poor in lignin, its decomposition at the wettest site was lower than that of other
ecotypes. The opposite result was obtained by Hattenschwiler and Jorgensen (2010) and by
Cornwell et al. (2008) regarding the strong control of C quality on decomposition in tropical
forests; this suggests that the environment of origin of litter exerts a great influence on its
decomposition rate (as suggested by the home-field advantage hypothesis; Gholz et al. 2000).
This effect may be caused by a close co-specialization involving the decomposer community
and the litter produced at a given site, and is usually reported for litter with a high resistance
to decay (Gholz et al. 2000). Although litter ecotypes from 993 and 1036 mm MAP
decomposed faster in their respective environments, the final mass for these litter ecotypes
decomposing at sites that receive 993 and 1036 mm of MAP constituted a statistically
homogeneous group (p > 0.05). It is possible but less likely that litter layers at both sites are
similar in quality to Gymnopodium and Piscidia litters (under the assumption that
decomposer community composition should reflect the average quality-of-litter matrix,
likely driven by the most dominant species; Freschet et al. 2012). More detailed analysis of
the potential effects of litter matrices (for example, with associated forest floor variation in
C quality, stoichiometry, decomposer communities, microclimate and so on) on
decomposition is needed to test possible substrate quality-matrix interactions involving

specific litters and the ecosystem litter layers at both forest sites.

Nitrogen addition effects on decomposition

The results of this study show a striking contrast between the consequences of adding N to
an ecosystem with a relatively low supply of N (where moisture is relatively less limiting),
such as the wettest forest, and the consequences of adding it to an ecosystem with a higher N
supply (and with a lower water supply), such as the driest forest. Fertilization of low-supply
systems with N leads to responses (an increase in the decomposition rates of leaf litter of
greater quality, and a decrease in the decomposition of relatively low-quality litter) that are
much stronger than those at the site where N is less limiting (as might be expected,

considering the greater N concentration in the forest floor and mineral soil), despite similar
81



N concentrations in the substrate. Our findings suggest that changes in precipitation amount
and soil N cycling as well as C quality in the litter, rather than litter N, govern how
decomposition processes will react to future increases in N deposition. We cannot determine
whether such changes in decomposition resulted from the increased N availability itself (thus
relaxing a possible direct nutrient limitation to decomposers at the wettest site), or whether
it reflects an increased sensibility in microorganisms (an indirect consequence of an increase
in water supply), or both. The first hypothesis (i.e., the existence of N-limitation at the wettest
site but not at other sites) could be verified by studying decomposition rates at the ecosystem
level and analyzing the way in which each forest along the precipitation gradient responds to

an increase in N deposition.

Variation in decomposition rates among litter ecotypes can be explained by two non-
exclusive mechanisms associated with enzymatic activity. On the one hand, numerous
studies indicate that N addition can stimulate the decomposer guild targeting labile
compounds to produce hydrolytic enzymes and/or inhibit the generation of oxidative
enzymes by the guild targeting recalcitrant compounds (Carreiro et al. 2000; Sinsabaugh et
al. 2002; Cusack et al. 2010). Our results may be support this first mechanism since initial
soluble C and lignin concentrations are the most important variables for explaining final litter
mass. On the other hand, N addition can affect the relationship between oxidative enzymatic
responses and the lignocellulose index (i.e., the lignin / lignin plus cellulose ratio) of
decomposing material; in this way, a lignocellulose index value lower than 0.4 separates litter
types that show net positive or neutral oxidative responses to N enrichment from those that
show net negative responses (Sinsabaugh 2010). Our results indicate that lignocellulose
values vary from 0.44 to 0.63 for Gymnopodium litters, and only from 0.38 to 0.47 for
Piscidia litters, for the driest and the wettest ecotypes, respectively. Thus, our study also
suggests that the responses of decomposition to N enrichment may also depend on the initial

lignocellulose proportions in the litter.
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From an ecosystem perspective, taking into account that N deposition in the tropics is
projected to increase rapidly over the next decades (Dentener et al. 2006; Galloway et al.
2008), our results show that site rainfall and soil N availability may be important indicators
of how decomposition processes in TDFs respond to increased N deposition. Our results in
the wettest forest support the N addition rate hypothesis that predicts grater changes in
decomposition rates under elevated N inputs than under lower ones. However, this study is
still ongoing, and it remains to be seen whether under long-term N addition, differences
among N enrichment rates are sustained; it is also important to note that previous studies in
Yucatan have shown that increased N in these TDFs may favor N uptake by plants (Campo
and Dirzo 2003) and litter N fluxes to the soil (Campo et al. 2007). The mechanisms
underlying this plant effect could be more complex than a simple increase in N return to soil
because it has been observed that N fertilization at low rates enhances N release from the
litter, though it also results in negative feedback by increasing losses of N from the ecosystem

due to increased in N20 fluxes (Bejarano et al. 2014).

Aside from these short- and long-term scenarios, our study on the consequences of the spatio-
rainfall and soil N availability variations for responses to N enrichment in TDFs of the
Yucatan Peninsula allows us to conclude that the regulatory mechanisms of litter
decomposition in these ecosystems will vary; enhanced N stimulates decomposition rates
when litter is rich in soluble C compounds, and it inhibits decomposition when lignin
concentrations are higher. Our study also contributes to an understanding of how
decomposition in Yucatan forests may respond to the expected reduction in precipitation in
tropical dry regions (Dai 2011) under two scenarios of increased N deposition from the
atmosphere. Given the potential impact of the massive changes in N deposition and recurring
extreme climate events, such as a drought, on ecosystem function, the topic of the present

study warrants subsequent investigation.
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Figure 1. Mean monthly precipitation (+ 1 SE) indicated by bars and temperature indicated
by solid line (1999-2010), and monthly precipitation in the study year (June 2010 to May
2011) in the three tropical dry forest sites at Y ucatan Peninsula. Inter-annual variation in
monthly temperature is negligible. (A) Chicxulub (531 mm of mean annual precipitation;
weather station Progreso 21°17°34°" N, 89°36°28°" W), (B) X matkuil (993 mm of mean
annual precipitation; weather station Mérida 20°59°00°" N, 89°38°00°" W); (C) Hobonil.
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Figure 2. Changes in remaining mass (mean + 1 SE), and decomposition rates of
Gymnopodium leaf litter under three treatments of N addition (control, without N addition;
+N1, addition of 2.4 kg N ha yrt; +N2, addition of 24 kg N ha yr) in three tropical dry
forest sitesat Y ucatan Peninsula. Within litter ecotype at each decomposition site, different
lowercase letters indicate means are significant different (p < 0.05) for N addition
treatments, and different numbers indicate means are significant different across
decomposition sites within each N addition treatment. Within decomposition site, different
uppercase letters indicate means are significant different across ecotypes within each N
addition treatment. The r2-adjusted for k decomposition rates were significant at the level
of p < 0.001.
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Figure 3. Changes in remaining mass (mean + 1 SE), and decomposition rates of Piscidia
leaf litter under three treatments of N addition (control, without N addition; +N1, addition
of 2.4 kg N hayr?; +N2, addition of 24 kg N hayr?) in three tropical dry forest sites at
Y ucatan Peninsula. Within litter ecotype at each decomposition site, different lowercase
letters indicate means are significant different (p < 0.05) for N addition treatments; and
different numbers indicate means are significant different across decomposition sites
within each N addition treatment. Within decomposition site, different uppercase letters
indicate means are significant different across ecotypes within each N addition treatment.
The r?-adjusted for k decomposition rates were significant at the level of p < 0.001.
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Table 1. Characteristics of three climatic sites of Y ucatan Peninsula, Mexico

Site
Chicxulub X’matkuil Hobonil
Coordinates 24°14'N 89°31'W 20°51'N 89°35'W 19°38'N 88°59'W
Altitude (m asl) 4 22 36
Climate' BS1 Aw0 Awl
Mean annual temperature (°C) 25.8+0.2a 26.6 +0.1a 26.2+0.3a
Mean annual precipitation (mm yr') 531 +43b 993 +73a 1036 + 8la
Precipitation / Potential
evapotranspiration (mm mm-") 0.5 0.8 1.0
Vegetation?
Tree density (stems ha™') 2598 + 338b 7210+ 391a 3923 £ 441b
Basal area (m? ha™') 30+ 5a 34+4a 31 +5a
Tree height (m) 33+0.2b 3.3+0.1b 53+0.2a
Soil (0-10 cm in depth)
Bulk density (g cm™) 0.70 £ 0.03c 0.78 £0.03b 0.91 £0.04a
Clays (%) 21.7+1.0c 283+ 1.4b 38.1+2.4a
Silt (%) 42+0.2b 7.5+£0.3a 43+0.5b
Sand (%) 74.1 £1.0a 64.3+1.4b 57.6+2.8b
pH (H20) 7.4+0.04a 7.5+0.04a 7.4+0.02a
Total C (mg C g!) 207 £ 7a 135+ 16b 89 + 4¢
Total N (mg N g!) 12.6 £ 0.6a 8.6 £0.7b 5.5+0.5¢c
C:N 16 £1.0a 16 £0.9a 16 +1.0a

! Climatic classification according Képpen adapted by Garcia (2004)
2 Data from Roa-Fuentes et al. (2012)

Different letters indicate that means are significant different (p < 0.05) across sites
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Table 2. Initial litter chemistry for ecotypes of Gymnopodium and Piscidia used in
decomposition experiment

Ecotype Model estimator
531 mm 993 mm 1036 mm
MAP MAP MAP
F p  Modelf

Gymnopodium
C(mgCgh 481 +4a 478 £ 10a 484 +4a 0.22 ns GLS
N(mg N g) 25.1+£0.6a 19.9 £ 0.8b 249+ 1.1a 10.7 ** LS
C:N 19.2+0.1b 24.0+0.9a 19.5+0.7b 13.3  ** LS
C fractions (%)
Water soluble 457+ 1.2a 32.8+2.9b 38.1 £0.6b 9.78 ** LS
Hemicellulose 25.5+3.8a 33.2+3.6a 343 +0.1a 3.61 ns LS
Cellulose 16.0 + 0.9b 21.1+0.6a 10.1 +1.3¢ 25.3  ¥k* LS
Lignin 12.8 £ 0.9b 129 +1.3b 17.5+0.2a 821 * GLS
Lignin:N 5.10+£0.37b  6.45+0.67ab 7.03+0.3a 7.61 * GLS
Piscidia
C(mgCgh 462 + 8a 476 + 6a 484 +2a 341 ns GLS
N (mgNgh) 21.6+1.2a 21.9+1.0a 222+ 1.3a 0.82 ns GLS
C:N 21.4+1.0a 21.7+1.3a 21.8+1.2a 0.03 ns GLS
C fractions (%)
Water soluble 52.1+14a 44.9 £ 0.6b 41.3+1.3a 15.8 ** GLS
Hemicellulose 17.9 £ 1.0c 23.7+£0.7b 29.0+0.7a 39.5 k¥* GLS
Cellulose 19.0 £0.9a 177+ 1.4a 159+0.8a 4.09 ns GLS
Lignin 11.0+ 1.4a 13.7+0.4a 13.8+0.8a 0.73 ns LS
Lignin:N 5.09 + 1.85a 6.26 + 0.44a 6.22 +0.95a 0.43 ns GLS

MAP, mean annual precipitation. Different letters indicate that means are different among litter ecotypes
ns, non significant; *, p <0.05; **, p <0.01; *** p <0.001

Method of model estimation: GLS, Generalized least squares; LS, Least square
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DISCUSION Y CONCLUSIONES

Conclusiéon Objetivo 1: El incremento esperado en la disponibilidad de N afecta los

ciclosdel carbono, del nitrogeno y del fésforo de los bosques tropicales.

La teoria biogeoquimica de los BTs se ha desarrollado a partir de los estudios realizados en
BTs humedos maduros (Cleveland et al., 2011). En estos bosques, la adicion experimental
de N estimulatasas altas de pérdidas de N (Hall & Matson, 1999, 2003) mientras que en las
plantasy en los microorganismos del suelo (excepto |os desnitrificadores) no genera cambios
(Vitousek et al., 1995, 1993), soportando asi la hipétesis de quelo BTs estén saturados de N
(Matson et al., 2002). Sin embargo, los BTsincluyen ecosistemas que difieren en el nutriente
que limitala produccion primaria neta de acuerdo con la edad del material parental en €l que
se desarrollan (Vitousek, 1984) y con €l estado sucesiona (Davidson et al., 2004).

Adicionalmente, existen dos lineas de evidencia que apoyan mas fuertemente la existencia
de un gradiente de limitacién de N a P que solo lasaturacion de N en los BTs. La primerade
éstas, que es conocida como la paradoja de N, demuestra que en un bosgue hiimedo existen
ambientes de baja disponibilidad de N (en los que lafijacion bioldgicade N es mantenida) y
ambientes de alta disponibilidad de N (en los que se registran altas pérdidas de N) (Hedin et
al., 2009). La segunda evidencia se basa en datos globales para |os ecosistemas terrestres,
ésta demuestra que la colimitacion N-P tiende a ser méas coman que la limitacién por solo
uno de estos bioelementos (Hedin, 2004).

De acuerdo con € gradiente de limitacion N-P, la hipétesis central de este objetivo fue que
los BTs podian reaccionar a la adicion de N utilizandolo biol6gicamente y cambiando los
ciclosdd C, N y P. La ateracion de estos ciclos se fundamenta en el hecho de que los
nutrientes conservan rel aciones estequiomeétricas en |os ecosistemas (Sterner & Elser, 2002).
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Los resultados del Capitulo 1 soportan la prediccion de que la adicién de N, ademas de
incrementar las pérdidas de N, también afecta significativamente ladinamicadel Cy del P.
Especificamente, laadicion de N incremento la productividad primarianeta, laconcentracion
de bioelementos de la hojarasca y del mantillo y las pérdidas de N de los BTs (Figuras 2 y
3). Estos resultados indican que a pesar de que los BTs son ambientes ricos en N (Craine et
al., 2009), tanto la comunidad de plantas como la de microorganismos del suelo pueden
utilizar el N adicionado. En conjunto, estos resultados demuestran que (1) los supuestos
basados en el modelo de saturacion de N en BTs (Matson et al., 2002) deben ser reevaluados
y (2) que & enfoque de colimitacion por N y P para ecosistemas terrestres a nivel mundial
(Elser et al., 2007) también es valido paralos BTs.

Adicionalmente, los datos del Capitulo 1 sugieren gque las condiciones experimentales de
adicion de N afectan mas fuertemente ala comunidad de microorganismos del suelo queala
comunidad vegetal (Figuras4, S2, S3, $4). Estos resultados son consistentes con |os estudios
previos en los que se ha registrado una alta sensibilidad de los microorganismos a cambios
climaticos o aladisponibilidad de recursos (Myrold, 1998), porque sus cortos ciclos de vida
permiten la reestructuracion y adaptacion de la comunidad microbiana ante nuevas
condiciones (Balser et al., 2006). En los resultados también se encontrd que la adicién de N
generé un mayor cambio enlosciclosdel Cy del N enlosBTES y en los bosques tropicales
montanos que en los otros BTs (Figura S5), sugiriendo asi una mayor limitacién por N en
estos bosgues. En los BTES’s la limitacion puede ser explicada por € desacople temporal
gue ocurre entre las épocas de mayor disponibilidad de N (época seca) y las de mayor
demanda biol 6gica del mismo (épocade lluvias) (Austin et al., 2004; Solis & Campo, 2004),
asi como por las bajas tasas de mineralizacion de bioelementos en los bosgues tropicales

montanos como efecto de las bajas temperaturas (Schaberg et al., 1997; Tanner et al., 1990).

Conclusion del Objetivo 2: La adicion de N cambia las dinamicas del Cy del

N en los suelos de bosgues tropicales estacionalmente secos, sin embargo el
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efecto de la adicion es modulado por el régimen de precipitacion y €l ciclo

interno de N de cada bosgue en particular.

Consistentemente con otros estudios realizados en la Peninsula de Y ucatan (Cuevas et al.,
2013; Maldonado, 2013), en & Capitulo 2 se evidencié que los suelos de la region tienen
atas concentraciones de C en comparacion con los suelos de otros BTES (Tabla 7). Sin
embargo, entre los suelos del gradiente de preci pitaci On encontramos que las concentraciones
de C organico y N, asi como la relacion C:N se relacionaron negativamente con la
precipitacion media anual. En condiciones naturales el suelo del sitio mas seco tiene menor
calidad en su materia organica (relacién C:N=23), posiblemente porgque |la mayor limitacién
hidricaalo largo del afio constrifie lamineralizacion de la materia organica del suelo debido
ague laexistenciade lapeliculade aguaen los poros del suelo esindispensable para permitir
el acceso biolégico al N (Orchard & Cook, 1983). De esta maneralahipétesis central de este
capitulo fue que las dindmicas del C y del N en e suelo del bosgque mas seco podrian

responder més fuertemente ala adicion de N gque los otros bosques del gradiente.

La adicion de N disminuyd la concentracion de carbono organico, la relacion C:N en la
biomasa microbiana y aument6 la emision de CO. y e flujo de N2O hacia la atmésfera
(Tablas 3-4, Figuras 6-7), corroborando la hipotesis central acerca de una mayor respuesta a
la adicion de N en € sitio mas seco del gradiente. Sin embargo, también se encontré una
fuerte respuesta ante la adicion de N en el bosgue més humedo del gradiente. En este bosgue
disminuyd la concentracion de carbono orgénico e incrementd la emision de COz, indicando
que & N adicionado fue utilizado por la biomasa microbiana (Tablas 3-4, Figuras 6-7). El
descenso delarelacion C:N en e suelo procedente del bosque més seco sugiere que lamayor
emisién de CO, también podria ser debidaa un cambio en la comunidad de microorganismos
del suelo de hongos a bacterias (Bradley et al., 2006).
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El bosgue més humedo del gradiente tiene materia organicaen laque el N es mas disponible
(menor relacion C:N) paralos microorganismos que en los otros suelos del gradiente (Tabla
2); este suelo también presentd las menores concentraciones totalesde Cy de N y de N
mineral (Tabla 2). En este sentido, la respuestas ante la adicion de N son explicadas porque
mayores valores de precipitacion media anual han sido asociados con una dindmica mas
rapida de C y de N (Austin et al., 2004; Roa-Fuentes, 2013; Solis & Campo, 2004), en
especial el N es masfacilmente perdido por emision de dxidos alaatmaosferao su lixiviacion
hacia otros ecosistemas (Hall & Matson, 2003).

En general, laadicion de N alos suelos del gradiente de precipitacion estudiado generé un
cambio en las concentraciones de C y N, asi como de la relacién C:N en la biomasa
microbiana, sin embargo este cambio dependi6 de la interaccion entre la adicion de N y el
tiempo de incubacién de los nicleos del suelo (Tabla 4); estos resultados sugieren que la
biomasa microbiana de los BTES’s estudiados es sensible al ingreso extra de N, soportando
la evidencia encontrada en el Capitulo 1 acerca de que los microorganismos en el suelo son
susceptibles alos cambios en ladisponibilidad de N (Cusack et al., 2011; Balser, 2001).

Conclusién Objetivo 3. El régimen delluvia y calidad del material en descomposicion
modulan el efecto de la adicion experimental de N en |la tasa de descomposicion foliar delos

BTESde la Peninsula de Yucatan.

El efecto de ladeposicion de N en ladescomposicion de BTs es poco claro, algunos estudios
han reportado un efecto positivo (Kwabiah et al., 1999; Cusack et al., 2009), otros no han
encontrado un efecto (Hobbie & Vitousek, 2000) y otros han encontrado un efecto negativo
(Fang et al., 2007; Mo et al., 2006). Los estudios realizados en otros ecosistemas terrestres
han demostrado que e efecto de la deposicion de N es modulado por la identidad de los

compuestos de carbono en descomposicion (Knorr et al., 2005).
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La hipdtesis central del Capitulo 3 es que & bosgue mas himedo del gradiente podria tener
una mayor tasa de descomposicion como respuesta a la adicion experimental de N, porque
este bosgue presenta las mas baas concentraciones de N disponible bioldgicamente
(Capitulo 2). Los resultados encontrados soportan esta hipotesis (Figuraly 2). Sin embargo,
ladireccién del efecto delaadicion de N esdefinidapor lacalidad del C al que tienen acceso
los microorganismos. En este capitulo la precipitacion media anua se relaciond
positivamente con la sintesis de compuestos recal citrantes en | as hojas senescentes de ambas
especies estudiadas (Tabla 1). De esta manera la adicion de N en e materia en
descomposicion proveniente del bosque mas seco se descompuso mas rapido, mientras que
el material del bosque mas himedo se descompuso més lento (Figuras 1y 2).

Aungue en este trabajo no se alcanzan a explorar |os mecanismos subyacentes que permitan
explicar e porqué de la direccion de cambio en cada uno de los materiales en
descomposicion, evidencias previas sugieren que estos estarian asociados a la actividad
enzimética. Brevemente, la adicion de N a materia de ata calidad (i.e, C labil) ha
demostrado que incrementa la accion de las enzimas hidroliticas, mientras que la adicién del
bioelemento a material de bgjacalidad (i.e., C estructural como laligninay la hemicelulosa)
incrementala accién de enzimas oxidativas (Sinsabaugh & Follstad, 2011; Sinsabaugh et al.,
2002).

Un resultado interesante en los experimentos en los que € material se descompuso en el
mismo bosque donde se origing, es que latasade descomposicién del material no serelaciond
positivamente con la precipitacién media anual, esta relacion ha sido demostrada para BTs.
En este capitulo se reporta una mayor tasa de descomposicion en e bosque mas seco del
gradiente que en los bosgues mas humedos, evidenciando que en estos bosgues la
precipitacion media anual deja de ser un predictor de la descomposicion y sugiriendo un
mayor efecto delamatriz (i.e., caracteristicas bidticas y abidticas del suelo y del mantillo del
lugar), que de la precipitacion media anual en la descomposicion de BTES. El fuerte efecto

de la matriz es consistente con la hipétesis de ventgja de la hojarasca nativa (“home field
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advantage hypothesis) (Gholz et al., 2000), sugiriendo que la comunidad de
mi croorganismos descomponedores es especifica a cada uno de los sitios estudio.
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PERSPECTIVAS

Los modelos actuales de cambio climético que incluyen la interaccion entre los ciclos
globalesde C y de N aln no incorporan lavariabilidad de respuestade |os diferentes tipos de
BTs ante & incremento fututo de deposicion de N atmosférico (Solokov, 2008). Los
resultados del Capitulo 1 describen patrones de cambio como respuesta a la adicion
experimental de N en BTs que pueden servir como hipétesis para estudios que busguen €
entendimiento de los mecanismos que generan dichos cambios. Hasta el momento |os datos
disponibles para BTs no son Utiles para generar model os de prediccion confiables debido al
sesgo en |os estudios hacia BTs himedos montanos y de tierras bagjas, y ala altavariabilidad
en las condiciones experimentales y corta duracion de los ensayos (< 5 afios). El significante
papel modulador de las condiciones experimentales y del tipo de bosque en los resultados
encontrados, asi como los cortos tiempos de adicion de N que han sido reportados en €l
Capitulo 1, indican la necesidad de realizar investigaciones a méas largo plazo para
incrementar el entendimiento de los mecanismos que modulan mas fuertemente la respuesta
de los BTs ante € incremento de N. Teniendo en cuenta que los BTs se localizan en paises
en los que € financiamiento de la investigacion basica es limitado, la mejor manera de
generar informacion con alto grado de certeza es el uso de parcelas experimentales a largo

plazo en pocos pero representativos BTs (Vargas et al., 2012).

Si e incremento en ladeposicion de N alcanzalas tasas pronosticadas parael 2030 (Dentener
et al., 2006), los estudios previamente realizados indican que € retorno de N desde la
vegetacion a suelo sera mas rgpido (Campo et al., 2007), incrementando €l ingreso de N
extraa suelo (Solis & Campo, 2004) y disminuyendo lalimitacion de N en el suelo de estos
bosques (Capitulo 2). Sin embargo, debido a que en los BTES se predice € descenso de la
precipitacion en 50 mm por afio parael 2055 (Mileset al., 2006), la capacidad de utilizar este
N sera constrefiido por la limitacién hidrica. No obstante debido a que el descenso en €
régimen de precipitacion hasido predicho en laregion tropical (Dai, 2011), entreel 18y €
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80% de los bosgues en un régimen mésico de preci pitacion tenderdn atransformarseen BTES
(Huntingford et al., 2008). Es estos nuevos bosgues, en donde la limitacion hidrica sera
similar a bosque mas hiumedo del gradiente estudiado, € incremento de deposicion
atmosféricade N podra generar cambios significativos en latasa de descomposicién de estos
ecosistemas (Capitulo 3). En este sentido, es importante incorporar los cambios en la
distribucion espacial delosBTs como efecto del cambio climatico dentro delos modelos que

incorporan lainteraccion delosciclosde Cy N aescalaglobal.
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