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RESUMEN

En esta tesis se examino la variacion estacional del C organico disuelto (COD) y su efecto
sobre la actividad microbiana, la estructura de las comunidades bacterianas cultivables y sobre los
procesos de disponibilidad del N y del P en el suelo de un bosque tropical caducifolio en el occidente
de México.

En el Capitulo I, se muestra que el suelo de las crestas tuvo dos veces mas COD que el suelo
de la ladera. Estos sitios fueron usados como tratamientos naturales con niveles contrastantes de COD
en el suelo. El1 COD disminuy6 de la estacion seca a la estacion lluviosa en ambos suelos. La
disponibilidad de COD aumento la biomasa microbiana y su actividad medida como mineralizacion de
C. En cuanto a la dinamica de N se encontré que el N organico disuelto, el amonio y la inmovilizacion
de N fueron mayores en el suelo con mas COD que en el suelo con menos COD. En contraste, el suelo
con menos COD tuvo mas nitrato y nitrificacion neta que el suelo con mayor COD. Estas evidencias
sugieren que la disponibilidad de C favorece la mineralizacion del N y la proteccion del amonio en la
biomasa microbiana, mientras que el amonio es nitrificado al reducirse la disponibilidad de C para los
microorganismos heterotrofos.

En el caso de las comunidades bacterianas (Capitulo II), se registraron en total 28 géneros y 61
especies de bacterias heterdtrofas cultivables. La riqueza de especies bacterianas (crestas: 48 spp y
laderas: 32 spp, con s6lo 19 spp compartidas) y el nimero de colonias de bacterias heterotrofas fueron
mayores en los sitios con mas COD, mientras que el numero de colonias de bacterias nitrificantes fue
mayor en el suelo con menos COD, durante la estacion de lluvias. La composicion de la comunidad
bacteriana cambié cuando disminuy6 la concentracion de formas labiles de nutrimentos, lo cual
posiblemente permite la degradacion de compuestos menos labiles. La baja similitud (36%) en la
composicion bacteriana entre sitios sugiridé que no todas las bacterias son ubicuas, ya que responden de
manera distinta a la disponibilidad de nutrimentos. También se encontré que las diferencias en la
biomasa y composicion bacteriana podrian estar mas ligadas a la mineralizacion de C y la nitrificacion
que la riqueza bacteriana.

En cuanto a la disponibilidad de P (P; y P, labiles; Capitulo III), los suelos con més y menor
COD tuvieron similar concentracion de P, y actividad de fosfatasas, mientras las concentraciones de P;
fueron menores y las de P microbiano mayores en el suelo con mas COD en la estacion seca y al inicio
de la estacion lluviosa del 2003. Sin embargo, esto no ocurrid en el 2004, cuando la lluvia se concentr6
al inicio de la estacion humeda. Las concentraciones de P, y P; aumentaron en el 2003 y disminuyeron
en el 2004 de la estacion seca a la lluviosa en ambos suelos, lo cual se asocid con una distinta variacion
en la humedad del suelo entre los dos afos. Los resultados indicaron parcialmente que el C disponible
podria regular la dindmica del P;, pero depende de la variacion estacional de la humedad del suelo. En
contraste, la dinamica del P, podria no estar afectada por la disponibilidad de C en el suelo del bosque
tropical caducifolio.

En conclusion, esta tesis es el primer estudio en documentar para un bosque tropical
caducifolio que a una menor disponibilidad de COD: (1) disminuye la biomasa y la actividad de los
microorganismos heterotrofos y probablemente modifica la estructura de las comunidades bacterianas
heterotrofas, (2) promueve la presencia de una comunidad bacteriana distinta que podria aprovechar
formas menos labiles de C y nutrimentos, pero posiblemente menos competitiva por amonio, (3)
disminuye la inmovilizacion microbiana de amonio y como consecuencia aumenta la actividad de las
bacterias quimioautotrofas favoreciendo la nitrificacion, lo cual podria promover pérdidas de N por
lixiviacion o por emision de 6xidos de N a la atmoésfera, y (4) que la reduccion en el C disponible no
mostrd una clara relacion con la disponibilidad del P; y P,, debido a que la dinamica de estas fracciones
labiles de P depende mas de la variacion en la humedad asociada con la distribucion anual de la lluvia
que del C disponible en el suelo. Finalmente, estos resultados y los de estudios realizados en otros
ecosistemas fueron sintetizados en tres modelos conceptuales (Capitulo 1V), los cuales proponen que
las dindmicas de las comunidades bacterianas, del N y del P podrian estar funcionalmente acopladas
con la disponibilidad de C en los suelos del bosque tropical caducifolio.
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ABSTRACT

In this dissertation, seasonal variation of dissolved organic carbon (DOC) and its effects on
microbial activity, culturable-bacteria community structure, and N and P dynamics in soils with
different organic C concentrations (hilltop and hillslope) were studied in a tropical deciduous forest in
western Mexico. Chapter I shows that DOC concentrations were higher at the hilltop soil than at the
hillslope soil, and they decreased from the dry to the rainy seasons in both soils. Microbial biomass and
potential C mineralization rate (microbial activity), as well as, dissolved organic N and NH,
concentrations and net N immobilization were higher in the soil with higher DOC (hilltop) than in the
soil with lower DOC (hillslope). In contrast, net N immobilization and NH," concentration were
depleted in the soil with lower DOC, whereas NO;3™ concentrations and net nitrification were increased.
These evidences suggest that C availability favors N mineralization and allows N protection within
microbial biomass, while soil autotrophic nitrification is magnified by decreases in C availability for
heterotrophic microorganisms.

In the case of bacterial communities (Chapter II) a total of 28 genera and 61 species of
culturable heterotrophic bacteria were registered. Bacterial species richness (hilltop: 48 spp and
hillslope: 32 spp, with only 19 spp shared) and heterotrophic bacteria counts were higher in the soil
with higher DOC. In contrast, nitrifying bacteria counts was higher in the soil with lower DOC during
the rainy season. Bacterial composition changed when labile C and nutrients decreased, which could
allow the degradation of less labile molecules. A low similarity (36%) in composition of heterotrophic
bacterial species between the hilltop and the hillslope suggested that not all bacterial species are
ubiquitous, because they respond differently to availability of soil nutrients. Microbial biomass and
changes in heterotrophic bacterial composition had a stronger influence on soil C mineralization and
nitrification than bacterial species richness.

On P availability (labile forms of P; and P,; Chapter III), we found that both soils had similar
P, concentrations and phosphatase activity, while Pi concentrations were lower and microbial P higher
in the soil with higher DOC during the dry and the early-rainy seasons in 2003. However, these results
in 2004 were not found when the rain was concentrated in the early-rainy season. P, and P;
concentrations increased in 2003 and decreased in 2004 from the dry to the rainy season in both soils,
which were explained by a different soil moisture variation in the two study years. These results may
suggest that likely available C could regulate P; dynamics, but this regulation depend on seasonal
variation of soil moisture, while P, dynamics and soil C availability was not related.

In conclusion, this dissertation is the first study in tropical deciduous forest soils that provides
an evidence which supports that a reduction in soil C availability: (1) decreases microbial biomass and
activity of heterotrophic microorganisms, and probably modifies the structure of heterotrophic bacterial
communities, (2) promotes the presence of different bacterial communities which could take advantage
of less labile C and nutrients, but probably less competitive for NH," (3) decreases the microbial N
immobilization and as a consequence increases autotrophic nitrification, which could promote N loss as
NOs- leaching, as well as by emissions of N oxides, and (4) soil available C did not show a clear
relationship with P; and P, availability, because its dynamics could be more coupled to soil moisture
variations. Finally, our results and those of studies conducted in other ecosystems were synthesized in
three conceptual models (Chapter 1V), which propose that bacterial communities, N and P dynamics
could be functionally coupled with soil DOC availability in the tropical deciduous forest.

Palabras clave: Biomasa microbiana - Bosque tropical seco - C organico disuelto - Disponibilidad de C y N -
Diversidad bacteriana - Dinamica de N y P - Ecologia funcional - Fosfatasas - Nitrificacion.

Key words: Bacterial diversity - Dissolved organic C - Functional soil Ecology - Microbial biomass - N and C
availability - Nitrification - soil P inorganic - Phosphatases - Tropical dry forests.
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Presentacion

No podemos entender a la biodiversidad sin estudiar
qué ocurre en el sustrato que le da soporte, el suelo

J. Sarukhan 2006
ler. Congreso Mexicano de Ecologia

The nation that destroys its soils destroys itself

F. Roosevelt 1937
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PRESENTACION

El nitrogeno (N) y el fosforo (P) son nutrimentos esenciales en el crecimiento y
desarrollo de los animales, las plantas y los microorganismos. En consecuencia, su
disponibilidad es critica para el funcionamiento de los ecosistemas terrestres (Paul y Clark
1989, Chapin et al. 2002). La disponibilidad de N y de P en el suelo esta gran en parte
determinada por la actividad de los microorganismos, la cual depende tanto de la
disponibilidad de agua como de energia (Atlas y Bartha 2002). La principal fuente de energia
para los microorganismos es el C orgénico, sin embargo, éste llega a ser un factor limitante de
la actividad microbiana cuando el agua se encuentra disponible, debido a que la mayoria del C
en el suelo estd en formas recalcitrantes. El C organico disponible, esencialmente formado por
moléculas estructural y quimicamente sencillas (i.e. carbohidratos, proteinas y aminoacidos),
aporta sustratos solubles y ricos en energia que pueden ser facilmente aprovechados por los
microorganismos. Cuando hay humedad suficiente para la actividad microbiana, el C
disponible puede afectar la disponibilidad de N y P en el suelo (Schimel y Weintraub 2003,
Garcia-Oliva et al. 2003). Por ejemplo, la disponibilidad de C promueve la inmovilizacion de
nutrimentos por microbios heterdtrofos, pero podria reducir la nitrificacion y la mineralizacion
del N y del P en el suelo (Gressel y McColl 1997, Booth et al. 2005).

En el bosque tropical caducifolio (BTC), la actividad microbiana afecta la dinamica de
nutrimentos (N y P) en relacion con la disponibilidad de agua: los nutrimentos se acumulan en
la biomasa microbiana durante la estacién seca y son liberados durante la estacion lluviosa
(Singh et al. 1989, Jaramillo y Sanford 1985, Campo et al. 1998). A pesar de que se ha
estudiado el efecto de la disponibilidad del agua sobre la dindmica microbiana y del Ny P en
el BTC (Jaramillo y Sanford 1985, Maass et al. 2002), hay solo un trabajo que senala la
posible importancia del C disponible en esta relacion (Garcia-Oliva et al. 2003). No obstante,
no existen trabajos que hayan abordado la relacion entre el C disponible, la dindmica de las
comunidades microbianas y los procesos de disponibilidad y transformacion de N y P en el
suelo del BTC.

Estudiar el vinculo entre el C disponible y la transformacion del N y del P en el BTC es
relevante por al menos tres razones: (1) sus suelos son fuente importante de NO y N,O a la

atmosfera, gases producidos por las altas tasas de nitrificacion (Vitousek et al. 1989); (2) la
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nitrificacion aumenta la posibilidad de pérdida de N por lixiviacion o por desnitrificacion
(Paul y Clark 1989); y (3) identificar el factor que controla la disponibilidad del P inorgénico
en el suelo ofrece informacion sobre un nutrimento clave para el funcionamiento del BTC
(Jaramillo y Sanford 1985, Campo et al. 2001). Asimismo, incorporar el papel del C
disponible en el ciclaje del N y del P es una prioridad ante los escenarios de cambio de uso del
suelo y de cambio climatico global, debido a que éstos modifican los flujos y almacenes del C
(Trumbore 1997, Garcia-Oliva et al. 2006) y en consecuencia, podrian afectar el C disponible

para los procesos microbianos que regulan la disponibilidad de N y P en el suelo.

Esta tesis examina la dinamica estacional del C orgénico disuelto (COD) como una
medida de C disponible y documenta las consecuencias de los cambios en su disponibilidad
sobre la actividad microbiana, la estructura de las comunidades bacterianas y sobre los
procesos que determinan la disponibilidad de N y P en el suelo de un bosque tropical

caducifolio ubicado en Chamela, Jalisco, México.

Las principales preguntas de esta investigacion fueron:

1. (Cual es el efecto de la disponibilidad de C sobre la estructura de las comunidades
bacterianas del suelo y sobre la biomasa y actividad microbianas?

2. ;Cudl es la relaciéon entre la disponibilidad de C, la mineralizacion de N y la
nitrificacion?

3. (Como afecta la disponibilidad de C a la dinamica de las formas disponibles de P?

Las tres preguntas de investigacion son abordadas en cuatro capitulos de esta tesis. En
el capitulo I, se presenta informacion experimental de campo y de laboratorio que documenta
la dinamica del C organico disuelto (COD) y que revela su papel como regulador de la
biomasa y actividad microbianas y de las transformaciones del N (preguntas 1 y 2). A partir de
estas evidencias, en el capitulo II se analiza como la disponibilidad del COD, N y P afecta la
estructura de las comunidades bacterianas del suelo y como esta relacion podria regular la
mineralizacion de C y la nitrificacion (pregunta 1). En el capitulo III se evalua la relacion entre
el COD, la actividad de las fosfatasas y la disponibilidad de las fracciones inorganicas y
organicas mas labiles de P en el suelo (pregunta 3). En el capitulo IV se presenta una revision

bibliografica sobre los modelos actuales de las dindmicas de N y de P en los suelos de bosques
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tropicales con énfasis en los bosques tropicales caducifolios. En esta revision se analiza el
papel del C disponible sobre las comunidades microbianas y las trasformaciones de N y P en
el suelo mediante tres modelos conceptuales hipotéticos que integran los resultados de esta
tesis y sintetizan la informacidén que existe en la literatura sobre este tema. Por ultimo se

presentan de forma resumida las principales conclusiones y perspectivas de esta investigacion.
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Abstract

Seasonal variation of dissolved organic C (DOC) and its effects on microbial activity and N
dynamics were studied during two consecutive years in soils with different organic C
concentrations (hilltop and hillslope) in a tropical deciduous forest of Mexico. We found that
DOC concentrations were higher at the hilltop than at the hillslope soils, and in both soils
generally decreased from the dry to the rainy season during the two study years. Microbial
biomass and potential C mineralization rates, as well as dissolved organic N (DON) and NH,"
concentrations and net N immobilization were higher in soils with higher DOC than in soils
with lower DOC. In contrast, net N immobilization and NH4" concentration were depleted in
the soil with lowest DOC, whereas NOs concentrations and net nitrification increased.
Negative correlations between net nitrification and DOC concentration suggested that NH,"
was transformed to NOj;™ by nitrifiers when the C availability was depleted. Taken together,
our results suggest that available C appears to control soil microbial activity and N dynamics,
and that microbial N immobilization is facilitated by active heterotrophic microorganisms
stimulated by high C availability. Soil autotrophic nitrification is magnified by decreases in C
availability for heterotrophic microbial activity. This study provides an experimental data set
that supports the conceptual model to show and highlight that microbial dynamics and N
transformations could be functionally coupled with DOC availability in the tropical deciduous

forest soils.

Keywords C and N availability - Dissolved organic C - Microbial biomass - Mexico -

Nitrification - Tropical dry forests

Abbreviations DOC — dissolved organic carbon - DON — dissolved organic nitrogen

Introduction

The activity and growth of heterotrophic microorganisms in most soils are limited by C
availability when water is not constrained. Dissolved organic C (DOC) represents the main
source of energy-rich C substrates for these microorganisms (Wardle 1992; Neff and Asner
2001). Studies show that microbial biomass and activity decrease with the reduction of
available C, affecting soil nutrient transformations (Chen and Stark 2000; Schimel and

Weintraub 2003; Garcia-Oliva et al. 2003). Soil N dynamics are regulated by microorganisms
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that often rely on available C supplies. For example, C availability promotes microbial N
immobilization mainly by heterotrophic microbes and in so doing should be related to N
demand (Jansson 1958; Hart et al. 1994; Barrett and Burke 2000; Chapin et al. 2002). In
contrast, the activity of nitrifying microbes increases when heterotrophic microbes are
constrained by available C, because they obtain energy from ammonium oxidation and not
from organic C (Verhagen and Laanbroek 1991). Studies in aquatic systems and agricultural
and temperate forest soils have documented that C availability favors N immobilization and
decreases nitrification (Hart et al. 1994; Strauss and Lamberti 2002; Bernhardt and Likens
2002; Booth et al. 2005). In turn, nitrification may be confined to C depleted sites (Chen and
Stark 2000). The relationship between available C and N dynamics has not been studied in
tropical deciduous forest soils.

Our comprehension of DOC and dissolved organic N (DON) dynamics in tropical
deciduous forests is poor compared to temperate forests, where most studies have been
focused (Neff and Asner 2001; Chantigny 2003). To have a complete understanding of N
mineralization in tropical forests it is necessary to consider both DOC and DON dynamics
because they represent the main stocks of released monomers available for microorganisms
(Neff and Asner 2001; Schimel and Bennett 2004). Considerable efforts have been made to
understand soil inorganic N dynamics in tropical deciduous forests (Singh et al. 1989; Garcia-
Méndez et al. 1991; Raghubanshi 1992; Jha et al. 1996; Saynes et al. 2005; Singh and
Kashyap 2006). These studies have suggested that soil moisture is the limiting factor for N-
mineralization and nitrification in these tropical forests. However, there is evidence of a
possible relationship between N transformations and soil organic C: nitrification rates increase
in the rainy season, when soil organic matter and microbial activity decrease (Garcia-Méndez
et al. 1991; Roy and Singh 1995; Jha et al. 1996; Garcia-Oliva et al. 2003; Singh and Kashyap
2006). This inverse relationship suggests that N transformations could be controlled by C
availability when water is not limiting. The greater nitrous oxide fluxes in tropical deciduous
forest than in temperate forests as a result of high soil nitrification (Vitousek et al. 1989;
Davidson and Kingerlee 1997) makes the understanding of N transformations relevant.

The objectives of this study in a tropical deciduous forest in western Mexico were (1)
to quantify soil DOC and to establish its relationship with microbial biomass and activity, and
(2) to assess the relationship between N mineralization and nitrification with soil DOC. We
studied the seasonal dynamics of these variables in two soils with different organic C

concentrations which thus provide natural experimental treatments of C levels. We expected:
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(A) Higher microbial biomass and activity and net N mineralization in soils with higher
organic C and (B) Higher net nitrification in soils with lower organic C. This approach does
not alter soil properties as could occur with short-term experimental additions of C or litter

removals.

Materials and methods

Study site

We conducted this study in the tropical deciduous forest of the Chamela-Cuixmala Biosphere
Reserve, located near the Pacific Coast of Mexico (19°29° N and 105° 01’ W). Mean annual
temperature is 24.6 °C and mean annual rainfall is 746 mm (1983-2002; Garcia-Oliva et al.
2002). Rainfall is strongly seasonal with seven dry months per year and with 80% of annual
rainfall falling from June to October (Garcia-Oliva et al. 1991). The vegetation is a highly
diverse tropical deciduous forest (Lott 1993). Its total net primary productivity amounts to 12
Mg ha™' yr ' (Martinez-Yrizar et al. 1996). Because of rainfall seasonality, most of the tree
species drop their leaves at the end of the rainy season, which represents a new input of
organic matter to the soil (Martinez-Yrizar 1995). Soils are sandy-clay-loams, poorly
developed, classified as Eutric Regosols in the FAO system (Cotler et al. 2002). The common
soil parent material is Tertiary rhyolite and kaolinite is the dominant clay (Campo et al. 2001).
Soil organic matter (SOM) content is < 5%, mainly concentrated in the top 5 cm (Garcia-Oliva

and Maass 1998).

Field experimental design and soil sampling

The study was conducted in an undisturbed forest within three small watersheds of a long-term
ecosystem project (Maass et al. 2002). These watersheds have the same parent material,
geologic age, vegetation type, and have different topographic units (Lopez-Blanco et al. 1999).
To test the effect of soil organic C on microbial activity and N transformations, we established
ten replicate plots in each of two topographic positions: hilltop (slope= 1.2° + 0.7) and south-
facing hillslope (slope= 26° + 3), distributed in the three watersheds. These topographic
positions have different soil C concentrations (37 and 24 mg C g in hilltop and hillslope soils,
respectively). Both topographic positions have similar annual solar radiation index (SRI: 4356
and 4475 MJ m” yr'1 for hilltop and hillslope, respectively; Galicia et al. 1999), soil texture
(Solis 1993), soil water content (Galicia et al. 1999), and they support similar vegetation

(Balvanera et al. 2002).
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Each replicate plot was 150 m” (10 x 15 m) and was at least 300 m away from the
nearest plot. Soil samples were collected in each plot at three sampling dates: dry (April),
early-rainy (June), and rainy (September) seasons, during two consecutive years (2002 and
2003). Annual precipitation was 649 mm in 2002 and 794 mm in 2003. At each sampling date
and in each plot, 15 topsoil sub-samples (0-5 cm depth) of approximately 50 g were randomly
collected and mixed by hand to form a composite soil sample for each plot. Large pieces of
plant remains were removed by hand prior to sampling. The soil samples were stored in black
plastic bags, refrigerated at 10 °C, and processed in the laboratory within three days after

sampling.

Laboratory analyses

Soil moisture, pH, and nutrients

The composite soil samples were passed through a 2-mm sieve. A sub-sample was oven-dried
at 75 °C to constant weight for soil moisture determination by the gravimetric method. Soil pH
was measured in deionized water (soil:solution ratio, 1:2 w/v) with a pH meter equipped with
a glass electrode (Corning). All C forms were determined with a Total Carbon Analyzer (UIC
Mod. CM5012), while N forms were determined colorimetrically using a Bran-Luebbe Auto
Analyzer III (Norderstedt, Germany). Each dry sample was ground with a mortar and pestle
prior to total soil nutrient analyses. Total C was determined by combustion and coulometric
detection (UIC 1995). A correction for inorganic C was unnecessary because its average
concentration in these soils (0.024 %) was considered negligible. Total N was determined after
acid digestion by a macro-Kjeldahl method and determined colorimetrically (Technicon 1977).
Inorganic N (NH4" and NO3') was extracted from fresh sub-samples with 2 M KClI, followed
by filtration through a Whatman No. 1 paper filter (Robertson et al. 1999), and determined
colorimetrically by the phenol-hypochlorite method (Technicon 1977). Total dissolved
nitrogen (TDN) was extracted with deionized water after shaking for 1h and filtering through a
Millipore 0.42 pum filter (Jones and Willett 2006); the filtrate was digested with a macro-
Kjeldahl procedure and determined as total N. Dissolved organic N (DON) was calculated as
the difference between TDN and inorganic N (DIN). Previous to acid digestion one aliquot of
the filtrate was used to determine dissolved inorganic N (NH," plus NO3") in deionized water

extracts.
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Microbial biomass and carbon availability

Microbial C and N concentrations were determined in field-moist samples by the chloroform
fumigation-extraction method (Vance et al. 1987). Fumigated and non-fumigated samples
were incubated during 24 h at 25 °C and constant moisture. Microbial C was extracted from
both fumigated and non-fumigated samples with 0.5 M K,SOy, filtered through Whatman No.
42 filters (Brookes et al. 1985). C concentration was measured in the C analyzer (see above).
Microbial C was calculated by subtracting the extracted C in non-fumigated samples from that
of fumigated samples and dividing it by a K¢ value of 0.45 (Joergensen 1996). Microbial N
was extracted with the same procedure used for microbial C, but was filtered through a
Whatman No. 1 paper. The filtrate was acid digested and determined as total N by a macro-
Kjeldahl method (Brookes et al. 1985). Microbial N was calculated similar to microbial C, but
divided by a Kgy value of 0.54 (Joergensen and Mueller 1996).

Water-extracted C represents DOC in the soil solution (Jones and Willett 2006) and
constitutes a readily-available C source for microbes (Neff and Asner 2001). Dissolved
organic carbon (DOC) was extracted from soil samples with deionized water (1:5 w/v) after
shaking for 1 h, filtered through a 0.42-um Millipore (cellulose-acetate filter) and determined
in the C analyzer (UIC 1995). We used DOC in the soil solution as an index of C availability
to microbes because this DOC fraction is presumed to be available to them in the short term
compared to DOC in the exchange phase. For example, the free monomers in the soil solution
(e.g. amino acids) have an extremely fast turnover rate due to rapid microbial use (Jones et al.

2005).

Potential C mineralization and N transformations

Potential C mineralization, net N mineralization-immobilization, nitrification and DOC and
DON changes were measured in 16-day laboratory aerobic incubations. Soil sub-samples were
placed in PVC (polyvinyl-chloride) tube cores with a 0.17 mm mesh at the bottom. Following
Robertson et al. (1999), each sample was wetted to field water holding capacity with deionized
water and incubated in 1 L jars at 26 °C. The jars were regularly aerated and soil moisture was
adjusted to field capacity every two days. Potential C mineralization was estimated as evolved
CO,-C collected in 1 M NaOH traps. Carbonates were precipitated by adding 1.5 M BaCl, and
then titrated with 1 M HCIL The CO,-C values were corrected for soil dry weight. Net
microbial N immobilization during each incubation period was estimated as the difference

between initial and final microbial N concentrations. Thus, positive values represent
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immobilization and negative values represent N release from microbial biomass. Also, before
and after the incubation, ammonium (NH4-N), nitrate (NO;-N), DOC and DON were
determined with the previously described methods. Differences between post- and pre-
incubation values of inorganic N (NH4-N plus NO3-N), NO3-N, DOC and DON were used to

calculate net N mineralization, net nitrification, ADOC, and ADON; respectively.

Data analyses

All statistical analyses were performed with Statistica 6 software (StatSoft 2000). All data
were expressed on a dry-weight basis unless otherwise stated. Data were subjected to a
repeated measures analysis of variance (RMANOVA) with one between-subject factor (site:
hilltop and hillslope) and two within-factors (year and sampling date), where year and date
were treated as repeated measures. A Greenhouse-Geisser correction for time factors was used
when the data did not meet the circularity assumption of the repeated-measures analysis.
When the RMANOVA indicated significant factor effects, mean comparisons were performed
with Tukey’s HSD multiple comparison test (von Ende 1993). Data were log-transformed to
meet ANOVA assumptions when required (Sokal and Rohlf 1995), but are reported in their
original scale of measurement. Pearson correlations were used to explore relationships among
soil parameters. Stepwise multiple-regression analysis was performed to examine control
variables on microbial activity and N dynamics measured in laboratory incubations. In all

cases, P < 0.05 was taken to be significant.

Results

Soil pH, moisture and total C and N

Soil pH was slightly acidic (6.3-6.7) and did not vary between sites, years or sampling dates
(Tables 1 and 3). In contrast, samples collected at hilltop soils had higher soil moisture than
those collected at hillslope soils, but these differences were lees than 3%, and moisture was
lowest in samples collected in the dry season in both topographic positions in the two study
years (Tables 1 and 3). Hilltop soils had higher C (32.8 + 2 mg g') and N (2.5 + 0.4 mg g)
concentrations than hillslope soils (C= 23.1+ 3 and N=1.9 + 0.2 mg g; Tables 1 and 3).
Rainy-season soil showed the lowest C and N concentrations in the two topographic positions
during both study years (Table 1). The C:N ratio in hilltop soils increased during the rainy
season in both years (Tables 1 and 3).
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Dissolved, available, and microbial forms

Dissolved organic C (DOC) was higher at the hilltop than at the hillslope soils (Tables 2 and
3) for all sampling dates, and generally decreased from the dry season towards the early-rainy
and rainy seasons in both study years. DOC represented between 0.5 — 0.9% of the total soil
organic C concentrations. In contrast, dissolved organic N (DON) concentrations only differed
between topographic positions (Table 3), with an almost two-fold higher concentration in the
hilltop that in hillslope soils both years (Table 2). Ammonium concentrations were higher in
2002 than in 2003 (9.7 + 0.07 and 7.4 + 0.1 pg g™, respectively) and higher at the hilltop soils
(103 + 1.8 pg g') than at the hillslope soils (6.8 + 0.9 pg g'). Also, ammonium
concentrations were nearly twice as high in the dry season than in the early-rainy and rainy
seasons (Tables 2 and 3) in both study years. In contrast, nitrate concentrations were higher at
the hillslope (32.1+ 2.9 pg g') than at the hilltop soils (15.9 + 4.1 pg g'), and increased
consistently during the rainy season only at the hillslope soils in the two study years (Tables 2
and 3).

Microbial C was generally higher at the hilltop than at the hillslope soils and it
decreased from the dry to the rainy season (Tables 2 and 3). In contrast, microbial N did not
differ between topographic positions, except in the early-rainy season when the hilltop soils
had higher concentration than the hillslope soils (Tables 2 and 3). Except for the hilltop soil
during 2003, microbial N concentrations were lowest in rainy season samples (Table 2).
Microbial C:N ratios were higher at the hilltop than at the hillslope soils, but did not show
clear seasonal variation (Tables 2 and 3).

Correlation analysis showed that soil moisture was negatively correlated with DOC,
microbial C and ammonium, but positively with nitrate (Table 4). DOC was positively
correlated with DON, ammonium and microbial C and N. Likewise, ammonium was
positively correlated with microbial C and N. In contrast, nitrate was negatively correlated

with DOC, ammonium and microbial C (Table 4).

Laboratory soil incubations

Soil incubations resulted in a reduction of DOC concentrations. The hilltop and hillslope soils
showed contrasting seasonal variation in ADOC both years. The incubated hilltop soils
showed lower reduction of DOC in samples collected in the dry than for samples collected
during the early-rainy and rainy seasons, whereas the opposite trend occurred at the hillslope

soil: the greater reductions of DOC were measured in the incubated samples collected during
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the dry season (Table 3; Fig. 1a). On the other hand, DON increased after incubation with no
significant seasonal variation in the incubated hillslope soils (Table 3; Fig. 1b); whereas in the
incubated hilltop soils DON increased in samples collected during dry season and decreased in
those collected during the early-rainy and rainy seasons in both study years (Fig. 1b).

Potential C mineralization in the incubated hilltop samples was nearly double that of
the hillslope soils and was generally higher in samples collected in the dry than in the early-
rainy and rainy seasons in both study years (Tables 3; Fig. 2). Potential C mineralization was
positively and significantly explained by both DOC and microbial C (Table 5). Net N
immobilization was higher in the incubated hilltop samples than in the hillslope soils (more
negative values, which represent N release from microbial biomass) in both study years
(Tables 3; Fig. 3a). Seasonally, it was higher and positive in the samples collected during the
dry season and generally lowest and negative in samples collected in the early-rainy and rainy
seasons (Fig. 3a). N immobilization showed a positive relation to ammonium concentration
and a negative relation to microbial N concentration (Table 5). Net N mineralization and net
nitrification were lower in the incubated hilltop samples than in the hillslope soils. Net
mineralization was higher in samples collected during the wet season (i.e., early and rainy)
than in those collected in the dry season at both sites. Net nitrification was also generally
higher in samples collected during the wet season (Table 3; Figs. 3b and c¢) and inversely

related to both DOC and microbial C (Table 5).

Discussion

Our results showed that the soil at the two topographic positions had different soluble organic
C availability. The higher DOC concentration in the hilltop soil agreed with a higher organic
material accumulation, while the lower DOC concentration occurred in the hillslope soil,
where organic material is removed by erosion as quickly as it accumulates (Galicia et al. 1995;
Garcia-Oliva et al. 1995; Garcia-Oliva and Maass 1998). DOC accumulation during the dry
season in both hilltop and hillslope soils may be attributed to the input of organic matter
through litterfall and root death (Kummerow et al. 1990; Martinez-Yrizar 1995; Garcia-Oliva
et al. 2003). In contrast, DOC concentrations decreased during the rainy season, which was
likely due to leaching, microbial use, and a lower microbial production of DOC during this
period (Neff and Asner 2001). Another study conducted in this tropical forest reported higher
concentrations of soluble carbohydrates and proteins in dry-season than in rainy-season soil

(Garcia-Oliva et al. 2003). This suggests a lower C availability during the growing season,
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when soil moisture stimulates microbial activity and increases DOC consumption, because it
represents the main C source for heterotrophic microorganisms (Wardle 1992; Neff and Asner
2001). Therefore, the decrease in soluble available C may constrain microbial growth and
activity during the growing season when water availability is not limiting.

Soil microbial C and N concentrations showed the expected seasonal pattern in tropical
deciduous forests: accumulation during the dry period and reduction during the rainy season
(Singh et al. 1989; Srivastava 1992; Lodge et al. 1994; Jaramillo and Sanford 1995; Saynes et
al. 2005). The reduction in microbial biomass during the wet period has been explained by
microbivorous grazing and by microbial cell lysis due to soil wetting (Singh et al. 1989;
Srivastava 1992). Additionally, the positive relationship among microbial biomass, potential C
mineralization and DOC, suggest that the decreases in microbial biomass and activity during
the rainy season could also be explained by the concurrent decreases in soil available C
heavily consumed by heterotrophic microbes in the early-rainy season. This was suggested by
Garcia-Oliva et al. (2003) in a previous study conducted in the Chamela forest soils.
Nevertheless, further work is required to test this hypothesis because correlative results cannot
resolve if DOC was a substrate or a product of microbial activity and makes difficult
establishment of causation (Neff and Asner 2001).

Soluble C availability stimulated heterotrophic microbial activity and thus N
mineralization, which would explain the higher ammonium concentration in the soil with
higher DOC (i.e., hilltop soil). This supports the hypothesis of a higher N mineralization
favored by soluble C availability. Heterotrophic microorganisms use energy to mineralize
DON and to immobilize ammonium and some DON forms when demand for N increases
(Hadas et al. 1992; Asmar et al. 1994; Chapin et al. 2002). Our data showed that C availability
also stimulated N immobilization, because a higher active heterotrophic biomass required
greater N concentrations to supply their metabolic maintenance needs (Hart et al. 1994; Barrett
and Burke 2000; Bernhardt and Likens 2002; Schimel and Weintraub 2003). For example, the
soil with both higher DOC and potential C mineralization rate showed greater microbial C and
higher net N immobilization. Likewise, the reduction in DON concentration at the end of
incubation period in the soil with higher available C suggests an increase in the
immobilization of DON; whereas the increase in DON concentration in the soil with lower
available C indicates a decline in net DON immobilization. These differences between hilltop
and hillslope soils are not due to differences in geochemical adsorption since both soils have

similar texture and clay minerals (Solis 1993; Galicia et al. 1995; Campo et al. 2001). Thus
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microbial N immobilization prevailed in the hilltop soils. In turn, we propose that higher
soluble C availability promotes ammonium formation, but also increases microbial demand for
DON and ammonium favoring a higher microbial N recycling. This is consistent with findings
in a variety of ecosystems, which show that higher soil C availability favors N retention
(Luizao et al. 1992; Hart et al. 1994; Barrett and Burke 2000; Booth et al. 2005).

Although, we expected higher net N mineralization in soils with higher DOC, this was
not the case. This may be explained in two ways: (1) a rapid nitrification occurred during the
incubation period representing approximately 96% of net N mineralization, similar to reports
in other tropical forest soils (Vitousek and Matson 1988), and (2) net N mineralization likely
did not reflect a relationship with C availability due to the limitation of net measurements. We
could speculate that gross N mineralization may have been higher in soils with higher DOC.
However, the higher nitrate concentration and net nitrification in the soil with lower DOC and
the negative correlations between nitrate and ammonium concentrations, as well as between
nitrate and DOC concentrations, support the hypothesis that low DOC concentration for
heterotrophic microorganisms promotes autotrophic nitrification, because the reduction of C
availability decreases N immobilization by heterotrophic microbes and favors that soil
ammonium can be used by nitrifying bacteria as an energy source (Verhagen and Laanbroek
1991; Hart et al. 1994; Chen and Stark 2000; Bernhardt and Likens 2002; Strauss and
Lamberti 2002; Booth et al. 2005). The higher net N mineralization and net nitrification during
the rainy season is consistent with the seasonal pattern of nitrification reported in other studies
in tropical deciduous forests (Singh et al. 1989; Garcia-Méndez et al. 1991; Raghubanshi
1992; Roy and Singh 1995; Jha et al. 1996; Saynes et al. 2005; Singh and Kashyap 2006).
Furthermore, our study showed that net nitrification increased during the rainy season when
soil DOC concentration was lowest and N immobilization was negative. This highlights that
soil C availability can exert strong control on autotrophic nitrification in tropical deciduous
forests when water is not limiting.

Finally, this study is the first in tropical deciduous forest soils that provides an
experimental data set that supports a conceptual model that has been developed over the last
decade, which predicts that C availability may control microbial dynamics and N
transformations (Hart et al. 1994; Chen and Stark 2000; Bernhardt and Likens 2002; Strauss
and Lamberti 2002; Schimel and Bennett 2004; Booth et al 2005; Fig. 4). Based on our results
we hypothesized that the prediction of conceptual model may also occur in soils of the

Chamela tropical deciduous forest. The model suggests that DOC stimulates the activity of
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heterotrophic microorganisms, which increases microbial demand for N and thus promotes N
immobilization allowing N protection in microbial biomass (Fig. 4a). In contrast, lower soil
DOC concentration reduces microbial N immobilization, because the growth and activity of
the heterotrophic microorganisms are constrained by soluble C availability (Fig. 4b). Under
this situation, nitrifiers are more efficient competitors for ammonium than heterotrophic
microorganisms and as a consequence autotrophic nitrification increases. This could increase
N loss by nitrate leaching as well as by emissions of N oxides (Paul and Clark 1989; Davidson
and Kingerlee 1997). N losses through nitrification could be magnified when soil C levels
decrease due to forest conversion (Garcia-Oliva et al. 2006). Our results highlight the need to

consider functionally coupled C and N dynamics in tropical deciduous forest soils.
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TABLES

Table 1 Seasonal means (£ standard error) of pH, moisture, total nutrient concentrations, and
C:N ratios at hilltop and hillslope soils during two consecutive years in a tropical deciduous

forest at Chamela, Mexico

Year 2002 Year 2003
Hilltop Hillslope Hilltop Hillslope

pH (soil:water 1:2)

Dry season 6.7 (0.07) 6.6 (0.07) 6.5 (0.09) 6.7 (0.03)

Early-rainy season 6.5 (0.20) 6.5 (0.10) 6.3 (0.18) 6.6 (0.07)

Rainy season 6.6 (0.09) 6.3 (0.20) 6.4 (0.10) 6.3 (0.13)
Moisture (%)

Dry season 2.0 (0.1)* 1.7 (0.2)® 2.1 (0.3 1.9(0.5)"

Early-rainy season 5.5(0.1)" 4.7 (0.1)*® 8.4 (0.5  6.7(0.7)™®

Rainy season 20.3 (0.8)** 19.1 (0.7)™® 26.1 (0.6)*  22.7 (1.0)*®
Total soil C (mg C g™)

Dry season 36.5 (3.1)* 27.5 (1.5)" 36.5 (2.9 26.1 (1.0)*®

Early-rainy season 33.0 (1.0)* 27.6 (2.1 34.8 (2.4 24.0(1.2)"

Rainy season 29.9 (2.2)* 21.7 (2.2)® 28.7 (1.4 19.8 (2.2)®
Total soil N (mg N g'l)

Dry season 3.4 (0.2)" 2.3 (0.1)* 2902  2.4(0.1)"

Early-rainy season 2.9 (0.2 1.9 (0.1)™® 23 0.0 2.0(0.1)®

Rainy season 1.9 (0.2)** 1.6 (0.1)® 1.4 (0. 1.2(0.1)®
Total soil C:N

Dry season 11.2 (1.2)* 12.1 (1.0)* 132 (1.5 12.1 (1.9

Early-rainy season 11.7 (0.8)** 14.3 (1.4)* 15.6 (1.8)"*  11.5(0.8)*

Rainy season 17.1 (2.9)** 13.5 (2.8)** 24.8 (4.8 16.4 (3.0)"

Values followed horizontally by a different uppercase letter (A and B) indicate that means are significantly

different (p < 0.05) between sites (hilltop and hillslope) within sampling date in the same year; whereas different

lowercase letters (a, b, c) vertically indicate that means are significantly different (p < 0.05) among sampling

dates within a site
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Table 2 Seasonal means (£ standard error) of dissolved, available, and microbial forms of C

and N at hilltop and hillslope soils during two consecutive years in a tropical deciduous forest

at Chamela, Mexico

Year 2002 Year 2003
Hilltop Hillslope Hilltop Hillslope

Ammonium (ug NH," g™)

Dry season 17.5 (L.6)*  12.3(1.9)® 14.7 (1.2)*  10.1 (1.1)*®

Early-rainy season 7.9 (1.1)** 5.9 (1.1)°8 55008  32(0.7)"

Rainy season 8.7 (1.2)"* 5.6 (1.2)® 7.3 (0.8  3.9(1.0)"®
Nitrate (ug NO5 g™)

Dry season 11.8 (1.1)*®  18.2(0.5™ 20.1 (1.5 30.6 (5.2)"

Early-rainy season 142 (1.5 29.0 (4.9/** 15.6 (1.4)"® 344 (5.4

Rainy season 163 (1.1)*® 341 3.4 17.7 (0.8)®  46.4 (2.1)*
DOC* (ug g™)

Dry season 2173 (11.2)**  160.4 (8.6)™® 244.9 (6.1 181.2 (9.9)*®

Early-rainy season 115.9 (7.8)*  61.4 (6.3)™® 163.8 (16.1)*  67.7 (6.1)®

Rainy season 177.6 (11.2)"*  49.6 (9.9)™® 102.2 (7.8)**  33.2 (11.5)®
DON" (ng g)

Dry season 779 A" 413 (6.2)" 95.4 (11)™  30.9 (8.8)*®

Early-rainy season 78.9 (15)**  50.0 (10)*® 84.2 (13)**  35.7(22)*®

Rainy season 50.7 (14 34.1 (4.4 63.5(8.8)"  42.2(7.8)"®
Microbial C (ug C g™

Dry season 780 (47)* 571 (43)™® 889 (107)** 400 (61)*™®

Early-rainy season 626 (37)** 381 (37)® 734 (75)* 307 (61)*®

Rainy season 539 (66)™ 280 (51)® 465 (61)™* 349 (29)**
Microbial N (ug N g™)

Dry season 82 (4)** 94 (7)* 87 (7 100 (10)*

Early-rainy season 80 (5)* 52 (7)*® 94 (13)** 75 (11)°*®

Rainy season 61 (9)"* 74 (44 82 (5 67 (3)™
Microbial C:N

Dry season 7.2 (0.5)* 5.4 (0.6)"® 11.1 (1.8)* 6.0 (1.4)™

Early-rainy season 7.8 (0.3)* 6.6 (1.0)*8 8.8 (0.9 54 (1.3

Rainy season 7.7 (1.2)* 3.9 (0.8)® 54 0.7 5.50.7)*

“Dissolved organic carbon; "Dissolved organic nitrogen

Values followed horizontally by a different uppercase letter (A and B) indicate that means are significantly

different (p < 0.05) between sites (hilltop and hillslope) within sampling date in the same year; whereas different

lowercase letters (a, b, c) vertically indicate that means are significantly different (p < 0.05) among sampling

dates within a site
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Table 3 F-ratios and significant levels of the repeated measures ANOVA for variables of

hilltop and hillslope soils (sites) in a tropical deciduous forest at Chamela, Mexico

Source of variation

Between Within subjects

Parameters subject

Site(S) Year(Y) YxS Date(D) DxS YxD YxDxS
pH 0.03™ 1.3 397 1.4 1.7 0.26™ 0.05™
Soil moisture 11.8" 5497 28™ 13417 32™ 148" 0.89™
Total carbon 5327 0.63™  0.79™ 18.5°°  0.61™ 0.004™ 0.84™
Total nitrogen 24.5" 43™  29™ 442 19™  0.56™ 0.9
C:N 4.0 14™ 25" 5.1 3.8°  0.53™ 0.23™
DOC? 85.9™" 0.01™ 0.21™ 82.6°  2.8™ 82" 3.7
DON® 32.17 0.02™  0.41™ 0.38™  1.42™  0.55™ 0.08™
Ammonium 27.1°7 147 0.001™ 5137 13™ 023" 0.06™
Nitrate 66.9"" 14.9" 3.2m 8.5 6.4" 1.4 0.56™
Microbial C 499 0.02™ 1.9™ 1897 23™ 024" 44"
Microbial N 0.49™ 745 0.58™ 6.17 48 096™ 1.9m™
Microbial C:N 11.2" 0.61™  0.04™ 0.23™  0.96™  32™ 6.5
A DOC 8.4 6.4 0.84™ 3.7 3197 1™ 0.87™
A DON 63.5" 0.01™ 0.01™ 2747 537 1.23™ 0.62"
CO,-C¢ 202.9™ 0.38™ 0.15™ 1492 0.53™ 21.1™ 6.9
Net N-immobilization 5.1 0.02™ 0.00™ 14177 0.02™ 11" 0.20™
Net N-mineralization 9.7 23" 0.06™ 21.17° 0.69™ 077" 0.07™
Net nitrification 326 43" 1.2m 103" 0.98™ 0.46™ 34"

*Dissolved organic carbon; °dissolved organic nitrogen; °delta (A) = changes in concentration; “potential C

mineralization rate. Note: ns= not significant. * p < 0.05; ** p <0.01; *** p <0.001
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Table 4 Pearson correlation coefficients for available C and N and microbial biomass in soils

of a tropical deciduous forest at Chamela, Mexico

“DOC "DON ‘NH," INO;> Microbial Microbial

C N
pH 0.16 -0.10 0.16 -0.06 0.04 0.15
Soil moisture  -0.50* -0.16 -0.40%* 0.22%* -0.31* -0.17
DOC 1 0.28%* 0.47%* -0.53%* 0.37%* 0.19%*
DON 1 0.19%* -0.29% 0.36* -0.03
NH4" 1 -0.31% 0.24* 0.36*
NO; 1 -0.35% -0.04

A~ . b . P ¥ - T . -
*Dissolved organic carbon; "dissolved organic nitrogen; “NH, = ammonium; “NOs = nitrate

Note: n= 120; coefficients followed by an * are significant at p < 0.05
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Table 5 Stepwise multiple-regression analyses of soil C and N microbial processes measured

in laboratory incubations. Soil was collected in the tropical deciduous forest at Chamela,

Mexico

Dependent variable
All factors included Significant Coefficient R’
factors in the
model
Potential DOC? DOC 0.62 0.49%**
C mineralization DONP Cmic 0.28
Cmic® and Nmic!
61\11'144r and fNng
Mineral N®
Net N-immobilization DOC NH," 0.28 0.53%%*
DON Nmic -0.44
Cmic and Nmic
NH," and NO5”
Mineral N
Net nitrification DOC DOC -0.29 0.23%*
NH," Cmic -0.26
DON
Cmic and Nmic
Mineral N

*Dissolved organic carbon; ®dissolved organic nitrogen; °microbial C; dmicrobial N; ‘ammonium; 'nitrate;

fammonium-plus-nitrate. Note: n= 120; significant: * p < 0.05, ** p <0.01, *** p < 0.001
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CAPTIONS TO FIGURES

Fig. 1 Seasonal variation in changes (A) of (a) dissolved organic carbon (DOC) and (b)
dissolved organic nitrogen (DON) after16 day incubations of hilltop and hillslope soils from a
tropical deciduous forest at Chamela, Mexico. Bars with different uppercase letters (A and B)
indicate that means are significantly different (p < 0.05) between sites (hilltop vs hillslope)
within a sampling date. Different lowercase letters (a, b, ¢) indicate that means are

significantly different (p < 0.05) among sampling dates within a site

Fig. 2 Seasonal variation of potential C mineralization rate (CO,-C) after 16-day incubations
of hilltop and hillslope soils from a tropical deciduous forest at Chamela, Mexico. Bars with
different uppercase letters (A and B) indicate that means are significantly different (p < 0.05)
between sites (hilltop vs hillslope) within a sampling date. Different lowercase letters (a, b, c)

indicate that means are significantly different (p < 0.05) among sampling dates within a site

Fig. 3 Seasonal variation of (a) net N immobilization, (b) net N mineralization, and (c) net
nitrification after a 16-day incubation of hilltop and hillslope soils from a tropical deciduous
forest at Chamela, Mexico. Bars with different uppercase letters (A and B) indicate that means
are significantly different (p < 0.05) between sites (hilltop vs hillslope) within a sampling date.
Different lowercase letters (a, b, ¢) indicate that means are significantly different (p < 0.05)

among sampling dates within a site

Fig. 4 Conceptual model summarizing the links between microbial biomass-activity and N
transformations in two soils of a tropical deciduous forest: a) with high available DOC and b)
with low available DOC. The size of the boxes indicates relative differences in nutrient
concentrations, while arrow width shows the relative importance of processes. DOC=
dissolved organic carbon; DON= dissolved organic nitrogen; CO,-C = potential C

. . . + . - .
mineralization; NH; = ammonium; NO3 = nitrate
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Abstract

The relationships between soil nutrient availability and biomass, species richness, and
activity of soil bacterial communities were examined in a tropical deciduous forest of Mexico.
Our main hypothesis was that soil microbial biomass, and culturable heterotrophic and
nitrifying bacterial communities would be affected by the availability of soil resources and that
this variation would be reflected in C mineralization and nitrification processes. Soil samples
were taken from hilltops and hillslopes with different nutrient availability. C, N and P
availability, microbial biomass, culturable heterotrophic and nitrifying bacteria, potential C
mineralization and net nitrification were measured in three dates on one-year. Hilltops had
higher dissolved organic C and ammonium concentrations than hillslopes. Similarly, active
microbial biomass, species richness of heterotrophic bacteria and C mineralization were higher
at the hilltops than at the hillslopes. Nitrifying bacteria counts and nitrification were, in
contrast, higher in hillslopes than in hilltops. Hilltops and hillslopes had a low similarity in
composition of heterotrophic bacterial species (36%). This supports the hypothesis that soil
bacteria are not ubiquitous and suggests that C and N availability is an important controlling
factor for microbial growth, diversity and function. In this study, the changes in bacterial
functional groups (heterotrophs and nitrifiers), and in composition and abundance of
heterotrophic bacteria had a stronger influence on soil C mineralization and nitrification than
total species richness. We suggest that a change in bacterial composition is induced when

soluble resources are low, which allows the degradation and use of less labile resources.

Keywords: Bacterial diversity, C mineralization, dissolved organic carbon, FAME, Mexico,

microbial biomass, nitrogen, nitrification, tropical dry forest.

1. Introduction

Water and nutrients are basic resources for growth and activity of soil microbial
communities (Atlas and Bartha, 2002). The availability of C and N favors heterotrophic
microorganisms specialized on labile nutrients, whereas low availability in these resources
favors microbes that are able to breakdown more recalcitrant soil organic matter (Hu et al.,
1999; Fontaine et al., 2003; Fontaine and Barot, 2005). Consequently, microbial succession

during soil organic matter decomposition depends on the enzymatic capabilities or resource
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specificity of the different microorganisms involved in this process (Paul and Clark, 1989;
Balser et al., 2002). Other microorganisms such as ammonia-oxidizing bacteria do not depend
on organic matter directly, but differences in organic resources for heterotrophs may mediate
N mineralization that provides them with ammonium (Verhagen and Laanbroek, 1991; Booth
et al., 2005). Altogether this suggests that both type and supply of resources may determine
the structure of soil microbial communities.

The diversity-structure and function of soil microorganisms is still poorly understood,
despite the critical role of soil microbes in the regulation of nutrient cycling and ecosystem
functioning (Balser et al., 2002). Resource availability has, theoretically, the potential to
influence the structure of soil microbial communities but only a few studies have addressed
this subject. Some studies suggest that soil microorganisms are ubiquitous (Finlay and Clark,
1999; Finlay, 2002), for which resource availability does not have an effect on microbial
diversity. However, recent developments of molecular and biochemical detection methods
have allowed a better quantification of bacterial diversity and suggest that not all soil bacteria
are ubiquitous and that their distribution can be linked to the availability of soil nutrients
(Torsvik and @vreas, 2002; Torsvik et al., 2002; Noguez et al., 2005; Green and Bohannan,
2006). Several studies have shown that the size and composition of the microbial communities
vary according to resource availability affecting soil C and N mineralization and nitrification
(Waldrop et al., 2000; Carney et al., 2004, Carney and Matson, 2005; Balser and Firestone,
2005; Cookson et al., 2005; Cookson et al., 2007).

Rainfall seasonality and habitat heterogeneity alter the availability of resources (water
and nutrients) in tropical deciduous forests by affecting soil moisture and organic matter input
(Roy and Singh, 1994; Garcia-Oliva et al., 2003). It has been suggested that water limits C and
N mineralization and nitrification in these forests (Singh et al., 1989; Garcia-Méndez et al.,
1991; Garcia-Oliva et al., 2003; Singh and Kashyap, 2006), and recently that C availability is
also critical for C and N transformations (Montaiio et al., 2007). However, it has rarely been
studied how species richness and composition of microbial communities interact with C and N
dynamics. Despite the fact that tropical deciduous forest covers around 42% of the world
tropical areas and around 47% of the forested area in Latin America (Murphy and Lugo, 1986)
there are few studies on bacterial ecology in this type of ecosystem (Jha et al., 1996; Garcia-
Oliva et al., 2003; Noguez et al., 2005; Singh and Kashyap, 2006). Noguez et al. (2005)
reported that neighboring hilltops and hillslopes within a Mexican tropical deciduous forest

shared 54% of their bacterial species. This might suggest that the richness and composition of
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bacterial communities can be related to the availability of nutrients, which has been found to
be different in these topographic positions (Montafio et al., 2007). However, no study has so
far investigated the relationship between resource availability and bacterial richness-function
in these tropical deciduous forests.

This research was conducted to study some potential links between culturable bacterial
communities and soil C and N dynamics in a tropical deciduous forest. Our main hypothesis
was that soil microbial biomass, as well as culturable heterotrophic and nitrifying bacterial
communities would be affected by availability of soil resources and that this variation in
culturable bacterial communities would be reflected in C mineralization and nitrification
processes. To address this hypothesis, we measured different soil nutrients and microbial
parameters in two topographic positions of the forest with different nutrient availability
(hilltops and hillslopes). This approach provided an experimental setup to assess the response
of soil bacterial communities to natural differences in soil resources without soil disturbance

effects or artificial manipulations.

2. Material and methods
2.1. Study area description

The study area is located at the Chamela-Cuixmala Biosphere Reserve, near the Pacific
Coast of Mexico (19° 29’ N and 105° 01° W). Mean annual temperature is 24.6 °C and mean
annual rainfall is 746 mm (1983-2004). Rainfall is mainly concentrated in a clearly marked
wet season that lasts from June to October, and peaks in September (Garcia-Oliva et al., 2002).
The soils are poorly developed sandy clay loams, classified as Eutric Regosols in the FAO
system (Cotler et al., 2002). The soil parent material is Tertiary rhyolite and the dominant clay
is kaolinite (Campo et al., 2001). Soil organic matter (SOM) content is < 5% and is mainly
concentrated in the top 5 cm (Garcia-Oliva and Maass, 1998). The vegetation is a highly
diverse tropical deciduous forest (Lott, 1993), where most tree species are leafless during the

7-month dry season (Martinez-Yrizar et al., 1996).

2.2. Soil sampling

Soil samples were collected from an undisturbed forest located in three contiguous small
watersheds that have been extensively studied for a long-term project on ecosystem function
(Maass et al., 2002). These watersheds have the same geologic age, parent material, and

different topographic units (slope and aspect; Lopez-Blanco et al., 1999). We collected soil
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from two topographic positions (sites): hilltops (slope 1.2° £ 0.7) and south-facing hillslopes
(slope 26° £ 3), distributed in the three watersheds. Soils have different concentrations of
organic C (hilltop: 37, hillslope: 24 mg C g™') and available organic C (244 and 92 pg C g for
hilltop and hillslope, respectively; Montafio et al., 2007). Both sites support similar vegetation
(Balvanera et al., 2002), annual solar radiation index (4356 and 4426 MJ m” y-1 for hilltop and
hillslope, respectively; Galicia et al., 1999), and have the same soil (Eutric Regosol) with
similar texture (Solis, 1993) and water holding capacity (Galicia et al., 1999).

Ten replicate sampling plots (10 x 15 m) were established in each of the two
topographic positions (sites). The plots were located at least 300 m apart. Soil samples were
collected in each plot at three sampling dates, in the dry (April), early-rainy (June) and rainy
(September) seasons in 2004, which had an annual precipitation of 578 mm. Fifteen
undisturbed topsoil samples (0-5 cm depth), where most root and microbial activity is
concentrated, were randomly collected from each plot at each sampling date. The samples
were thoroughly mixed to form a composite soil sample per plot. Each soil sample was passed
through a 2-mm sieve and one sub-sample was oven dried at 75°C to determine soil moisture
gravimetrically. The remaining soil of each soil sample was divided in two portions. One was
refrigerated at 10°C to determine soil nutrients and to conduct incubation assays, and the other

was frozen at - 20°C for microbiological analyses.

2.3. Soil chemical analyses

Soil pH was measured in deionized water (w:v 1:2) with an electric digital pH meter
(Corning). All C forms were determined with a Total Carbon Analyzer UIC Mod. CM5012,
while N and P forms were determined colorimetrically using a Bran-Luebbe Auto Analyzer II1
(Norderstedt, Germany). Dried soil samples were ground with a mortar and pestle prior to total
soil nutrients analyses. Total C was determined by combustion and coulometric detection
(UIC, 1995). Total N and P were determined after acid digestion by a macro-Kjeldahl method.
Total N was determined by colorimetrical analysis (Technicon, 1977) and total P by the
molybdate colorimetric method after ascorbic acid reduction (Murphy and Riley, 1962).
Dissolved organic carbon (DOC) was extracted in deionized water, filtered through a
Whatman No. 42 paper (Jones and Willett, 2006), and determined in the C analyzer (UIC,
1995). Inorganic N (NH;" and NOs") was extracted from fresh sub-samples with 2 M KClI,
followed by filtration through a Whatman No. 1 paper filter (Robertson et al., 1999), and
determined colorimetrically by the phenol-hypochlorite method (Technicon, 1977). Inorganic
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phosphorus was extracted with sodium bicarbonate (Pi; pH 8.5), and was determined by the

molybdate-ascorbic acid method (Murphy and Ridley, 1962).

2.4. Soil microbiological analyses

Microbial biomass C was determined with the chloroform fumigation extraction
method (Vance et al., 1987). Fumigated and non-fumigated samples were incubated during 24
h at 25 °C and constant moisture (Brookes, 1985). Microbial C was extracted from both
fumigated and non-fumigated samples with 0.5 M K,SQy, filtered through a Whatman No. 42
paper, and measured using a C analyzer (UIC, mod. CM5012). Microbial C was calculated by
subtracting the extracted C in non-fumigated samples from that of fumigated samples and
dividing by a K¢ value of 0.45 (Joergensen, 1996).

Culturable heterotrophic and nitrifying bacteria were quantified using ten grams of
fresh soil from each composite sample and processing under sterile conditions. The soil was
shaken with 90 mL of sterile deionized water, and aliquots (0.1 mL) of three ten-fold dilution
series were used as inoculum to determine the heterotrophic bacteria with the plate count
method (Zuberer, 1994), and the nitrifying bacteria with the most probable number method
(MPN; Alexander, 1982). For the quantification of culturable heterotrophic bacteria, 0.1 mL of
the extract was transferred to plates with sterile Tryptic-Soy-Agar medium (TSA; Bioxon,).
Plates were incubated at 25°C and colony-forming units (CFU) were counted after 3 days.
Size, shape, color, concavity, consistency and edge type of colonies of heterotrophic bacteria
were used to characterize and group isolates morphologically, which allowed us to identify
morphotypes in each plate. Colonies of each morphotype found were streaked repeatedly on
TSA medium and incubated again at 25°C for 80 h to obtain pure cultures. Pure cultures were
then transferred into tubes containing solid TSA medium and stored at -40 °C until further
identification based on fatty acid profiles. Ammonium-calcium carbonate [(NH4),SO4, 0.5 g;
K;POy4, 1.0 g; FeSO4 - 7H,0, 0.03 g; NaCl, 0.3 g; MgSO, - 7TH,0, 0.3 g; CaCOs;, 7.5 g;
deionized sterile water] in agar culture medium (Bioxon) was used to determine ammonium
oxidizer bacteria. Five replicate culture tubes were used for each dilution. Each tube was
inoculated with an extract of 0.1 mL and incubated for six weeks at 30°C. After the incubation
period, each tube was tested for nitrite using Griess-Ilosvay reagent. The number of positive
and negative tubes was used to calculate the CFU using a MPN table (Alexander, 1982). We
were not able to isolate nitrifying bacteria for identification by fatty acid methyl-esters

(FAME).
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Whole-cell FAMEs were used for biochemical identification of heterotrophic bacterial
isolates. Gram positive and negative bacteria were estimated from the content of branched-
chain or monoenoic and cyclopropane fatty acids, respectively. A loopful of cell material of
late-log-phase cells of each isolate was transferred to a glass tube and fatty acids were
extracted using standard and recommended procedures for gas chromatographic FAME
analysis as described by Sasser (1990). Analysis was performed with an Agilent 6890 Plus
Chromatograph and the Sherlock system software using the method TSBA41 and the library
TSBA41 (Microbial Identification System MIDI Inc, Delaware, USA). A similarity index
threshold of 0.30 was applied for acceptance of identification as recommended by the MIDI
manual. Some isolates were not found in the identification library, but were considered as
different bacterial morphotypes since they had a different composition of fatty acids. All
bacterial isolates were incorporated to the bacteria strain collection of the Research Centre
Flakkebjerg in Denmark.

Bacterial species richness was estimated in terms of the observed species number (S,;)
and with a non-parametric estimator based on presence-absence of bacterial species: Chao 2,
using EstimateS software (Colwell, 2000; Magurran, 2004). We used a dissimilarity index by
cluster analysis of the species composition between sites (hilltop and hillslope) and sampling
dates (seasons) to estimate the proportion of bacterial species shared between sites. For this
analysis we used Ward’'s Method with Euclidean distances based on species presence/absence
data. The index is equal to 0 in cases of complete similarity, that is when two sets of species
are identical, and 100% if the sites are dissimilar and have no species in common (Magurran,
2004). Using a presence/absence matrix we created an aggregate measure of the bacterial
composition by using a Principal Components Analysis (PCA), which was performed using
Statistica software (StatSoft, 2000). The first principal component (PC1) explained a 12% of
total variance and was used for further correlation analysis as a variable of bacterial

composition.

2.5. Soil functional processes

Two microbial functional processes were considered: potential C mineralization and
net nitrification. These microbial processes were measured after 16-days aerobic incubation.
Samples of homogenized fresh soil were wetted to water field capacity, placed in polyvinyl-
chloride (PVC) tube cores and incubated in jars at 26°C. The jars were regularly aerated 1 h
and every 48 h adjusted to field capacity with deionized water (Robertson et al., 1999).
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Potential C mineralization was estimated as evolved CO,-C collected in 1 M NaOH traps,
which were changed every two days. Carbonates were precipitated by adding 1.5 M BaCl, and
then titrated with 1 M HCIL. Net nitrification during each incubation period was estimated as
the difference between initial and final nitrate concentrations, which were analyzed using the

method described above.

2.6. Statistics

All data were expressed on a dry-weight basis unless otherwise stated. Data were
subjected to a repeated-measures analysis of variance (RMANOVA), where site (hilltop or
hillslope) was considered as the main effect and sampling dates were treated as repeated
measures. A Greenhouse-Geisser correction was estimated for the sphericity assumption of the
time factor (von Ende, 1993), but it did not modify the significance of any P values. A
Tukey’s HSD multiple comparison test was used when statistical differences were observed
with RMANOVA (Sokal and Rohlf, 1995). The data were transformed (log or square root) to
satisfy ANOVA assumptions when required (Sokal and Rohlf, 1995), however, results are
reported in their original scale of measurement. A stepwise regression analysis was used to
assess the importance of available nutrients in relation to microbial biomass and bacterial
communities and of both nutrients and bacterial communities on soil C mineralization and
nitrification. Bacterial composition was related to soil nutrients and microbial processes by
using Pearson’s correlations because this variable was created with PCA analysis. All
statistical analyses were performed with Statistica ver. 6.0 software (StatSoft, 2000), and a P <

0.05 was considered significant.

3. Results

The soils had a slightly acid pH and the hillslope soils had a lower pH than the hilltop
soils in the dry and the early-rainy seasons (Table 1). Hilltop soils had higher soil moisture
than the hillslope soils. In both sites, the maximum soil moisture was recorded in the early-
rainy season (Table 1). Hilltop soils had higher total soil C than the hillslope soils. The total N
and P concentrations and C:P ratio were not affected by site or sampling date, but the hilltop
soils had higher C:N ratios than the hillslope soils (Table 1).

Dissolved organic carbon (DOC) concentrations were in general higher at the hilltop
soils than at the hillslope soils (Table 2). A significant date X site interaction indicated that

DOC was more variable among sampling dates in the hilltop than at the hillslope soils (Table
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2) though it showed the same trend decreasing from the dry to the early-rainy season and
increasing to the middle of the rainy season. Ammonium concentrations were also higher at
the hilltop than at the hillslope soils in the three sampling dates, and decreased progressively
from the dry towards the rainy season in both sites. In contrast, nitrate concentrations did not
vary between sites and were lowest in the dry season. The hillslope soils had higher NO3:NH4
ratios than the hilltop soils, with the highest NO3;:NH4 ratios in the rainy season (Table 2).
There was a significant interaction for extractable inorganic phosphorus (Pi) concentration
indicating that the availability of this nutrient changed in a different way with time for both
soils, with no clear trend suggesting more Pi availability in a given site or sampling date
(Table 2).

Microbial C was higher at the hilltop soils than at the hillslope soils, and decreased
from the dry season to the rainy season in both sites (Fig. 1a). The colony-forming units
(CFU) of culturable heterotrophic bacteria were higher at the hilltop than at the hillslope soils
in the early-rainy season. In both sites the CFU of heterotrophic bacteria were lowest in the
rainy season, and only at the hilltop soils a peak was observed in the early-rainy season (Fig
1b). In contrast, the most probable number (MPN) of nitrifying bacteria was higher at the
hillslope than at the hilltop soils only in the rainy season, and increased from the dry season to
the rainy season in both sites (Fig. 1c).

Both observed and estimated bacterial species richness was higher at the hilltop than at
the hillslope soils in the dry and early-rainy seasons, but the sites had similar bacterial richness
in the rainy season (Figs. 2a and b). The highest bacterial richness was found in the rainy
season in both sites. The species composition of culturable heterotrophic bacteria for each site
is shown in Table 3. We documented a total of 28 genera with 61 bacterial species in the two
sites. Of these bacterial isolates, 23 genera and 48 species were found from the hilltop soils
and 16 genera and 32 species were identified from the hillslope soils. Nineteen species were
common to both sites and 47% of the total species was found only in the hilltop and 31% only
in the hillslope soils. Bacillus, Brevibacillus and Paenibacillus species accounted for 31% of
the bacterial isolates found, while some of the other genera had less than four species. From
the total number of culturable heterotrophic bacterial species, 67% were Gram+ and 33% were
Gram- bacteria (Table 3). The species most frequently identified from the hilltop soils were
five Gram+ species: Bacillus megaterium, Bacillus cereus, Bacillus circulans and
Brevibacillus laterospuros and one Gram- species Shingobacterium multivorum. The most

frequent species from the hillslope soils were four Gram+ species: Bacillus cereus, Bacillus
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megaterium, Bacillus thuringiensis kurstakii, and Brevibacillus laterosporus (Table 3). Hilltop
soils had similar number of Gram+ bacteria to the hillslope soils (30 and 25 spp.,
respectively), but the average number of Gram- bacteria was higher at the hilltop soils (18
spp.) than in the hillslope soils (7 spp.; Table 3).

The cluster analysis indicated a high dissimilarity (64%) in the bacterial composition of
the hilltop and the hillslope soils (Fig. 3). The lowest dissimilarity indices (Ward’s method),
were found at the hillslope soils of the dry and early-rainy seasons, which were more similar in
composition of bacterial species (23% dissimilarity), followed by the hilltop soils of the dry
season (32% dissimilarity). The hilltop soils of the early-rainy and rainy seasons had the least
similar bacterial communities (58%) to those of the other sites and sampling dates.

Hilltop soils had higher potential C mineralization (CO,-C evolved) than the hillslope
soils, and the dry season samples had the highest potential C mineralization (Fig. 4a). Net
nitrification was consistently greater for the hillslope soils than for the hilltop soils, and the
highest nitrification was recorded in the early-rainy and rainy seasons (Fig. 4b).

The results of the stepwise regression analysis are show in table 4. Total microbial
biomass was explained by the DOC concentration, whereas the number of heterotrophic
bacteria was related to ammonium and DOC. The number of nitrifying bacteria was negatively
related to DOC concentration. The observed species richness of heterotrophic bacteria was
related to extractable inorganic phosphorus. Gram-positive bacteria were not related to any
variable, but Gram-negative bacteria were related to ammonium concentrations. Potential C
mineralization was positively related to DOC and the number of heterotrophic bacteria,
whereas net nitrification was negatively related to DOC and ammonium concentrations. The
bacterial composition was related to ammonium, nitrate, and marginally to net nitrification

(Table 5).

4. Discussion

The results suggested that resource availability is an important controlling factor for
both microbial growth and bacterial species richness in this tropical deciduous forest. DOC
and ammonium accumulation at the hilltops compared to hillslopes resulted in higher
microbial growth most likely due to a higher availability of organic energy for heterotrophic
microorganisms as previously suggested (Garcia-Oliva et al., 2003; Montafio et al., 2007).
Likewise, the higher richness of heterotrophic bacterial species at the hilltops could be also

associated to the superabundance of resources, because they provide a broad range of different
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niches that may be occupied by more bacterial species (Begon et al., 1986; Diamond, 1988;
Torsvik et al., 2002). This agrees with studies in other contexts showing that soils with more
resource availability have higher microbial diversities (Bossio et al., 1998; Torsvik and
@vreas, 2002; Zhou et al., 2002).

Bacterial richness showed an opposite seasonal trend to microbial biomass that may be
explained in different ways: (1) microbial groups other than bacteria are dominant during the
dry season, (2) a few active and fast-growing bacteria are able to use available nutrients when
water availability is low, and (3) bacterial richness increases in the rainy season but growth is
limited by low DOC and nutrient availability and reduced by grazing. The increase in
microbial C in the dry season, when an accumulation of DOC, P and NH," also occurred, has
already been documented in tropical deciduous forests (Singh et al., 1989; Campo et al., 1998;
Montaino et al., 2007). This may be due to the presence of fast-growing bacteria that are
resistant to drought conditions and have high efficiency in the utilization of labile resources
(Atlas and Bartha, 2002). The rainy season samples with lower labile resource availability, in
contrast, showed a higher species richness but lower growth. It is likely that these bacteria use
most of their resources for complex organic matter decomposition to obtain nutrients at the
expense of growth and reproduction (Waldrop et al., 2000; Atlas and Bartha, 2002; Fontaine et
al., 2003). We suggest that a succession of bacterial groups with different growth and
competitiveness for available resources likely occurs when water is not limiting (rainy season).
The main functional implication of the impairment of microbial biomass and bacterial richness
is that the conservation of nutrients in microbial biomass during the dry season (Singh et al.,
1989) would depend on a few bacterial species functioning well under high nutrient, but low
water, availability.

Interestingly, the soils with high and low resource availability had similar bacterial
species richness during the rainy season when nutrient availability was low in both sites, but
their bacterial composition was different. This indicates that other bacterial species better
adapted to nutrient stress conditions must have appeared and could be attributed to the positive
effects of the establishment of bacterial consortia, where each species produces specific
enzymes required to degrade less labile compounds (Paul and Clark, 1989; Hu et al., 1999;
Fontaine et al., 2003; Fontaine and Barot, 2005). Consequently, we propose that less labile
resources requires of various other bacteria types, which could be explaining the increases in

the bacterial richness at the hillslopes as much as the hilltops, and that when soluble resources
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decrease during the rainy season, it also induces a change in bacterial composition that might
allow degradation and use of less labile resources.

Our results indicate a relationship between resource availability and the composition of
bacterial groups. The predominance of Gram+ bacteria in our study sites could be explained
by the seasonal fluctuations in water and nutrients that occur in this forest, which may act as
stress factors that select spore-forming Gram+ bacteria, more resistant to high stress and
heterogeneous, unpredictable conditions (Paul and Clark, 1989; Atlas and Bartha, 2002).
Gram+ bacteria are considered as more capable of metabolizing complex C substrates than
Gram- bacteria, which are known for being fast-growing and highly competitive for simple
substrates (Paul and Clark, 1989; Waldrop et al., 2000). This may also explain why we found
more Gram+ bacteria in these soils compared to soils of other ecosystems (Atlas and Bartha,
2002), and more Gram- bacteria in the soil with the highest DOC and ammonium
concentrations. Likewise, the observed increase in nitrifying bacterial colonies in soil with less
ammonium and DOC suggests that low C availability reduced both growth and dominance of
the heterotrophic bacteria and favoured nitrifiers. Nitrifiers obtain energy from ammonium
oxidation, not from organic C (Verhagen and Laanbroek, 1991; Booth et al., 2005), and this
could explain the decline in ammonium and the increase in the NO;:NH4 ratio and net
nitrification at the hillslope soils, which have already been documented in this forest (Montafio
et al., 2007). Overall, it seems that, as hypothesized, the differences in C mineralization and
nitrification between our study sites are due to the presence of different bacterial functional
groups.

We also found two remarkable patterns in relation to the composition of heterotrophic
bacterial species: (1) 47% of bacteria were exclusive found in soil with high resource
availability, and (2) there was a low similarity in bacterial species composition between sites
(36%). This may indicate that not all heterotrophic bacteria respond in the same way to
resource availability. Similarly, the presence of some species of bacteria in a given site depend
on adaptations to specific resource limitations, such as has been showed for some
microorganisms in other studies (Belotte et al, 2003; Goddard and Bradford, 2003). This
hypothesis is further supported by another study conducted in the same forest as in the present
study, where molecular tools revealed that the hilltops had higher bacterial diversity than the
hillslopes, with 36% and 26% of the bacteria exclusively found for each site, respectively
(Noguez et al., 2005). The results from the present study and that of Noguez et al. (2005)

suggest that soil bacteria are non-ubiquitous and non-randomly distributed in this particular
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forest, which may be explained by the influence of resource availability on bacterial
community structure (Torsvik et al., 2002; Cookson et al., 2005; Cookson et al., 2007).

Correlations between species richness and functional processes have been reported
previously (Schwartz et al., 2000). However, in our study bacterial functional groups, but not
total species richness of heterotrophic bacteria was related to the two functional processes
studied. Some reasons for that could be: (1) only a small fraction of the total bacterial
community was measured due to the limitation of the culturable bacteria methods used in this
study, (2) other microbial groups may be responsible for most C mineralization or nitrification
rather than bacteria, such as fungi (Waldrop et al., 2000) or archaea (Leininger et al., 2006),
and (3) probably the bacterial composition is more important than the number of species
present in soil. Even though we found that bacterial composition was only marginally related
to C mineralization and nitrification, the high dissimilarity in bacterial composition between
sites suggests that resource utilization might depend on the kind of bacteria present and of
their functional capabilities in a given site, which affect C and N dynamics. This finding is
supported by other studies suggesting that microbial composition have a strong influence on
soil functional processes (Waldrop et al., 2000; Balser et al., 2002). Nevertheless, the
abundance of heterotrophic bacteria was an important factor affecting C mineralization in our
study sites. This is in agreement with Carney and Matson (2005), who reported a strong
relation between microbial biomass and C dynamics in a tropical forest, and suggests that soil
bacterial abundance could also be important for soil C processes. Nitrification, in contrast, was
more closely related to bacterial composition, likely due to the presence of heterotrophic
bacteria that may not be competitive enough for ammonium since they grow slowly when
resource availability is low. This situation favors the nitrifying bacteria, as we explained
previously.

In conclusion, our study suggests that active microbial biomass and the richness of
culturable bacteria depend on nutrient availability, but the high dissimilarity between hilltops
and hillslopes indicates that not all bacterial species or groups respond to resource availability
in the same way. These results support the hypothesis that soil bacteria are not ubiquitous,
because their presence presumably depends on the availability of different resources.
Similarly, changes in bacterial functional groups (heterotrophs and nitrifiers), and in both
composition and abundance of heterotrophic bacteria had a stronger influence in soil C and N
dynamics of this tropical deciduous forest than changes in species richness. The main

functional implication of the seasonal impairment of microbial biomass and bacterial richness
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is that during the dry season only a few bacterial species favoured by nutrient availability and
tolerant to water stress could be acting as a soil nutrient-conservation mechanism in this forest.
Consequently, we also suggest that a change in bacterial composition is induced when soluble

resources are low, which allows the degradation and use of less labile resources.
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TABLES
Table 1

Means (and standard errors) for pH, moisture, total nutrient concentrations, and C:nutrients

ratios for hilltops and hillslopes in a tropical deciduous forest of Chamela Jalisco, Mexico.

Sampling dates (season) F-ratios: source of variation
Dry Early-Rainy Rainy Site (S) Date (D) DxS

pH (water:soil 2:1) 9.7 4.6" 337
Hilltop (high C) 6.6 (0.1* 6.8 (0.1  6.6(0.1)"
Hillslope (low C) 6.2 (0.1 6.5(0.1)®  6.5(0.1)*

Moisture (%) 182" 195.6 2.6™
Hilltop (high C) 2.7 (0.8)* 159 (0.5 6.6 (0.4)™
Hillslope (Iow C) 1.8 (0.6)® 123 (0.9 4.8 (0.3)"®

Total soil C (mg C g™) 3587 024™ 031"
Hilltop (high C) 30.4 (2.4 31.7(1.1)* 308 (1.8)*
Hillslope (low C) 21.3(1.8)" 21.5(1.9  23.4(1.6)®

Total soil N (mg N g™) 1.7™ 0.59™  0.58™
Hilltop (high C) 3.3(0.2)* 3.0 (0.2 3.30.1)"
Hillslope (low C) 2.9 (0.2)y* 3.0(02)*  3.2(0.1)"

Total soil P (mg P g™) 3.6™ 4.7" 0.20™

Hilltop (high C) 0.24 (0.02)** 0.23 (0.02)**  0.26 (0.02)**
Hillslope (Iow C) 0.20 (0.02)** 0.20 (0.02)**  0.22 (0.02)**

ok

Total soil C:N 12.8 0.46™ 0.76 ™
Hilltop (high C) 9.2 (0.9 11.1 (1.3 9.3(0.6)*
Hillslope (low C) 7.2 (0.5)"® 73 (0.7 7.5(0.5)®

Total soil C:P 3.0™ 1.1 0.64™
Hilltop (high C) 137 (17)* 145 (15" 118 (12)*
Hillslope (low C) 111 (13)* 11 (D™ 107 (8 )

Values followed by a different uppercase letter (A and B) indicate that means are significantly different (p < 0.05) between
sites (hilltop vs hillslope) within sampling date. Similarly, different lowercase letter (a, b, c) indicate that means are

significantly different (p < 0.05) among sampling dates within a site. RMANOVA F-ratios with: ns= not significant.
*p <0.05; ** p<0.01 and *** p < 0.001
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Table 2

Seasonal variation in nutrient availability: dissolved organic carbon (DOC), ammonium (NHy-
N), nitrate (NOs3-N), and bicarbonate extractable phosphorous (B-Pi) concentrations, and NOs-

N:NH;4-N ratios for hilltops and hillslopes in a tropical deciduous forest of Chamela Jalisco,

Mexico.
Sampling dates (season) F-ratios: source of variation
Dry Early-Rainy Rainy  Site (S) Date (D) DxS

DOC (ug C g’ 544 707 10.7"
Hilltop (high C) 522 (43 134 (8.0)* 246 (15)**
Hillslope (low C) 278 (12)* 111 (9.0 147 (28)*®

NH,-N (ugN g 1177 4017 1.7
Hilltop (high C) 17 (1™ 11 (0.6)* 6 (1)
Hillslope (low C) 14 (1)™ 6 (1.0)*8 3(1)®

NOs-N (ugNg?) 40™ 5.1 0.23"
Hilltop (high C) 16 (2)** 26 (4)** 20 (5)*
Hillslope (low C) 19 (1)** 29 (5)* 27 (3)*

NO;-N:NH,-N ratios 89" 1977 2.6™
Hilltop (high C) 1.0 (0.1)*® 2404 610"
Hillslope (low C) 1.4 (0.1)** 6.52.1D)" 1142

Pi(ugPg") 3.1™ 216 142"
Hilltop (high C) 40 (2)* 20 (4™ 323"
Hillslope (low C) 37 (3)* 42 (8 17 (3)°®

Values followed by a different uppercase letter (A and B) indicate that means are significantly different (p < 0.05) between
sites (hilltop vs hillslope) within sampling date. Similarly, different lowercase letter (a, b, c¢) indicate that means are
significantly different (p < 0.05) among sampling dates within a site. RMANOVA F-ratios with: ns= not significant. * p
< 0.05; ** p <0.01 and *** p < 0.001. DOC= dissolved organic carbon, Pi= inorganic phosphorus extracted with

sodium bicarbonate.
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Table 3

List of heterotrophic bacterial species identified at the hilltop and hillslope soils of a tropical

deciduous forest of Chamela, Mexico. Total relative frequencies (%) per species at each site in

columns and date in which species was recorded in parenthesis: I= dry, II= early-rainy, I1I=

rainy seasons.

Hilltop Hillslope Common
Genera Species (high C) (low C) species
Gram-positive:
Arthrobacter Arthrobacter globiformis 3.6(D
Arthrobacter mysorens 4.5 (I1I)
Bacillus Bacillus cereus 14.1 (11, IIT) 40.7 (11, TIT) X
Bacillus cereus kurstakii 2.3 (11D
Bacillus circulans 15.5 (I, I) 6.1 (II) X
Bacillus lentimorbus 9.5 (I, 1)
Bacillus megaterium 23.5 (LILII) 47.7 (1, 11, 1I1) X
Bacillus simplex 5.3 (1D
Bacillus thuringiensis canadesis 3.0 (IIT)
Bacillus thuringiensis isralensis 10.5 (IT)
Bacillus thuringiensis kurstakii 7.0 (1, II) 16.6 (11, IIT) X
Bacillus thuringinesis dendrolium 16.7 ()
Brevibacillus Brevibacillus brevis 9.4 () 3.0 (II) X
Brevibacillus epidermidis 6.8 (III) 3.0 (IIT) X
Brevibacillus laterosporus 16.7 (1, I) 36.4 (1, 11I) X
Brevibacillus laterosporus linens 3.0 (IIT)
Brevibacterium Brevibacterium epidermidis 3.0 (IIT)
Brevibacterium iodinum 3.0 (IIT)
Brochothrix Brochothrix campestris 2.4 (1IN
Brochothrix thermosphacta 3.0 (IIT)
Callulomonas Cellulomonas cartae 9.4 (11, III)
Cellulomonas turbata 10.6 (1, 11, IIT)
Kocuria Kocuria varians 10.1 (1, IIT) 9.1 (II) X
Micrococcus Micrococcus luteus 6.8 (IIT) 6.1 (IIT) X
Mocrobacterium Mocrobacterium imperiale 5.3 (1D
Nocardia Nocardia asteroides 2.4 (1IN
Paenibacillus Paenibacillus glucanolyticus 2.4 (1)
Paenibacillus macerans 6.0 (I, ID) 5.3 D) X
Paenibacillus pabuli 2.3 (11D 6.1 (II) X
Paenibacillus polymyxa 7.1 (1) 3.0 (IIT) X
Paenibacillus thiaminolyticus 3.6 (D) 6.1 (III) X
Rathyibacter Rathayibacter rathayi 3.0 (IIT)
Salmonella Salmonella bongori 4.5 (11I0)
Staphylococcus Staphylococcus saprophyticus 9.4 (Il 8.3 (11, III) X
Staphylococcus xylosus 8.3 (11, III)
Streptoverticillium  Streptoverticillium reticulum 2.4 (II)
Morphotypes morphotype 18 2.4 (II)
morphotype 19 2.4 (1I)
morphotype 21 2.4 (II)
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Table 1 conitueded

Acinetobacter

Bergeyella
Cedecea
Hryseobacterium
Enterobacter
Escherichia
Gordona
Klebsiella

Kluyvera
Pseudomonas

Sphingobacterium

Xanthobacter

Total species
Exclusive species

morphotype 51
morphotype 56

Gram-negative:
Acinetobacter baumannii
Acinetobacter haemolyticus
Bergeyella zoohelcum
Cedecea neteri
Chryseobacterium balustinum
Enterobacter cancerogenus
Escherichia coli

Gordona amarae

Klebsiella pneumoniae
Klebsiella pneumonie ozaenae
Klebsiella trevisanii

Kluyvera ascorbata
Pseudomonas putida biotipe A
Salmonella choleraesuis
Salmonella choleraesuis diarizonae
Sphingobacterium multivorum
Sphingobacterium spiritivorum
Xanthobacter agilis
morphotype 22

morphotype 42

2.4 (1)
6.9 (I1I)

7.0 (1)
9.5 (I, I0)
9.5 (1, I0)

2.3 (I1I)
2.4 (1)
2.3 (I
4.5 (II0)
4.7(11, TII)
4.5 (1)
6.8 (I10)
2.3 (11I)
2.3 (1)

2.3 (II)

2.3 (II)

18.9 (I, I1, TII)
2.3 (L II)

2.4 (II)

2.4 (II)

48
29

3.0 (I10)

6.1 (I1I)

5.3 (I10)

10.5 (III)
3.0 (1)
5.3 (1)
5.3 (1)

32
13

19
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Table 4

Stepwise multiple regression, correlation coefficient and significance levels to detect controls
on microbial biomass, culturable heterotrophic bacteria (number, richness and composition of
species) and on potential C mineralization and net nitrification in the soil from a tropical

deciduous forest of Mexico.

2

Y-variable Log X-variable r r

Microbial biomass C DOC 0.34 0.16*

Heterotrophs bacteria (HB) counts =~ Ammonium 0.53 0.39%**
DOC 0.20

Nitrifying bacteria counts DOC -0.32 0.07*

HB species richness Pi -0.34 0.08*

Gram-positive bacteria counts none none none

Gram-negative bacteria counts Ammonium 0.35 0.11%*

Potential C-mineralization DOC 0.61 0.43%%*
HB counts 0.34

Net nitrification Ammonium -0.38 0.32%**
DOC -0.32

Regression analyses were performed on pooled data across the sites and seasons (forward procedure with n= 60).
In the analyses all soil variables were incorporated in the model to detect the main controls on Y-variable with
two exceptions: for microbial variables both mineralization and nitrification were excluded and for both C
mineralization and nitrification the manipulated variables during the incubation were not considered.

DOC= dissolved organic carbon, Pi= inorganic phosphorus extracted with sodium bicarbonate, HB=

heterotrophic bacteria. p < 0.05; ** p <0.01 and *** p < 0.001.
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Table 5

Pearson’s correlations among heterotrophic bacterial composition (measured as the PCl1),

available nutrients and functional processes in soil from a tropical deciduous forest of Mexico.

Bacterial composition (PC1) "

P values
Dissolved organic C 0.48
Ammonium 0.03
Nitrate 0.03
Bicarbonate-extractable Pi 0.97
Potential C mineralization 0.08
Net nitrification 0.06

" The values of this variable were calculated by Principal Components Analysis, where first principal component

(PC1) explained a 12% of total variance. Pi = inorganic phosphorus.

FIGURE CAPTIONS

Fig. 1. Seasonal variation in (a) microbial carbon and total number of culturable bacteria
(CFU): (b) heterotrophs and (c) nitrifiers at hilltop and hillslope soils (high C and low C
respectively) in a tropical deciduous forest of Chamela, México.

Different uppercase letter (A and B) indicate that means are significantly different (p < 0.05)
between sites (hilltop vs hillslope) within sampling date. Similarly, different lowercase letter
(a, b, c) indicate significant differences (p < 0.05) among sampling dates within a site.

RMANOVA F-ratios with: ns= not significant, * p <0.05, ** p <0.01, *** p <0.001

Fig. 2. Seasonal variation in heterotrophic bacteria richness at hilltop and hillslope soils (high
C and low C respectively) in a tropical deciduous forest of Chamela, México. (a) The observed
species richness (S obs) is in terms of the average of species and (b) estimated species richness
using the nonparametric estimator Chao2, which is based on incidence (presence/absence) of
species.

Different uppercase letter (A and B) indicate that means are significantly different (p < 0.05)
between sites (hilltop vs hillslope) within sampling date. Similarly, different lowercase letter
(a, b, ¢) indicate significant differences (p < 0.05) among sampling dates within a site.

RMANOVA F-ratios with: ns= not significant, * p <0.05, ** p <0.01, *** p <0.01
56
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Fig. 3. Dissimilarity cluster (Ward's method, based on Euclidean distances) showing
differences in heterotrophic bacterial composition at the hilltop and hillslope soils (high C and
low C respectively) collected in Dry, Early-rainy (E-rainy) and Rainy seasons in a tropical

deciduous forest of Chamela, Mexico.

Fig. 4. Seasonal variation of (a) potential C mineralization rate (CO,-C), and (b) net
nitrification after a 16-day incubation period in hilltop and hillslope soils (high C and low C
respectively) from a tropical deciduous forest at Chamela, Mexico.

Different uppercase letter (A and B) indicate that means are significantly different (p < 0.05)
between sites (hilltop vs hillslope) within sampling date. Similarly, different lowercase letter
(a, b, c¢) indicate significant differences (p < 0.05) among sampling dates within a site.

RMANOVA F-ratios with: ns= not significant, * p <0.05; ** p <0.01, *** p <0.001
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Resumen: Este estudio examind la variacion estacional de la relacion entre el C organico
disuelto (COD), la disponibilidad de P (P; y P, labiles extraibles en bicarbonato y P
microbiano) y la actividad de las fosfatasas en suelos con diferente concentracion de C
organico (crestas y laderas) de un bosque tropical caducifolio en México durante dos afios
consecutivos (2003 y 2004). Los resultados indican que las concentraciones de COD y de C
microbiano fueron mayores en el suelo de la cresta, mientras que la concentracion de P, y la
actividad de las fosfatasas fueron similares en ambos suelos. Las concentraciones de P; fueron
menores y las de P microbiano mayores en el suelo con mads COD en la estacion seca y al
inicio de la estacion lluviosa del 2003, sugiriendo inmovilizacién microbiana de P cuando la
precipitacion se distribuye mas homogéneamente. Sin embargo, esto no ocurrié en el 2004,
cuando la precipitaciéon se concentré al inicio de la estacion humeda. En contraste, la
concentracion de P; fue mayor en el suelo con mayor COD que en el suelo con menor COD en
la estacion lluviosa de ambos afios. Las concentraciones de P, y P; aumentaron en el 2003 de
la estacion seca a la lluviosa y disminuyeron en el mismo sentido en el 2004 en ambos suelos.
En conjunto, los resultados indican parcialmente que el C disponible podria regular la
dindmica del P;, pero depende de la variacion estacional de la humedad del suelo. Sin
embargo, los datos no mostraron una relacion entre la dindmica del P, y la disponibilidad de C
en el suelo. Este estudio sugiere que la dindmica de ambas fracciones labiles de P podria
depender mas de la variacion en la humedad que de la disponibilidad del C en el suelo del

bosque tropical caducifolio.

Palabras Clave: Bosque tropical seco, carbono organico disuelto, disponibilidad de fosforo,

fosforo microbiano, fosfatasas, transformaciones del fosforo en el suelo.

Abreviaciones: P; Fosforo inorganico, P, fosforo organico, COD carbono organico disuelto

Abstract: Seasonal variation of the relationship among dissolved organic C, labile P dynamics
(labile P, and P; extracted with NaHCOs3, and microbial P) and phosphatases were studied
during two consecutive years (2003 and 2004) in soils with different organic C concentrations
(hilltop and hilslope) of a tropical deciduous forest in Mexico. We found that the hilltop soil
had higher DOC and microbial C concentrations than the hillslope soil, while P, concentration

and phosphatase activity were similar in both soils. P; concentrations were lower and microbial
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P were higher at the hilltop soil (high DOC) during the dry and early-rainy seasons in 2003,
suggesting microbial P immobilization when the rain was better distributed across the wet
season. However, this did not occur in 2004, when the rain was concentrated in the early-rainy
season. In contrast, P; concentration was higher at the hilltop than at the hillslope soils in the
rainy season during the two study years. P, and P; concentrations increased in 2003 and
decreased in 2004 from the dry to the rainy season in both soils. As conclusion, our results
may suggest that available C likely appears to control P; dynamics, but this depend on seasonal
variation of soil moisture, while a relationship between P, dynamics and soil C availability
was not found. This study supports that soil P; and P, dynamics could be more coupled to soil

moisture variations than with C availability in the tropical deciduous forest soils.

Key Words: Dissolved organic carbon, microbial P, P availability, phosphatases, soil P forms,

tropical dry forest

Abbreviations: P; inorganic phosphorus, P, organic phosphorus, DOC dissolved organic C

1. INTRODUCCION

El fosforo (P) es esencial en la nutricion de las plantas y de los microorganismos, pero solo
pueden asimilarlo en forma inorganica (P;) (Chapin et al. 2002). El P; es producto de la
mineralizacion del P organico (P,) o del intemperismo de los minerales fosfatados del suelo;
sin embargo, en el suelo la incorporacion del P; por intemperismo es minima y muy lenta por
lo que la principal fuente de P disponible es la mineralizacion de compuestos organicos
(McGill y Cole 1981, Tate 1984, Chapin et al. 2002). Las enzimas encargadas de mineralizar
el P, son las fosfatasas, las cuales son producidas por plantas, hongos y microorganismos.
Estas exoenzimas hidrolizan enlaces diéster y liberan el P; en el suelo (Paul y Clark 1989).
McGill y Cole (1981) y otros autores sugieren que la produccion de las fosfatasas estd ligada a
la disponibilidad de P; la cual, si es baja, induce la produccion de las fosfatasas (Spiers y
McGill 1979, Sinsabaugh 1994, Olander y Vitousek 2000). No obstante, desde una perspectiva
microbiana la disponibilidad de C podria ser un factor para la produccion de las fosfatasas y en

consecuencia para la mineralizacion de P, y la disponibilidad del P;, debido al alto costo
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energético que implica la produccion microbiana de estas exoenzimas (Olander y Vitousek
2000, Allison y Vitousek 2005).

Varios estudios han demostrado que la adiciéon de sustratos ricos en C organico y
nutrimentos incrementa la actividad enzimatica y la disponibilidad de P en el suelo (Spiers y
McGill 1979, Falih y Wainwright 1996, Gressel y McColl 1997, Allison y Vitousek 2005).
Asimismo, se ha documentado que los suelos con mayor concentracion de materia organica
presentan mayor mineralizacion del P, (Nguyen y Marschner 2005). Sin embargo, otros
estudios no encuentran ningtn efecto de la disponibilidad de C sobre la actividad enzimatica y
la disponibilidad de P (Chauhan et al. 1981, Cleveland et al. 2004), o bien documentan que la
actividad incrementa s6lo cuando se adiciona al suelo C menos 1abil (e.g. celulosa; Shackle et
al. 2000). Estos resultados contrastantes revelan que la relacion entre el C disponible y la
dindmica del P atin no ha sido completamente comprendida. En particular, la importancia del
C disponible en la mineralizaciéon de P ha sido poco estudiada en los suelos de bosques
tropicales, pero se ha sugerido una relacion positiva entre el C organico y la disponibilidad del
P en el suelo de este tipo de bosques (Frizano et al. 2003, Johnson et al. 2003, Chacon et al.
2005a).

El P es considerado un nutrimento esencial en el funcionamiento de los bosques
tropicales caducifolios (Jaramillo y Sanford 1985). En la mayoria de los suelos, el P;
disponible es controlado por el sistema geoquimico y la mineralizacion (Gressel y McColl
1997), pero en suelos tropicales donde domina el P,, la disponibilidad de P; depende
principalmente de la mineralizacion (Tiessen et al. 1984, Johnson et al. 2003, Chacon et al.
2005a). En el caso del bosque tropical caducifolio en la region de Chamela, Jalisco México, el
P, del suelo comprende mas del 68% del P total, mientras que la disponibilidad de P; es
reducida (Giardina et al. 2000, Campo et al. 2001b). Asimismo, la disponibilidad de P; es mas
baja en la estacion himeda que en la estacion seca (Campo et al. 1998, Campo et al. 2001D).
El predominio del P, y la baja disponibilidad de P; durante la estacion de crecimiento coincide
con una concentracion de C soluble y actividad microbiana reducidas en el suelo (Montafo et
al. 2007). Esto sugiere que, alternativamente a lo propuesto por McGill y Cole (1981), el C
disponible podria estar limitando la mineralizaciéon del P, y por lo tanto controlando la
disponibilidad del P; en el suelo de estos bosques.

El objetivo de este estudio fue evaluar la relacion entre el C orgénico disuelto (COD) y
la disponibilidad de P en el suelo del bosque tropical caducifolio en Chamela, México. Para

esto se cuantificé la variacion estacional del COD, la de tres fracciones labiles de P (P; y P,
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extraibles en bicarbonato y P microbiano) y de las fosfatasas en dos suelos con diferente
concentracion de C organico. Se esperaba una mayor concentracion de formas disponibles de
P en el suelo con més C orgénico disuelto, debido a una mayor disponibilidad de C para la

actividad de las comunidades microbianas heterétrofas que mineralizan el P organico.

2. MATERIALES Y METODOS
2.1. Zona de estudio

Este estudio se llevd acabo en un bosque tropical caducifolio localizado en la Reserva
de la Biosfera Chamela-Cuixmala, en Jalisco México (19°29° Ny 105° 01° W). La temperatura
media anual es 24.6°C y la precipitacion promedio anual es 746 mm (1983-2004). El patron de
la lluvia es estacional con siete meses de estacion seca y el 80% de la lluvia anual se concentra
de junio a octubre (Garcia-Oliva et al. 2002). La vegetacion es un bosque tropical caducifolio
muy diverso, cuyas especies arboreas pierden sus hojas al final de la estacion lluviosa (Lott
1993, Martinez-Yrizar et al. 1996). El suelo esta clasificado en el sistema FAO como un
Regosol Eutrico (Cotler et al. 2002), tiene un pH de 6.8, formado de riolita del Terciario y
tiene una textura migajon-arcillo-arenosa (Solis 1993) con caolinita como arcilla dominante
(Campo et al. 2001a). El contenido de materia organica en el suelo es menor al 5% y se

concentra en los primeros 5 cm de profundidad (Garcia-Oliva y Maass 1998).

2.2. Diserio experimental y muestreo de suelo

El estudio se realiz6 en un bosque no perturbado localizado sobre tres cuencas
hidrologicas usadas para estudios de largo plazo (Maass et al. 2002). Las cuencas tienen el
mismo material parental, tipo de vegetacion y su relieve tiene diferentes unidades topograficas
con distintas pendientes y orientaciones (Lopez-Blanco ef al. 1999). Para establecer los sitios de
muestreo dentro de las cuencas, se seleccionaron dos tipos de unidades topograficas: Crestas
(pendiente: 1.2° + 0.7) y Laderas con orientacion sur (pendiente: 26° + 3), debido a sus
diferencias en las concentraciones de C total (37.4 y 24.2 mg C g para cresta y ladera,
respectivamente) y de C disponible (244 y 92 ug C g™’ para crestas y laderas, respectivamente;
Montaio et al. 2007). Los suelos de ambas posiciones topograficas tienen un indice similar de
radiacion solar (IRS: 4356 y 4426 MJ m” afio” para cresta y ladera, respectivamente; Galicia
et al. 1999), textura (Solis 1993), contenido de humedad y dan soporte a un tipo de vegetacion

semejante (Balvanera et al. 2002).
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El suelo fue colectado por dos afios consecutivos: 2003 y 2004, los cuales tuvieron una
distribucion intra-anual de la lluvia distinta (Fig. 1). Ademas, el primer afo present6 un total
de lluvia cercano al promedio anual (794 mm), mientras que el segundo tuvo una precipitacion
por debajo del promedio anual (580 mm). En ambos afios el suelo fue colectado en tres fechas
de muestreo: estacion seca (abril), inicio de lluvias (julio) y en la mitad de la estacion de
lluvias (septiembre). Para el muestreo se establecieron 10 parcelas (10 X 15 m) en las crestas y
laderas, las cuales fueron distribuidas en las tres cuencas experimentales. Las parcelas tenian
una distancia minima de 300 m entre ellas. Las parcelas se dividieron en cuadrantes de 1 m® y
en cada parcela se colectaron al azar 15 sub-muestras de suelo (una de cada cuadrante) de los
primeros 5 cm de profundidad en cada una de las fechas Las sub-muestras fueron mezcladas
para formar una muestra compuesta por parcela. Las muestras compuestas fueron almacenadas
en bolsas negras y se mantuvieron en refrigeracion (10 °C) hasta su procesamiento en el

laboratorio.

2.3. Humedad, pH y nutrimentos del suelo

Las muestras de suelo fueron tamizadas con una malla de 2 mm. El pH del suelo fue
medido usando una relacion suelo:agua desionizada (1:10 p/v) y un potencidémetro
(Corning).Una sub-muestra de suelo fue secada a 75 °C hasta peso constante para medir la
humedad del suelo por el método gravimétrico. Una porcion del suelo seco fue molida en un
mortero de agata para la cuantificacion de los nutrimentos totales. Todas las formas de C
fueron determinadas con un Auto-analizador de Carbono Total UIC Mod. CM5012 (UIC
1995), mientras que las formas de P fueron determinadas con un Auto-analizador Bran-Luebbe
III (Norderstedt, Alemania). El C total fue determinado por combustién y deteccion
coulométrica (UIC 1995). El P total fue determinado después de una digestion acida por el
método del molibdato seguido de una reduccion con acido ascorbico (Murphy y Riley 1962) y

fue cuantificado por colorimetria (Technicon 1977).

2.4. Disponibilidad de C y P

El carbono orgénico disuelto (COD) fue usado como un indice de disponibilidad de C
(Montaio et al., 2007). E1 COD fue extraido agitando durante 1 h, 20 g de suelo en 80 mL de
agua desionizada (Jones y Willett 2006). El extracto fue filtrado a vacio a través de una
membrana Millipore 0.42 pm y determinado por coulometria (UIC 1995). El P inorgénico y el

P orgénico extraibles en bicarbonato fueron extraidos siguiendo el método de fraccionamiento
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de Hedley (1982), modificado por Campo et al. (1998). Un gramo de suelo fue colocado en
tubos de centrifuga y se le adicionaron 30 mL de bicarbonato de sodio (NaHCOs 0.5 N, pH
ajustado a 8.5). La suspension fue agitada durante 16 hs a velocidad lenta y fue centrifugada a
3500 rpm durante 30 minutos. El sobrenadante fue filtrado a través de papel Whatman no. 42
para obtener el P inorganico y posteriormente el P total extraible en bicarbonato. Para
determinar el P inorganico extraible en bicarbonato (Pj-bicar), 3 mL del extracto fueron
neutralizados usando fenolftaleina y una solucion 10M de NaOH, seguido de la adicion de
HCI 5 M. Una vez realizada la neutralizacion los extractos fueron aforados a 25 mL y
determinados como ortofosfatos por el método colorimétrico (Technicon 1977). El P total
extraible en bicarbonato se determin6 por digestion 4cida persulfatada. Para ello, a 5 mL del
extracto en bicarbonato se le agregaron 1.113 mL de una solucion 11 N de éacido sulfurico
(H2SO,4), seguido de la adicion de 0.7 mL de persulfato de amonio ((NHy4),S,0s). Después,
toda la solucion se digirio por una hora con un autoclave a 121 © C y 20 PSI de presion. Junto
con las muestras también se pusieron estdndares con distintas concentraciones conocidas de P
y blancos de referencia. Posteriormente las muestras digeridas (transparentes y frias) fueron
neutralizadas usando p-nitrofenol como indicador y NaOH 5 M para virarlo a amarrillo y una
solucion 10 M de HCI para virarlo a transparente. Al final, el extracto fue aforado a 25 mL y
determinado como ortofosfato por el método colorimétrico (Technicon 1977). El P orgéanico
extraible en bicarbonato (P, bicar) se obtuvo de la diferencia entre el P total extraible en

bicarbonato menos el P;-bicar.

2.5. Cy P en la biomasa microbiana

El C y P en la biomasa microbiana fueron determinados por el método de fumigacion y
extraccion (Brookes et al. 1982; Vance et al. 1987). Una sub-muestra de suelo (20g) fue
pesada por duplicado. Una de ellas fue fumigada con cloroformo y la otra se mantuvo sin
fumigar. Posteriormente, el suelo fumigado y el no fumigado fueron incubados durante 24 h a
25 °C y humedad constante. El C microbiano fue extraido de muestras fumigadas y no
fumigadas con sulfato de potasio (K,SO4). El extracto fue filtrado a través de un papel
Whatman No. 42 y el C en los extractos fue determinado por combustion y coulorimetria
usando un Auto-analizador de C (UIC 1995). EI C microbiano fue calculado de la
concentracion de C de las muestras fumigadas menos el de las muestras no fumigadas,
dividiendo los valores entre un Kg. de 0.45 (Brookes et al. 1985). El P microbiano de las

muestras fumigadas y no fumigadas fue extraido usando bicarbonato de sodio (NaHCO; 0.5 N,
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pH ajustado a 8.5). Los extractos fueron filtrados a través de un filtro Whatman No. 42 y
determinados como ortofosfatos por el método colorimétrico (Technicon 1977). El P
microbiano fue estimado mediante la diferencia en la concentracién de P entre las muestras
fumigadas y no fumigadas. La concentracion de P en la biomasa microbiana fue corregida por
fijacion de P durante el periodo de incubacion adicionando a un suelo testigo una cantidad
conocida de P en una solucion de KH,PO,. El valor de fijacion fue sumado a las muestras
fumigadas. Los valores de concentracion de muestras fumigadas y no fumigadas fueron
divididos entre un Kg, de 0.40 (Brookes et al. 1982). Los valores de C y P microbianos fueron

expresados con base en el peso seco de suelo.

2.6. Actividad enzimatica de las fosfatasas

La actividad de las fosfatasas acidas (EC 3.1.3.2) y alcalinas (EC 3.1.3.1) fue medida
por el método de Tabatabai y Bremner (1969), unicamente en el suelo colectado durante el afo
2003. Una submuestra de suelo (0.1 g) fue tratada con 0.2 mL de tolueno y 2 mL de buffer
universal modificado (MUB: pH de 5.5 para la fosfatasa 4acida y pH de 11 para la fosfatasa
alcalina) y homogeneizada por maceracion. En un vial, una alicuota de 0.3 mL del
homogeneizado fue combinada con 1 mL de p-nitrofenilfosfato (pNP) 3mM como sustrato y 4
mL de MUB. Esta nueva suspension fue incubada a 37 °C durante 1 h y posteriormente la
reacciéon fue detenida agregando ImL de CaCL.H,O 0.5M y 4mL de NaOH 0.5M. La
suspension fue agitada y filtrada a través de un papel Whatman No. 2. La absorbancia del
filtrado fue medida a 400 nm en un espectrofotometro (Hitachi U-2000). La actividad de
ambas enzimas fue expresada en pg p-NP g de suelo seco h™' usando una curva estandar de

absorbancia versus p-nitrofenol.

2.7. Andlisis estadistico

Los datos fueron sometidos a un andlisis de varianza de medidas repetidas
(RMANOVA) con un factor entre grupos (sitio: cresta y ladera) y dos factores dentro de
grupos (afios y fechas de muestreo) que fueron tratados como medidas repetidas. Se usé una
correccion de Greenhouse-Geisser para el factor tiempo. Cuando se encontraron diferencias
significativas con el RMANOVA se usé una prueba de comparacion multiple Tukey’s HSD
para comparar los promedios (von Ende 1993). Los datos fueron trasformados a logaritmos
para ajustarlos a la distribucion normal cuando se requirid (Sokal y Rohlf 1995), pero se

presentan en su escala original de medicion. Se us6 el analisis de correlacion Pearson para
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encontrar la relacion entre las distintas variables del suelo. Todos los analisis se realizaron en
el programa Statistica vers. 6 (Statsoft 2000) y los promedios se consideraron

significativamente diferentes con una p < 0.05.

3. RESULTADOS
El pH del suelo tuvo en general poca variacion, fue ligeramente 4cido con valores en la
amplitud de 6.2 a 6.8 (Cuadros 1 y 2) y no correlacion6 con ninguna variable (Cuadro 3). La
humedad en el suelo de la cresta fue ligeramente mayor que en el suelo de la ladera en los dos
afos de estudio (Cuadros 1 y 2). En 2003, la humedad del suelo fue mayor en la estacion
lluviosa, pero en el 2004 la maxima humedad en el suelo fue registrada al inicio de la estacion
de lluvias (Cuadro 2). Esto se debio al patron de distribucion de la lluvia en cada afio (Fig. 1).

En los dos afos de estudio el suelo de la cresta tuvo concentraciones de C y P total
mayores que el suelo de la ladera (Cuadros 1 y 2). En el 2003 las concentraciones de C y P
total fueron menores en la estacion himeda que en las otras estaciones, pero en el 2004 estas
diferencias no se presentaron (Cuadros 1 y 2). El cociente C:P no vari6 entre los sitios, los
afios o las estaciones (Cuadro 1). Con excepcion del inicio de lluvias en el 2004, los suelos de
la cresta tuvieron mayor concentracion de COD que los suelos de la ladera (Cuadro 1 y Fig.
2a). La concentracion de COD fue menor en el 2003 que en el 2004 y en ambos afos la
concentracion de COD disminuyd en general de la estacion seca a la lluviosa (Fig. 2a). La
concentracion de C microbiano fue en general mayor en el 2004 que en el 2003 y, en ambos
afos, el suelo de la cresta tuvo mas C microbiano que el suelo de la ladera (Cuadro 1, Fig. 2b).
La concentracion de C microbiano disminuy6 de la estacion seca a la estacion lluviosa en
todos los casos (Cuadro 1 y Fig. 2b).

El P inorgénico (P;) vari6 estacionalmente pero dependi6 del afio y del sitio (Cuadro 1
y Fig. 3a). El P; aument6 de la estacion seca (28 pug g) a la estacion lluviosa (43 pg g”) en el
2003, mientras que en el 2004 la concentracion de P; en el suelo disminuy6 de la estacion seca
(39 ug g") a la lluviosa (24 pg ). En el inicio de Iluvias, el suelo de la ladera tuvo mayor
concentracion de P; que el suelo de la cresta, pero en la estacion lluviosa el suelo de la cresta
tuvo mayor concentracion que el suelo de la ladera (Fig. 3a). La fraccion de P, fue ligeramente
mayor en el suelo de la ladera (117 pg g'1) que en el suelo de la cresta (102 pug g). En el afio
2003, en ambos sitios la concentracion de P, fue mayor en la estacion hiimeda que en la

estacion seca; mientras que en el 2004 la concentracion mas baja de P, se encontr6 al inicio de
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las lluvias (Fig. 3b). El P microbiano difiri6 entre sitios solo en algunas estaciones y mostro
variaciones estacionales no consistentes entre afios (Cuadro 1). Por ejemplo, en el 2003
disminuy6 de la estacion seca a la lluviosa en ambos sitios (cresta y ladera), mientras que en el
2004, la concentracion de P microbiano fue en general mayor al inicio de la estacion lluviosa
en ambos sitios (Fig. 3¢). El cociente C-organico:P, labil (C,:P,) fue mayor en el suelo de la
cresta que en el de la ladera. Este cociente fue mayor en la estacion seca que en la lluviosa en
ambos sitios en el 2003, pero en el 2004 fue mayor al inicio de lluvias (Cuadro 1, Fig. 4). La
actividad de la fosfatasa 4acida fue mayor que la de la fosfatasa alcalina. La actividad de ambas
enzimas fue medida unicamente en el afio 2003 y no vari6 entre los sitios (Fig. 5). La actividad
de la fosfatasa 4cida fue mayor durante la estacion lluviosa en ambos sitios, pero no asi en el
caso de la fosfatasa alcalina (Fig. 5a y 5b).

El andlisis de correlacion mostré que la humedad del suelo fue correlacionada
negativamente con el COD y con el C y P microbianos y positivamente con el P; y el P, en el
2003, pero en el 2004 solo correlaciond negativamente con el COD y el P, (Cuadro 3). El
COD correlacion6 positivamente con el C microbiano en los dos afios de estudio y
positivamente con el P microbiano sélo en el 2003. La correlacion del COD con el P; y el P,
fue negativa en el 2003 y positiva en el 2004. El P; se correlacion6 negativamente con el C y el
P microbianos en el 2003 y positivamente con el C microbiano en el 2004. Asimismo, el P, se
correlacion6 negativamente con el P microbiano (Cuadro 3). El cociente C,:P, se correlacion6
(p= 0.05) positivamente con el COD (r= 0.65) y con el C y el P microbianos (r= 0.36 y 0.30,
respectivamente). La actividad de las fosfatasas 4cidas se correlaciond positivamente con la
humedad y con el P,, pero negativamente con el COD y con el P;. En contraste, la actividad de

las fosfatasas alcalinas correlacion6 negativamente con el P; (Cuadro 3).

4. DISCUSION

Los resultados muestran que la mayor concentracion de COD en el suelo de la cresta estimulo
el crecimiento microbiano, posiblemente debido a que presentd mds C disponible para la
actividad microbiana, como han referido Montafio et al. (2007) para este bosque Asi, se
esperaba que la disponibilidad de C favoreciera la produccion de P, 1abil en el suelo de la
cresta, ya que, al estimular la actividad microbiana, promoveria la despolimerizacion de la
materia organica acumulada en este sitio (Gressel y McColl 1997; Galicia et al., 1995). Sin

embargo, la concentracion de P, 1abil fue similar en ambos suelos, a pesar de la diferencia en
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C disponible. Asimismo, la actividad similar de fosfatasa en estos suelos y la relacion negativa
del COD con el P, y las fosfatasas acidas sugieren que factores distintos a la disponibilidad de
C podrian estar regulando la mineralizacion del P, labil en los suelos de este bosque. Esto
coincide con lo reportado por Chauhan et al. (1981) y Cleveland et al. (2004); sin embargo,
contrasta con aquellos estudios donde suelos con més C organico labil tienen mayor actividad
de fosfatasas (Spiers y McGill 1979, Falih y Wainwright 1996, Allison y Vitousek 2005) y
mineralizacion de P (Nguyen y Marschner 2005).

La comparacion entre el suelo de la cresta y el suelo de la ladera indica que la dinamica
del P; labil, en contraste con el P,, podria estar afectada por la disponibilidad de C, pero
dependio de las diferencias en la variacion estacional de la humedad del suelo entre los dos
afios de estudio. En el 2003, cuando la lluvia se distirbuy6 con mayor uniformidad, la menor
disponibilidad de P; coincidié con una mayor concentraciéon de C y P microbianos en el suelo
con mas COD (i.e. cresta) en la estacion seca y al inicio de la estacion lluviosa. Esto sugiere
que el Pi pudo ser inmovilizado en la biomasa microbiana, debido a que este suelo tuvo més
disponibilidad de C que estimuld el crecimiento y los requerimientos microbianos de P
(Schimel y Weintraub 2003; Montafio et al. 2007 en revision). El cociente C,:P, mayor en el
suelo con mas COD durante estos periodos del 2003 también sugiere mayor inmovilizacion
microbiana de P cuando hay mas C disponible (Chacon et al. 2005b). Esto podria explicar una
menor concentracion de P; en el suelo de la cresta en estos periodos, ya que las diferencias de
P; entre los suelos de crestas y laderas no pueden deberse a una distinta absorciéon geoquimica
porque ambos suelos tienen similar textura y minerales arcillosos (Solis 1993, Campo et al.
2001a). Sin embargo, aunque en el 2004 el cociente C,:P, fue también mayor en el suelo de la
cresta indicando mas inmovilizacion microbiana de P que en el suelo de ladera (Chacon et al.
2005b), el fuerte pulso de lluvia al inicio de la estacion humeda nulifico las diferencias de P
microbiano entre ambos suelos. Esto indica que en el 2004 la disponibilidad de agua tuvo un
efecto mayor que el C disponible, debido a que el P microbiano responde rapidamente a los
cambios en la humedad del suelo (Campo ef al. 1998). En conjunto, estas evidencias indican,
solo parcialmente, que la relacion entre la inmovilizacion microbiana de P y la disponibilidad
de C podria determinar la dindmica del P;, ya que esta relacion depende de la variacion en la
humedad del suelo asociada con la cantidad y la distribucion de la lluvia.

En lluvias, la mayor disponibilidad de P; en el suelo de la cresta comparada con el
suelo de la ladera puede explicarse por dos posibles factores: (1) una mayor mineralizacion del

P, en el suelo de la cresta, sin embargo, los datos de este estudio no permiten asegurar esto
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mediante diferencias en la concentracion de P, entre los suelos, y 2) un aporte de P; 1abil por
un mecanismo distinto a la mineralizacion de la fraccion 14abil del P,. La acumulacién mayor
de mantillo en el suelo de la cresta y su descomposicion durante la época himeda (Martinez-
Yrizar y Sarukhan 1990, Anaya et al. 2007) sugieren una mayor incorporacion de P; al suelo
de la cresta, ya que el mantillo puede ser una fuente importante de P soluble al suelo (Yavitt y
Wright 1996, Campo et al. 2001b). Asimismo, otras fracciones menos labiles de P podrian
también estar aportando P; al suelo de la cresta. Un estudio previo en este bosque mostrd que
el suelo con mas COD tiene mas especies bacterianas de los géneros Bacillus, Brevibacillus,
Paenibacillus, Enterobacter y Pseudomonas (Montano et al., 2007 en revision), algunos de los
cuales han sido identificados como solubilizadores de P (Rodriguez y Fraga 1999). En un
bosque tropical hiimedo se ha reportado que la abundancia en algunos de estos grupos
bacterianos aumenta con la adiciéon de COD al suelo (Cleveland et al. 2007). Esto sugiere que
la disponibilidad de C favorece la presencia de especies bacterianas con capacidad de
solubilizar P y que podrian contribuir a aumentar el P; en el suelo de la cresta.

Al comparar los valores de P, y P; 1abil de la estacion seca y los de la estacion de
lluvias, se observa que los patrones estacionales de estas fracciones fueron similares entre los
suelos con mas y menos COD, pero difirieron en los dos afios de estudio. Esto puede
explicarse por las diferencias en la cantidad y distribucion de la lluvia entre los dos afios (Fig.
1). El aumento del P; de la estacion seca a la himeda en el 2003 es atribuido al continuo
humedecimiento del suelo asociado a una precipitaciéon mas uniformemente distribuida. Esto
posiblemente promovié también la incorporacion de P, a partir de la descomposicion del
mantillo y de la lisis celular microbiana (Campo et al. 1998, Halverson ef al. 2000, Giardina et
al. 2000, Campo et al. 2001b, Turner y Haygarth 2001; Turner et al. 2003). El aumento del P,
cuando el P microbiano disminuy6 enfatiza la importancia de la biomasa microbiana en la
produccion de P, el cual es fuente principal de P; en el suelo de los bosques tropicales
(Tiessen et al. 1984, Giardina et al. 2000, Johnson et al. 2003). Asi, una mayor mineralizacion
de P, posiblemente aumentd la concentracion de P; en el suelo durante la época humeda de
este afo. Este argumento se apoya en que hubo una mayor actividad de fosfatasas acidas en
este periodo del 2003. Los microorganismos producen fosfatasas acidas y alcalinas, pero su
aporte pudo ser reducido debido a que éste y estudios previos indican que su biomasa y la
disponibilidad de COD para su actividad son bajas durante lluvias (Garcia-Oliva et al. 2003;
Montaio et al. 2007). Esto sugiere que la produccion de fosfatasa acida en esta época del 2003

pudo deberse principalmente a las plantas (Paul y Clark 1989, Tabatabai 1994) ya que su
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demanda por P aumenta para su actividad y crecimiento (McGill y Cole 1981, Sinsabaugh
1994, Olander y Vitousek 2000). En contraste con el 2003, la lluvia se concentr6 al inicio de la
época humeda del 2004. Esto generd un fuerte pulso de humedad en el suelo que redujo el P, y
aument6 el P microbiano, lo que enfatiza la importancia de los cambios en la humedad del
suelo sobre la mineralizacion del P, y la inmovilizaciéon microbiana de P. Por otra parte, la
continlia toma de P; por las plantas y microorganismos son factores que podrian explicar la
disminucion del P; durante la época humeda.

En conclusion, este estudio revela que el posible efecto de la disponibilidad de C sobre
la dinamica del P; depende de la variacion estacional de la humedad del suelo. Se propone que
una mayor disponibilidad de C aumentaria la inmovilizacion y/o la solubilizacion microbiana
de P; solo bajo ciertas condiciones (umbrales) de humedad en el suelo. En contraste, no se
encontrd evidencia de que la mineralizacion de P, 1abil dependa del C disponible. Asimismo,
los distintos patrones estacionales de P, y P; 1abil entre afios, ocurriendo por igual en suelos
con distinta concentracion de COD, indica que la dindmica de ambas fracciones de P depende
mas de la variacion en la humedad del suelo debida a la cantidad y distribucion anual de la

lluvia que de la disponibilidad del C en el suelo de este bosque tropical caducifolio.
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Cuadros y Figuras

Cuadro 1. Resultados del ANOVA de medidas repetidas para los parametros del suelo de

cresta y ladera (sitios) de un bosque tropical caducifolio en Chamela, Jalisco México.

Fuente de variacion (F,)

Entre Dentro de grupos
grupos
Sitio (S) Afio (A) SxA Fecha(Ff) SxF AxF Sx AxF
pH 1.2 0.7 1327  0.52™ 042 55 4.8
Humedad 17.57 5147 0.62™ 390.8"°  0.81™ 22137 0.09™
Carbono total 93.4™" 0.10™  0.40™ 52" 0.40™  11.97 2.0™
Fosforo total 5.6 54" 0.96™ 23" 0.18® 20.19" 0.03™
C:P 2.8™ 1.01™  0.001™ 1.8  0.26™ 2.7
0.16™

COD 748" 5567 22™  67.077 49 13.2" 3.8
P; bicar 0.08™ 3.5 3.1 24" 3337 4227 3.0™
P, bicar 6.1" 9.9" 0.4™ 9.9 1.0™ 325 0.14™
C microbiano 29.6™" 594" 0.82™ 2897 33™ 39 0.40™
P microbiano 0.05"™ 12.7° 7.5 3.5 5.7 0.4 3.9"
C,:P, bicar 66.1°"" 22 0.06™ 3.9 045" 388" 2.5

COD= carbono orgénico disuelto; P; y P, bicar= fésforo inorganico y organico extraibles en bicarbonato. C,=

carbono organico total. Nota: ns= no significativo; * p < 0.05; ** p <0.01; *** p < 0.001
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Cuadro 2. Variacion estacional del pH, humedad y nutrimentos totales del suelo de crestas y

laderas durante dos afios de estudio en el bosque tropical caducifolio de Chamela, Jalisco

México.
Aiio 2003 Aiio 2004
Cresta Ladera Cresta Ladera
pH
Estacion seca 6.5 (0.1)* 6.7 (0.1)* 6.6 (0.1)* 6.2 (0.1
Inicio de lluvias 6.3 (0.2)" 6.6 (0.1 6.8 (0.1)* 6.5 (0.1
Estacién lluviosa 6.4 (0.1)* 6.3 (0.1)** 6.6 (0.1)* 6.5 (0.1)*
Humedad (%)
Estacion seca 2.1(0.3)* 1.9 (0.5)® 2.7 (0.8)* 1.8 (0.6)®
Inicio de lluvias 8.4 (0.5 6.7 (0.7)* 15.9 (0.5)* 12.3 (0.9)™
Estacion lluviosa 26.0 (0.6)*  22.7(1.1)*® 6.6 (0.4)"* 4.8 (0.3)®
Carbono total (mg C g)
Estacion seca 36.4 (2.9 26.1 (2.6)"® 30.4 (2.5)* 21.3 (1.8
Inicio de lluvias 347 2.4 24.0(3.9" 31.7 (1.2)* 21.5(1.9)"
Estacion lluviosa 27.4 (1.5 16.4 (2.3)°® 30.7 (1.8)* 23.4 (1.6)™
Fésforo total (mg P g™)
Estacion seca 0.32 (0.02)**  0.24 (0.01)*® 0.24 (0.02)**  0.20 (0.01)*®
Inicio de lluvias 0.28 (0.02)**  0.23 (0.02)® 0.23 (0.02)**  0.20 (0.01)*®
Estacién lluviosa 0.24 (0.02)**  0.18 (0.01)® 0.26 (0.02)**  0.22 (0.01)*®
C:P
Estacion seca 123.3 (19) 107.9 (4.2) 137.0 (17) 111.4 (13)
Inicio de lluvias 133.8 (16) 112.6 (13) 145.0 (15) 111.1 (11)
Estacion lluviosa 125.8 (15) 91.0 (13) 118.0 (12) 107.8 (8.1)

Promedios seguidos horizontalmente por letras mayusculas distintas (A y B) indican diferencias significativas (p < 0.05) entre

sitios (cresta y ladera) dentro de una fecha de muestreo en el mismo afio; mientras que distintas letras minusculas (a, by ¢)

indican verticalmente que los promedios son significativamente diferentes (p < 0.05) entre fechas de muestreo dentro del sitio.
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Cuadro 3. Coeficientes de correlacion (Pearson) para las formas disponibles de C y P, la

biomasa microbiana y la actividad de la fosfatasa del suelo de un bosque tropical caducifolio

en Chamela, Jalisco México.

Aifio 2003 (n= 60) Fosfatasas C P
COD P;bicar P, bicar acidas alcalinas Microbianos
pH 0.08 0.07 -0.22 0.23 0.08 0.06 0.03
Humedad -0.59* 0.54* 0.62% 0.51* -0.10 -0.25* -0.36*
COD 1 -0.38* -0.55*  -0.33* 0.22 0.44* 0.35%*
P; bicar 1 0.25 0.30%* -0.26* -0.26* -0.28*
P, bicar 1 0.35% -0.07 -0.20 -0.31*
Fosfatasas acidas 1 -0.16 -0.17 0.15
Fosfatasas alcalinas 1 0.04 0.24
Aiio 2004 (n= 60)
pH -0.01 -0.04 -0.21 nd nd -0.02 -0.09
Humedad -0.58* -0.03 -0.55* nd nd -0.20 -0.12
COD 1 0.36%* 0.26* nd nd 0.41%* 0.02
P; bicar 1 -0.06 nd nd 0.36%* 0.10
P, bicar 1 nd nd 0.13 0.04

COD= carbono orgénico disuelto; P; y P, bicar = fésforo inorganico y orgénico extraibles en bicarbonato.

Coeficientes marcados con un * son significativos con una p < 0.05. nd= no determinado, la actividad de las

fosfatasas no se midio en el 2004.
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Precipitacion (mm)
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Figura 1. Distribucion mensual de la precipitacion durante los dos afios de estudio en la
Estacion de Biologia de Chamela, Jalisco México.

NOTA: Las flechas sobre las barras indican el mes en el que fueron colectadas las muestras de suelo.
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Figura 2. Variacion estacional del (a) carbono organico disuelto (COD) y (b) del carbono
microbiano en el suelo de cresta y ladera de un bosque tropical cadicifolio en Chamela, Jalisco

México.

Barras con diferentes letras mayusculas (A and B) indican que los promedios son signifiactivamente dieferentes (p
< 0.05) entre sitios (cresta vs ladera) dentro de cada fecha de muestreo. Diferentes letras minusculas (a, b, c)
indican diferencias significativas (p < 0.05) entre fechas de muestreo dentro de un sitio.



NM Montaiio Capitulo III: carbono y dinamica de fosforo

O Seca 0O Inicio de Lluvias @ Lluvias

~
o
~
[N
(=]
|

50 A aA
bA aA
bB —I— bB

P (ugPg)

30
bB

20 | bB

10 -

(b) 180 -
160 -

140 -

a a
- 120 4
100
80 b b
60 -
40
20
0 ‘

30 aA

)

Po(ugPg

~
(]
~'

bA

-

20 | bA bB

W T
aA
bB
bA
0

Crestas (alto C) Ladera (bajo C) Crestas (alto C) Ladera (bajo C)

P microbiano (ng P g'l)

2003 2004

Figura 3. Variacion estacional de las fracciones labiles de (a) P inorganico (Pi) y (b) P
organico (Po) extraidos con bicarbobato de sodio y (c) del P microbiano del suelo de cresta y

ladera de un bosque tropical cadicifolio en Chamela, Jalisco México.

Barras con diferentes letras mayusculas (A and B) indican que los promedios son signifiactivamente dieferentes (p
< 0.05) entre sitios (cresta vs ladera) dentro de cada fecha de muestreo. Diferentes letras mindsculas (a, b, c)
indican diferencias significativas (p < 0.05) entre fechas de muestreo dentro de un sitio.
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Figura 4. Variacion estacional del cociente carbono organico total : P orgénico labil (COT:Po
bicar, NaHCO?3) del suelo de cresta y ladera del bosque tropical cadicifolio de Chamela, Jalisco
Meéxico.

Barras con diferentes letras mayusculas (A and B) indican que los promedios son signifiactivamente dieferentes (p
< 0.05) entre sitios (cresta vs ladera) dentro de cada fecha de muestreo. Diferentes letras mindsculas (a, b, c)
indican diferencias significativas (p < 0.05) entre fechas de muestreo dentro de un sitio.



NM Montaiio Capitulo III: carbono y dinamica de fosforo

O Seca 0O Inicio de Lluvias @ Lluvias

()
4000 - ANOVA: a
= Sitio: 1.5ns

‘on | a Fecha: 16.1%*

£ 20000 S x F: 0.36ns

&

bzli 16000 -

b b b

% 12000 - T
N b T
®

£ 8000 - T

&

€ 4000 -

=

0

(b) ANOVA:
o8 8000 7 Sitio: 0.19ns T
T Fecha: 0.42ns

% 6000 - S x F: 0.87ns

L |

2 L

S 4000

= L

®

(2]

=

S 2000 -

8

E

w

)

=~ 0

Cresta (alto C) Ladera (bajo C)

Figura 5. Variacion estacional de las fosfatasas: (a) acidas y (b) alcalinas del suelo de cresta y
ladera del bosque tropical cadicifolio de Chamela, Jalisco México, durante un solo afio de
estudio: 2003.

Barras con diferentes letras mintisculas (a, b, c¢) indican diferencias significativas (p < 0.05) entre fechas de
muestreo dentro de un sitio. FFANOVA: ns= no significativo; ** p <0.01
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RESUMEN

En este capitulo se analiza la evidencia recabada de una revision bibliografica sobre cémo la
disponibilidad de C regula la estructura de las comunidades microbianas, las transformaciones
del N y la disponibilidad de P en el suelo. Se describen ademas tres modelos conceptuales que
explican dichas relaciones. En general, se sugiere que la reduccion en el C disponible tiene las
siguientes consecuencias en el suelo: (1) disminuye la actividad y el crecimiento de los
microbios heterdtrofos, pero aumenta la actividad y el crecimiento de los microbios no
dependientes del C disponible (quimioautétrofos), (2) disminuye la despolimerizacion, la
inmovilizacién y la mineralizacién de N, pero incrementa la nitrificacion, y (3) disminuye la
produccion microbiana de fosfatasas y por lo tanto la disponibilidad del P. Se presenta
evidencia que sugiere que las hipdtesis de los modelos propuestos pueden ser aplicadas a
suelos de bosques tropicales caducifolios.

Palabras clave: Cy P disponibles, C organico disuelto, nitrificacion, bosques tropicales secos.

ABSTRACT

In this overview paper, we review studies and analyze evidence on how available C controls
soil microbial community structure, N transformations, and P availability. We also describe
three hypothetic models that attempt to reconcile our current understanding of the role of C
availability on soil processes. These models support that when soil available C is depleted: (1)

decreases the activity and growth of heterotrophic microbes, but increases both activity and
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growth of microbes that do not depend on available C, (2) decreases depolymerization, and N
immobilization and mineralization, but increases nitrification, and (3) decreases the
phosphatase microbial production and thus soil P availability. The evidence suggests that
models’ hypotheses could be applied to tropical deciduous forests soils.

Key words: Available C and P, dissolved organic C, nitrification, tropical dry forests.

INTRODUCCION

El nitrogeno (N) y el fosforo (P) son nutrimentos esenciales en la nutricion de los
microorganismos, los animales y las plantas. En consecuencia, su disponibilidad es un factor
critico para la produccion primaria de los ecosistemas (Chapin III ez al., 2002). La dindmica y
la disponibilidad de estos nutrimentos en el suelo estan en parte determinadas por la actividad
de los microorganismos, la cual depende tanto de la disponibilidad de agua como de energia.
La principal fuente de energia para los microorganismos es el carbono organico del suelo
(COS) y se sugiere que, a niveles adecuados de humedad, los microorganismos estdn mas
limitados por energia que por los nutrimentos (Paul y Clark, 1989; Atlas y Bartha, 2002;
Schimel y Weintraub, 2003).

Las dinamicas del N y del P en los suelos del bosque tropical caducifolio (BTC)
estacionalmente seco se han estudiado con relacion a la distribucion temporal de la lluvia
(Jaramillo y Sanford 1995), ya que la estructura y el funcionamiento de estos bosques
dependen de la disponibilidad de agua (Martinez-Yrizar, 1995; Maass et al., 2002). Sin
embargo, se desconoce qué otros factores, ademds del agua, regulan la dinamica y
disponibilidad de estos nutrimentos. Estudios recientes en agroecosistemas, bosques templados
y algunos bosques tropicales humedos sugieren que la disponibilidad del C controla la
dindmica del N y del P (Verhagen y Laanbroek, 1991; Hart et al., 1994; Gressel y McColl,
1997; Olander y Vitousek, 2000; Booth et al., 2005), sin embargo, esta relacion no se ha
documentado en el BTC. Podria pensarse que el C no es un factor limitante para la actividad de
las poblaciones microbianas en el BTC debido a que cada afio entra C al suelo durante la
estacion seca (Martinez-Yrizar, 1995). No obstante, se ha documentado que el C disponible
disminuye en la estacion lluviosa y que afecta negativamente la actividad microbiana (Garcia-
Oliva et al., 2003), lo cual modifica la disponibilidad de N en el suelo (Montano et al., 2007a).
A pesar de que los estudios revelan que el C disponible podria afectar la dinamica del N y del P
en el suelo, los modelos actuales que explican el ciclaje y la disponibilidad de estos

nutrimentos no consideran explicitamente el papel funcional del C disponible (McGill y Cole,
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1981; Schimel y Bennett, 2004). Contar con un marco conceptual que incorpore el papel del C
disponible en el ciclaje del N y del P es relevante ante los escenarios del cambio de uso de
suelo y del cambio climatico global debido que éstos modifican los flujos y almacenes de C,
afectando la disponibilidad de energia organica, lo cual podria tener consecuencias sobre los
procesos microbianos que determinan la disponibilidad de N y P en el suelo.

En este contexto, a partir de una revision de la literatura de estudios sobre C, N y P en
el suelo de bosques tropicales este trabajo: (1) analiza la relacion entre el C disponible y la
dindmica microbiana, (2) examina la evidencia sobre la relacion entre el C disponible y las
dinamicas de N y P, enfatizando su importancia en los bosques tropicales caducifolios, y (3)
describe tres modelos hipotéticos que establecen como el C disponible regula las comunidades
microbianas, la mineralizacion del N y la disponibilidad de P en el suelo de los bosques

tropicales caducifolios.

DSIPONIBILIDAD DE CARBONO ORGANICO Y SU RELACION CON LA
ESTRUCTURA MICROBIANA

El C organico del suelo (COS) proporciona energia para la actividad microbiana, pero
no todo representa C disponible. El C disponible estd integrado por moléculas estructural y
quimicamente sencillas (formas labiles) tales como los carbohidratos, las proteinas simples y
los aminoécidos; mientras que el COS no disponible estd compuesto por moléculas mas
complejas (i.e. celulosa, hemicelulosa y lignina) o muy recalcitrantes (acidos humicos, acidos
falvicos y huminas), que comprenden entre el 80 y 90% del C total del suelo (Paul y Clark,
1989). E1 C disponible es la fraccion mas activa del COS con una tasa de movimiento rapida y
susceptible a cambios ocasionados por la estacionalidad del ecosistema, el disturbio o el
manejo. La informacion existente sobre disponibilidad de C es escasa e inconsistente debido a
que no hay una clara definicion bioldgica del C disponible y a la continua discrepancia entre
los métodos analiticos comunmente usados para cuantificarlo (Cuadro 1). En este trabajo se
define al C disponible como aquellas fracciones organicas de C 1abil accesibles y rapidamente
degradables por los microbios y que, por lo tanto, estan asociadas con el crecimiento
microbiano. El indice de C disponible que mas se adecua a esta definicion es el C orgéanico
disuelto (COD), el cual comprende formas labiles de C en la solucion del suelo que son de
rapida asimilacion por los microorganismos (Chapin III ef al., 2002; Jones et al., 2005; Boddy
et al., 2007). E1 COD puede favorecer el aumento en la producciéon de exoenzimas que

degradan a las moléculas mas complejas y, en consecuencia, desempeila un papel importante

ﬁo
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Las comunidades microbianas son esenciales en la dinamica de N y P del suelo ya que
mineralizan las formas organicas de estos nutrimentos (Atlas y Bartha, 2002). La
disponibilidad de agua aumenta la actividad microbiana al favorecer el suplemento de sustratos
y provocar la hidratacion intracelular microbiana (Atlas y Bartha, 2002). No obstante, ademas
del agua, las comunidades microbianas dependen también de un suministro adecuado de C
disponible para su actividad y para la liberacion de nutrimentos (Schimel y Weintraub, 2003).
La cantidad de C disponible en el suelo depende del tipo de vegetacion, del tipo de suelo, de la
variacion ambiental y del disturbio (Chapin III ef al., 2002). En general, se reconoce que una
disminucién del C 1abil reduce la actividad microbiana y podria afectar la disponibilidad de los
nutrimentos en el suelo (Paul y Clark, 1989; Alexander, 1994).

Los microorganismos del suelo aumentan o disminuyen su produccién de enzimas
extracelulares en funcion del C y nutrimentos disponibles (Schimel y Weintraub, 2003; Allison
y Vitousek, 2005). Se ha propuesto que los microorganismos del suelo pueden ser divididos en
estrategas “r” y “k” (Atlas y Bartha 2002; Fontaine et al. 2003). Los primeros tienen
crecimiento rapido y son especialistas en usar formas ldbiles de C y nutrimentos por
asimilacion directa. Al agotarse o disminuir estas formas, los estrategas “r” mueren o entran en
latencia debido a que tienen una capacidad baja para asimilar o descomponer la materia
organica (MO) mas compleja. En contraste, los microorganismos estrategas “k” pueden utilizar
la MO compleja debido a su capacidad de producir enzimas extracelulares. De esta manera, los
estrategas “k” estdn continuamente activos, pero su crecimiento es lento porque la produccion
de exoenzimas implica una demanda alta de energia. Es posible que algunos estrategas “k”

(%3]
r

logren competir con los estrategas por C labil y lo usen como fuente de energia para

descomponer MO compleja y adquirir nutrimentos, lo cual se conoce como la hipétesis de los
“microbios mineros” (Fontaine y Barot, 2005; Craine et al., 2007). Entre los estrategas “r” se
encuentran las bacterias gram negativas y las bacterias de baja movilidad; mientras que entre
los estrategas “k” estan los hongos, los actinomicetos y las bacterias gram positivas, todos de
crecimiento lento y capaces de aprovechar una amplia variedad de formas de C (Waldrop et al.,
2000; Chapin III et al., 2002; Atlas y Bartha, 2002). Fontaine et al. (2003) proponen que la
incorporacién de materia organica fresca (MOF) al suelo estimula a los microbios estrategas
“r” ("priming effect") que son parcialmente eficientes en descomponer la MO, pero que si las
entradas de MOF son reducidas, los estrategas “k” son los responsables de la descomposicion
de los materiales complejos de la MO. Sin embargo, la degradacion de la MOF o la MO no

depende unicamente de la especificidad enziméatica de las poblaciones microbianas para la

degradacion de uno u otro sustrato, sino también de que estén presentes los grupos microbianos
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y de que éstos puedan producir las exoenzimas (Joshi et al., 1993; Kuzyakov et al., 2000), lo
cual podria estar determinado por la cantidad de C disponible en el suelo. De esta manera, se
esperaria que una disponibilidad alta de C mantenga activos a los microbios capaces de
degradar MOF, mientras que cuando dominan las formas organicas menos disponibles, estos
permanecerian latentes y los microbios capaces de obtener energia de la MO compleja estarian
activos (Figura 1). Esto permite hipotetizar que el nivel de C disponible podria regular la
estructura de las comunidades microbianas y, en consecuencia, el proceso de
despolimerizacion de la MO afectando la mineralizacion de nutrimentos (Waldrop et al., 2000;
Balser et al., 2002).

Estudios recientes indican que las comunidades bacterianas son afectadas por la
cantidad de C 1abil, lo cual apoyaria la hipotesis anterior. Por ejemplo, en suelos agricolas y de
bosques templados se ha documentado que las bacterias copiotroficas aumentan y las
oligotroficas disminuyen en respuesta a una mayor disponibilidad de C, lo cual se corresponde
con las estrategias r y k (Hu et al, 1999; Langer et al., 2004; Fierer et al., 2007). Una
disponibilidad baja de C favorece a grupos oligotréficos como las acidobacterias, mientras que
la disponibilidad alta de C aumenta la abundancia de los copiotroficos como las proteobacterias
y bacteroides (Fierer et al., 2007). Asimismo, Cleveland et al. (2007) mostraron que las
comunidades bacterianas del suelo de un bosque tropical lluvioso variaban en respuesta a la
disponibilidad de C, encontrando que las Gammaproteobacterias y las Firmicutes son
abundantes cuando hay mas C disponible. Por otro lado, en un bosque tropical caducifolio se
document6 que entre 36% y 47% de las bacterias del suelo son exclusivas de suelos con mayor
disponibilidad de C y nutrimentos (Noguez et al. 2005; Montafio et al., 2007b). Montafio et al.
(2007b) también refirieron menos bacterias heterotrofas, menor biomasa microbiana y mas
bacterias nitrificantes cuando la concentracion de C orgénico disuelto en el suelo era menor, lo
cual apoya la idea de que las bacterias de lento crecimiento y las quimioautdtrofas que obtienen
su energia de compuestos inorganicos dominan cuando hay poco C disponible (Verhagen y
Laanbroek, 1991; Fontaine ef al., 2003). En conjunto, estas evidencias refuerzan la hipdtesis de
que la composicioén de la comunidad microbiana cambia cuando se modifica la disponibilidad
de C. En la figura 1 se presenta un modelo cuya hipotesis principal es que la presencia y
predominio de ciertos grupos microbianos depende de la abundancia relativa de las formas de
C orgénico en el suelo. Este modelo se basa en el concepto de la sucesion microbiana (véase
una sintesis sobre el concepto en: Atlas y Bartha 2002) e integra las evidencias sobre el papel

del C disponible en la estructura de las comunidades microbianas tanto en el espacio y como el
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tiempo, debido a que la abundancia de las formas de C puede modificarse en ambas
dimensiones.

La incorporacion de C al suelo en los bosques tropicales caducifolios (BTC) depende
del patron estacional de las lluvias. Martinez-Yrizar (1995) indica que el 68% de la PPN total
de un BTC llega al suelo durante la estacion seca en forma de mantillo o de raices finas
muertas. Este material orgénico aporta C para los microorganismos heterotrofos cuya actividad
permite la despolimerizacion de la materia orgdnica y la mineralizaciéon de nutrimentos. Sin
embargo, durante la estacion de lluvias los aportes de C disminuyen significativamente
(Martinez-Yrizar, 1995; Anaya et al., 2007) y el C disponible del suelo se reduce en un 60%
con respecto al acumulado en la estacion seca (Garcia-Oliva et al., 2003; Montafio et al.,
2007). La variacion estacional en la disponibilidad de C se corresponde con cambios en la
biomasa microbiana y permite suponer que la reduccion de la energia disponible puede
repercutir negativamente en la actividad microbiana durante la estacion lluviosa, justo cuando
los microbios y las plantas tienen una alta demanda de nutrimentos. Entre las evidencias que
apoyan ¢ésto en el BTC destacan una disminucion de la biomasa microbiana, de los
microorganismos heterdtrofos viables y de la tasa neta de mineralizacion de C en la estacion de
crecimiento de las plantas (Garcia-Oliva et al., 2003; Montafio et al., 2007a). Asimismo,
también se ha documentado que las bacterias quimioautotrofas que no dependen del C dominan
durante la estacion de lluvias (Jha et al., 1996; Singh y Kashyap, 2006; Montafo et al., 2007b).
Esto sugiere que en el BTC, la reduccion del C disponible durante la temporada lluviosa puede
modificar, el tamafio, la actividad y la composicion de los grupos microbianos, lo cual a su vez

puede afectar la mineralizacion del N y del P en el suelo.

DISPONIBILIDAD DE C Y TRANSFORMACIONES DEL N, UN MODELO PARA
BOSQUE TROPICAL CADUCIFOLIO
El modelo actual de la dindmica de N

Las principales formas disponibles de N en el suelo son las inorganicas (amonio, NH,"
y nitrato, NO3") y la fraccion mas 1abil del N organico disuelto (NOD). El NOD se produce a
partir de la despolimerizacion de grandes moléculas orgénicas nitrogenadas (Chapin III et al.,
2002; Schimel y Bennett, 2004; Figura 2A). Por este proceso, los polimeros orgéanicos grandes
son fragmentados por enzimas extracelulares a moléculas mds sencillas llamadas mondmeros
que conforman el NOD (aminodcidos, amino azicares, etc.; Jones et al., 2005). E1 NOD puede
ser dividido en dos reservorios: el NOD labil de bajo peso molecular (i.e. aminoécidos) y el

NOD de alto peso molecular o recalcitrante (i.e. N ligado a polifenoles y sustancias humicas).
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El NOD es metabolizado por los microorganismos mediante enzimas endocelulares y el N es
liberado en forma de amonio por excrecidon microbiana o por excrecion de la meso y
microfauna depredadora de microorganismos (Jones et al., 2004). La excrecién microbiana
ocurre cuando el requerimiento de N de la microbiota estd satisfecho, en caso contrario no
habria excrecion y el N queda inmovilizado (Chapin III ef al., 2002). En la actualidad se
reconoce que la despolimerizacion es esencial en el flujo de N para la mineralizacion, es decir,
la transformacion microbiana heterotréfica de NOD 14bil a amonio (NH,") (Schimel y Bennett,
2004). El amonio es oxidado a nitrato (NO73), proceso que se conoce como nitrificacion. Este
proceso es realizado por bacterias quimioautétrofas nitrificantes, las cuales obtienen del
proceso la energia para la fijacion de CO, y su crecimiento (Paul y Clark, 1989; Alexander,
1994). Las formas de N son usadas en el crecimiento de las plantas y los microorganismos y
retornadas al suelo en forma de polimeros orgdnicos. Este modelo propuesto por Schimel y
Bennett (2004) sintetiza muy bien la informacion que se generd a partir de 1990 sobre la
dindmica del N, pero no considera explicitamente los reguladores del ciclo del N en el suelo, a
pesar de que la informacion surgida antes y después de 1990 sugiere que la disponibilidad de C

organico podria ser un importante regulador (Figura 2A).

Incorporacion del C disponible a la dinamica de N: un modelo

La disponibilidad de C es el principal factor que controla la dindmica y retencion de N
en el suelo de bosques templados, tropicales himedos y otros ecosistemas (Hart et al., 1994;
Aber et al., 1998; Straus y Lamberti, 2002; Bernhardt y Likens, 2002; Booth et al., 2005).
Estos estudios proponen que el C disponible controla la dindmica del N de dos maneras (1) la
disponibilidad alta de C (en el modelo de la Figura 2B, C orgénico disuelto = COD) favorece la
mineralizacion heterotréfica del N organico que produce NHy', el cual es inmovilizado en la
biomasa microbiana y, (2) la baja disponibilidad de COD ocasiona una disminucion de las
poblaciones microbianas heterétrofas y en consecuencia de la inmovilizacion de NH,', el cual
es entonces preferentemente oxidado a nitrato por las poblaciones microbianas
quimioautotrofas (Verhagen y Laanbroek, 1991; Chen y Stark, 2000).

Estudios en BTC sugieren que el C podria regular la dinamica de N en el suelo. Estos
estudios registran menor inmovilizacion de N, mayor nitrificacion, més nitrificantes y mayor
concentracion de NOs™ en el suelo durante la estacion himeda cuando disminuye la materia
organica (MO) (Singh et al., 1989; Garcia-Méndez et al., 1991; Davidson et al., 1993; Jha et
al., 1996; Singh y Kashyap, 2006). Estos estudios indican que la disponibilidad del agua

aumenta la nitrificacién. Sin embargo, dos estudios recientes aportan evidencias de que,
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ademas del aumento en la humedad del suelo, una reduccion en la disponibilidad de C organico
disuelto cambia la composiciéon de las comunidades bacterianas heterdtrofas, aumenta las
nitrificantes y favorece la nitrificacion en los suelos de los BTC (Montano et al., 2007a;
Montaio et al., 2007b). Estas evidencias apoyan el modelo conceptual sobre la relacion entre
la disponibilidad de C, las comunidades microbianas y la dinamica del N del suelo. A partir de
estas evidencias, se describe a continuaciéon un modelo conceptual hipotético que sintetiza
como las transformaciones de N (despolimerizacién, mineralizacion y nitrificacion)
consideradas en el modelo de Schimel y Bennett (2004) son controladas por la disponibilidad
de C en el suelo (Figura 2A).

El modelo (Figura 2B y 2C) propone hipdtesis de como la disponibilidad de C (cantidad
y calidad de C organico disuelto o COD incorporado al suelo por la MOF) regula tres procesos
microbianos de la circulacion de N: la despolimerizacion, la mineralizacion y la nitrificacion.
La despolimerizacion es regulada por el C disponible debido a que la producciéon microbiana
de enzimas extracelulares depende de la energia organica disponible (Schimel y Weintraub,
2003), la cual determina el tipo y la actividad de los microbios heterétrofos en el suelo. De esta
manera, se esperaria que cuando hay disponibilidad suficiente de C, la actividad de los
microbios estrategas “r”’ sean estimulados por la materia organica fresca (MOF) debido a su
capacidad de aprovechar formas labiles de C. En contraste, cuando la disponibilidad de C es
reducida, los microbios “k” serian los responsables de la despolimerizacion, debido que son
capaces de obtener C a partir de la MO mas compleja hipdtesis de “microbial N mining”
(Fontaine y Barot, 2005; Craine ef al., 2007). En consecuencia se puede sugerir que el flujo de
NOD y su procedencia podrian depender del tipo de microbios activos en funcién a la
disponibilidad de C. El proceso de mineralizacion resulta de la accidon conjunta de los
estrategas “r”’ y “k”, ya que ambos asimilan el NOD. La suficiencia de C disponible permite a
todos los microbios adquirir la fraccion labil de NOD y trasformarla a amonio. Asimismo,
favorece la inmovilizacion de esta forma inorganica (o incluso de nitrato) debido a que el C
disponible aumenta el crecimiento microbiano y en consecuencia la demanda de N (Paul y
Clark, 1989). En contraste, la insuficiencia de C labil o el predominio de formas complejas
inactivan a los microbios con estrategia “r”’. En esta condicion, el crecimiento de los microbios
de estrategia “k” es lento, aunque ellos producen exoenzimas para aprovechar formas
complejas de carbono. Por la misma razén, los estrategas “k” continuarian activos y
mantendrian la despolimerizacion de N. Sin embargo, dado su lento crecimiento, sus
requerimientos de N son bajos, por lo que la inmovilizacion del NH;" se reduce y aumenta su

disponibilidad para los microbios nitrificantes. En consecuencia, la disponibilidad baja de C
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favoreceria a las bacterias nitrificantes debido a que estas no dependen del C organico, sino de
la oxidaciéon del amonio para obtener energia para su actividad y crecimiento. El proceso de
mineralizacion-nitrificacion en relacion con la disponibilidad de C ha sido ampliamente
documentado en muchos ecosistemas, pero solo se ha realizado un trabajo en el BTC (Montafio
et al., 2007). En contraste, no existen aun estudios que hayan documentado el efecto del C
disponible sobre el proceso de despolimerizaciéon y en general, alin queda por probar las
hipotesis de este modelo bajo rigurosos disefios experimentales tanto en BTC sin perturbacion

como en aquellos perturbados o manejados.

LA DISPONIBILIDAD DE P EN RELACION CON EL C DISPONIBLE, UN MODELO
PARA BOSQUE TROPICAL CADUCIFOLIO
El modelo de la disponibilidad de P cuando depende de las formas organicas

El modelo propuesto para describir la dinamica del P supone que la principal fuente de
P disponible son las formas organicas (P,), las cuales son transformadas a P inorgénico (P;) y
quedan disponibles para las plantas y los microorganismos (Paul y Clark, 1989). En el proceso
de mineralizacion del P participan exoenzimas que mineralizan al P, extracelularmente en el
suelo. Estas enzimas son producidas por microorganismos heterotrofos, plantas, hongos y
micorrizas (McGill y Cole, 1981; Tate, 1984). Las fosfatasas son un conjunto de exoenzimas
que catalizan la hidrolisis de los enlaces diester (C-O-P), por los cuales el P se encuentra ligado
a las fracciones orgénicas en el suelo. Existen dos grandes grupos de fosfatasas: las acidas que
dominan en suelos con pH 4acido y las bésicas que se encuentran en suelos con pH baésico,
aunque es posible encontrar ambos tipos en suelos con pH neutro (Paul y Clark, 1989). Las
fosfatasas son de interés especial en suelos donde gran parte del P es organico (McGill y Cole,
1981).

McGill y Cole (1981) propusieron en un modelo conceptual que el P es mineralizado
independientemente del C a través de la catalisis realizada por las fosfatasas. En este modelo,
la demanda biotica de P controla la producciéon de la fosfatasa y la mineralizaciéon de P,
resultando en una relacion inversa entre la actividad de las fosfatasas y la disponibilidad de P; .
Varios estudios avalan este modelo al documentar esta relacion inversa (Spiers y McGill, 1979;
Schneider et al., 2001). Sin embargo, la relacion entre la disponibilidad de P; y la actividad de
las fosfatasas en el suelo puede estar afectada por varios factores (i.e. temperatura, humedad,
vegetacion, mineralogia, etc.) y en el caso de la produccion de las fosfatasas de origen
microbiano, por cambios en el C disponible del suelo (Rao et al., 1996; Gressel y McColl,

1997; Olander y Vitousek, 2000; Chacon et al., 2005, Allison y Vitousek, 2005). Estudios
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recientes sustentan que la actividad de la fosfatasa aumenta cuando hay mayor cantidad de C
labil, debido a que éste estimula la produccion microbiana de la fosfatasa (Olander y Vitousek,
2000; Allison y Vitousek, 2005). Sin embargo, estos resultados se contraponen a otros en los
que no hubo un aumento en la actividad de las fosfatasas al adicionar C labil al suelo
(Chauahan et al., 1981; Shackle et al., 2000; Cleveland et al., 2004). Esto puede ser una
consecuencia de las caracteristicas de los suelos donde se realizaron los estudios, como la
presencia de coloides organicos y arcillas que secuestran a las fosfatasas (Rao ef al., 1996) o
bien a que la fosfatasa no es producida preferentemente por los microorganismos. Sin embargo,
la produccién microbiana de la fosfatasa no so6lo depende de la demanda de Pj, sino
principalmente de la energia disponible para la actividad microbiana (Allison y Vitousek
2005). A continuaciéon se presenta un modelo enfocado a describir el efecto de la
disponibilidad de C sobre la contribucion de los microorganismos a la disponibilidad de P. Este
modelo complementa al propuesto por McGill y Cole (1981), bajo la hipdtesis de que la
disponibilidad de C podria controlar la mineralizacion de P a través de un efecto sobre la

produccion microbiana de fosfatasas (Figura 3).

El C disponible como regulador de la disponibilidad de P: un modelo microbiano

Cuando el P organico (P,) es la forma dominante en el suelo, una disponibilidad baja de
P inorganico (P;) podria ocurrir debido a que la mineralizacion de P, puede estar limitada por la
disponibilidad del C para la actividad microbiana (Olander y Vitousek, 2000; Allison y
Vitousek, 2005). La relacion entre la dindmica del C y la disponibilidad de P ha sido
examinada en suelos agricolas, donde el 85% del P total es organico y por lo tanto, su
disponibilidad depende de la produccion de la fosfatasa (McGill y Cole 1981). En los bosques
tropicales se ha encontrado una relacion positiva entre el C total y el P; soluble del suelo,
sugiriendo que la disponibilidad de P esta ligada a la dinamica del C (Johnson et al., 2003;
Frizano et al., 2003). Sin embargo, la relacion entre el C disponible y la disponibilidad de P en
el suelo de los bosques tropicales caducifolios no se ha documentado. Hay evidencias que
sugieren que la disponibilidad de P en el suelo de los bosques tropicales depende de la
actividad microbiana y que esta ligada a la disponibilidad de C: (1) La disponibilidad de P se
ha asociado con la dindmica de la MO (Tiessen et al., 1984; Tiessen et al., 1994), (2) el P,
representa mas del 67% del P total (P;) del suelo (Tisssen et al., 1984; Salcedo et al., 1997,
Giardina et al., 2000; Alvarez-Santiago, 2002); (3) el P es inmovilizado durante la estacion
seca (cuando el C se acumula) y su liberacion es la principal fuente de P al inicio de la estacion

de lluvias y probablemente durante las lluvias (Campo et al., 1998), y (4) la disminucion del C
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disponible durante las lluvias (Garcia-Oliva et al., 2003) se corresponde con una disminucioén
de P; disponible en esta época, cuando solo el 1% del P total esta en forma disponible (Campo
et al., 2001). Lo anterior revela que el C disponible puede ser un factor importante en la
mineralizacion microbiana del P, ya que este nutrimento esta principalmente en formas
organicas (Tisssen et al., 1984; Campo et al., 1998; Giardina et al., 2000). Datos sobre
produccion de fosfatasas podrian complementar este argumento, sin embargo, s6lo existen dos
estudios de fosfatasas en BTC (Sandoval-Pérez, 2007; Montaio et al., 2007 capitulo III de esta
tesis) y sus disefos no permiten explicar la relacion entre la produccion de estas exoenzimas y
la disponibilidad de C. No obstante, Sandoval-Pérez et al. (2008 en revisién) encontraron que
suelos con baja disponibilidad de P (potreros) tuvieron baja produccion de fosfatasa. Esto en
pricipio parece contradecir el modelo de McGill y Cole (1981), sin embargo estos suelos
también tuvieron también baja concentracion de C, sugiriendo que posiblemente la produccion
de fsfatasa estd siendo limitada por disponibilidad de C para la actividad microiana. Las
evidencias de la relacion entre el C disponible y la dindmica del P estan sintetizadas en un
modelo conceptual hipotético ilustrado en la figura 3.

El modelo tiene dos escenarios hipotéticos que complementan la vision microbiana del
modelo de P propuesto por McGill y Cole (1981) en relacion a la disponibilidad de C (Figura
3). I) Las fosfatasas son producidas por los microorganismos heterétrofos cuando hay
suficiente disponibilidad de C labil (Figura 3A) y II) la produccion de fosfatasa por los
microorganismos podria disminuir y la de las plantas aumentar cuando hay baja disponibilidad
de C (Figura 3B). En el primer escenario se esperaria que otros organismos (plantas y hongos)
redujeran su produccion de fosfatasa, ya que la disponibilidad de P; aumenta por la actividad
microbiana. Sin embargo, si el P; es inmovilizado en la biomasa microbiana, absorbido por las
plantas o si es atrapado en el sistema geoquimico éste disminuye (Figura 3A). La
disponibilidad baja de C, en contraste, tendria un efecto negativo sobre la actividad de los
heterotrofos y en la produccion microbiana de fosfatasa (Figura 3B) y las plantas y los hongos
serian los principales productores de las fosfatasas y del flujo de P; disponible. En esta
situacion algunos microorganismos podrian estar actuando como oportunistas (cheaters) para
capturar el P; mineralizado por las fosfatasas producidas por otros organismos (Allison, 2005).
Las hipotesis de este modelo requieren ser documentadas experimentalmente, pero el modelo
podria servir como marco conceptual para realizar trabajos enfocados a entender la dindmica

del P en suelos de BTC.
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CONCLUSIONES

La revision de la literatura indica que la disponibilidad de C pude determinar la
estructura de las comunidades microbianas, controlando por esta ruta los procesos de
transformacion de N y de P en el suelo. Los estudios que vinculan estos procesos con las
comunidades microbianas estan enfocados sobre las bacterias, pero es aun necesario conocer
que pasa con otros grupos microbianos como los hongos, los actinomicetos y las micorrizas. En
el BTC, los estudios al respecto son alin escasos y muy pocos han cuantificado el C disponible
en el suelo. La evidencia aqui sintetizada indica que el C disponible podria regular la dinamica
microbiana y la disponibilidad del N y del P y resalta la importancia de cuantificarlo y ligarlo
con las dindmicas de estos nutrimentos. El andlisis de la informacion revela que (1) es
necesario investigar el efecto del C disponible sobre el proceso de despolimerizacion, ya que
este es clave para mantener la disponibilidad de N para los organismos, y (2) que la interaccion
entre la dinamica del P (mineralizacion y actividad de fosfatasas) y el C disponible requiere
mayor atencion y mejores disefios experimentales para evaluarla. Los tres modelos aqui
descritos plantean un marco conceptual con hipdtesis que requieren ser documentadas
experimentalmente en el BTC, tanto en condiciones sin perturbar como en escenarios de

cambios en el uso de la tierra.
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CUADROS

Cuadro 1. Medidas de C labil utilizadas como indices de disponibilidad de carbono orgénico

del suelo.

Indices

Definicion

Referencias®

C microbiano

Representa la cantidad de C organico 1abil que fue
inmovilizado en la biomasa de los microorganismos.

Paul y Clark, 1989

C oxidable

Esta basado en la cantidad potencial de C organico que en el
suelo puede ser oxidado por los microorganismos.

Blair et al., 1995

C-K,S0, /otras
sales

Es el C organico labil que es quimicamente degradable y que
al ser extractable en una sal incluye el carbono orgéanico
fisicamente protegido y asociado a los sitios de intercambio
del suelo.

Mendonca et al., 2001

CO,-C

Los flujos de CO,-C (C respirado) por parte de los
microorganismos son producto de la disponibilidad del C
labil. Por lo tanto, la magnitud de la tasa de respiracion
microbiana puede indicar cuanto C organico disponible hay
en el suelo, debido a que esta fuertemente ligada a la quimica
y cantidad de materia organica del suelo. No obstante, esta
medida incluye también fracciones menos labiles de C.

Robertson et al., 1999

C-amino-prote

Aminoacidos y proteinas solubles en agua que son moléculas
cuyo esqueleto esta constituido por atomos de C que estan
ligados entre si con enlaces quimicamente sencillos, que por
lo tanto pueden ser degradados rapidamente y ser asimilados
por los microorganismos.

von Lutzow et al., 2007

C organico labil

Este se calcula con base en curvas de respiracion y/o técnicas
isotopicas de experimentos de incubacion que estan basados
en ecuaciones matematicas. Con ello se mide el carbono
organico labil que es quimicamente degradable y fisicamente
accesible para los microorganismos y que esta asociado con
el crecimiento microbiano.

Zou et al., 2005

Fraccion orgénica
ligera/pesada

La fraccion ligera es un almacén organico muy dindmico
compuesto de residuos organicos parcialmente
descompuestos (alta proporcion C:N) y no asociados con las
particulas minerales del suelo. Este material es quimicamente
menos alterado y de origen mas reciente que la fraccion
orgénica pesada asociada al suelo mineral.

Strickland y Sollins, 1987
von Liitzow et al., 2007

Materia orgénica
hidrolizada con
agua caliente

Es una medida de la materia orgénica del suelo que es de facil
descomposicion y que es potencialmente bio-disponible.

von Liitzow et al., 2007

Carbono organico
disuelto (COD)

Formas de C soluble que pasan a través de un filtro de 0.45
pum que incluyen moléculas quimicamente sencillas,
facilmente degradables y rapidamente usados y asimilados
por los microorganismos.

Neff'y Asner, 2001
Jones et al., 2006

*Una definicion mas detallada de estos indices y una descripcion metodoldgica completa de cada uno pueden consultarse en

las referencias.
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Figura 1. Hipotesis de los cambios en la estructura de las comunidades microbianas del suelo en

relacion a la disponibilidad de sustrato (C organico). El tamafio de las flechas gruesas hacia arriba

indica el predominio de grandes grupos microbianos, mientras que las flechas hacia abajo indican la

presencia y predominio de grupos especificos.
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Figura 2. La dinamica de N regulada por la disponibilidad de C en el suelo: A) modelo desarrollado a
partir de los 90 y propuesto por Schimel y Bennett (2004), B) Cuando hay mayor disponibilidad de C y C)
cuando la disponibilidad de C se reduce. Las flechas de caja a caja indican la dominancia de un proceso o
flujo, mientras que las flechas dentro de las cajas indican el aumento o disminucion de un grupo microbiano
o forma de N. Los cambios en el tamafio de las cajas de los microbios representan un cambio en la estructura

microbiana. MOF= materia organica fresca, MOS= materia orgénica del suelo, COD= carbono orgéanico
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A) Suelo con mas carbono B) Suelo con menos carbono
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Figura 3. Modelo hipotético que muestra la relaciéon entre la producciéon microbiana de la fosfatasa,
la disponibilidad-inmovilizacion de P inorganico (P;) y la disponibilidad de carbono en el suelo. Se
muestra la dinamica del P bajo dos escenarios A) con mas'y B) con menos C disponible. Los tamafios de
las cajas indican diferencias relativas en las concentraciones de nutrimentos o del carbono microbiano
(biomasa microbiana), mientras que el grosor de las flechas indica la importancia relativa de la produccion

de C disponible, fosfatasa o de un proceso particular.
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CONCLUSIONES Y PERSPECTIVAS

Esta tesis es el primer estudio en cuantificar la disponibilidad de C orgénico disuelto
(COD) como factor regulador de la biomasa y actividad microbianas, de la estructura de las
comunidades bacterianas, de las transformaciones de N (mineralizacion-nitrificacion) y de la

disponibilidad de P (P organico, P inorganico, P microbiano) en el suelo de un bosque tropical

caducifolio (BTC).

Los resultados de este estudio revelan que una reduccion en la disponibilidad del C
organico disuelto: (1) disminuye la biomasa y la actividad de los microorganismos heterotrofos
y probablemente modifica la estructura de las comunidades bacterianas heterdtrofas, (2)
promueve la presencia de una comunidad bacteriana distinta con una respuesta diferencial a
aprovechar formas menos labiles de C y nutrimentos, pero posiblemente menos competitiva
por amonio, (3) disminuye la inmovilizacion microbiana de amonio y como consecuencia
aumenta la actividad de las bacterias quimioautotrofas favoreciendo la nitrificacion, lo cual
podria promover pérdidas de N por lixiviacion o por emision de 6xidos de N a la atmosfera, y
(4) que la reduccion en el C disponible no mostr6 una clara relacion con la disponibilidad del P;
y P,, debido a que la dinamica de estas fracciones labiles de P podria depender mas de la
variacion en la humedad asociada con la distribucion anual de la lluvia que de la disponibilidad
de C en el suelo. Finalmente, estos resultados y aquellos de estudios realizados en otros
ecosistemas fueron sintetizados en tres modelos conceptuales, los cuales proponen que las
dindmicas de las comunidades bacterianas, del N y del P podrian estar funcionalmente

acopladas con la disponibilidad del COD en los suelos del BTC.

Esta tesis pone de manifiesto la necesidad de cuantificar los almacenes y flujos de COD
en los suelos del BTC, ya que este representa un importante banco de mondémeros disponibles
que modifican la actividad microbiana y la transformacién del N y el P, nutrimentos cuya
disponibilidad es clave para el mantenimiento de la productividad primaria (Chapin et al.
2002). Este trabajo brinda las primeras eviendencias para el BTC en un contexto sin
perturbacion, sin embargo, en el contexto del cambio global, hasta el momento se desconoce

para estos bosques como el enriquecimiento de CO,, los cambios en la precipitacion, la
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perturbacion y el manejo alteran la dindmica del COD y su relacion con la disponibilidad del N
y del P. Esto es relevante debido a que el BTC es uno de los biomas mas amenazado por el
cambio de uso de suelo y por el cambio climatico global (Miles et al. 2006). Por otro lado, en
este estudio fue claro que una mayor disponibilidad de COD favorece la retencion del N y que
la reduccion del COD podria favorecer su pérdida via nitrificacion, lo cual apoya los modelos
recientes que ha sido desarrollados en las ultimas decadas para otros ecosistemas (Booth et al.
2005) y tiene implicaciones locales y globales en cuanto al cambio climético en términos de las
emisiones de oxidos de N (Vitousek et al. 1989; Trumbore 1997) Sin embargo, en estos
bosques queda aun por responder cudl es el papel del COD disponible en la captura de C, en la
competencia por N entre los microorganismos, la microfauna y las plantas, asi como en la
magnitud de las emisiones de C y N a la atmosfera.

Asimismo, en orden a evaluar y eventualmente predecir la relacion entre el cambio
global como agente que modifica la disponibilidad del COD y los procesos biogeoquimicos en
estos bosques, es necesario incrementar la informacidon sobre cambios temporales y espaciales
en la abundancia y composicion de otros grupos microbianos funcionales ademas de las
bacterias cultivables. Nuevas tecnologias como el uso de acidos grasos o técnicas moleculares
combinadas con mediciones biogeoquimicas podrian ser ttiles para tal fin. En este estudio, no
obstante la limitacién de haber trabajado con bacterias cultivables, la posible “endemicidad” de
algunas bacterias a un sitio rico en carbono y nutrimentos (cresta) sefala la necesidad de
entender mejor cudles son las condiciones que controlan la abundancia y actividad de
microorganismos especificos y como esto modifica las tasas y magnitudes a las que estan
llevando acabo ciertos procesos biogeoquimicos en el ecosistema (Balser et al. 2006).

La falta de relacion entre el COD vy la disponibilidad del P, debida interesantemente a la
variacion en la precipitacion en este bosque, indica que falta atn explorar si la variacion en la
humedad del suelo determina condiciones umbrales en las que el COD podria modificar la
disponibilidad del P. Responder esta interrogante es una prioridad debido a que el P es un
nutrimento clave en el funcionamiento del BTC (Campo et al. 2001) y a que se espera que el
cambio climatico modifique la cantidad total de lluvia y que incremente su variacion intra- e
inter- anual en los ecosistemas (Weltzin et al. 2003). Finalmente, es necesario resaltar que los
modelos conceptuales hipotéticos propuestos en el capitulo IV de esta tesis han sido
parcialmente corroborados en el caso del BTC de Chamela, sin embargo, son un marco
conceptual para futuras investigaciones, las cuales podrian retroalimentarlos mediante disefos

experimentales que permitan validarlos en diferentes contextos ambientales.
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Cultivos de bacterias del suelo de un bosque tropical caducifolio en
Chamela, Jalisco, México (Capitulo II)

Proyecto de investigacion doctoral: Noé Manuel Montario
Trabajo microbiologico: Ana Lidia Sandoval
Fotografia: Leonor Solis

Estos son algunos ejemplos de los cultivos de bacterias heterdtrofas y nitrificantes aisladas del suelo del
bosque tropical caducifolio de Chamela. Un total de 28 géneros y 61 especies de bacterias fueron
identificados y depositados en la coleccion cientifica del Cepario del Research Centre Flakkebjerg en

Dinamarca.

BACTERIAS HETEROTROFAS
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Breve descripcion edafologica del sitio de estudio

Las caracteristicas del suelo de las crestas y las laderas en las cuencas I, IT y III del bosque
tropical caducifolio de Chamela han sido descritas en otros estudios. No obstante, para fines de
un posible complemento a los datos de esta tesis a continuacién se presenta un resumen
edafologico del sitio de estudio basado en Solis (1993) y Galicia et al. (1995). Otros datos
pueden consultarse en los diferentes capitulos de esta tesis. Asimismo, mas descripciones de
perfiles de suelo en el sitio de estudio pueden consultarse en Cotler et al. (2002).

El suelo de crestas y laderas es clasificado como Entisol (USDA Soil Taxonomy) o
Regosol Eutrico (sistema FAO). Este es un suelo poco desarrollado con ausencia de horizontes
pedogénicos. Esto se atribuye a: (1) la presencia de riolita (roca ignea extrusiva), material
inerte en la formacion de horizontes por su textura gruesa y su resistencia al intemperismo, (2)
un material parental de reciente formacion geologica, el suelo se ha formado a partir de rocas
volcanicas cuyo material parental y procesos pedogéneticos han tenido poco tiempo para
constituir un suelo maduro, y (3) condiciones ecoldgicas no favorables, los cambios de
temperatura y los eventos lluviosos no son consistentes ni lo suficientemente intensos como
para permitir el intemperismo de la riolita.

El suelo esta constituido de un horizonte O muy delgado (este fue retirado manualmente
al colectar el suelo para este estudio) formado por material organico no identificable, un
horizonte A formado por la parte mineral de amplitud variable (15 cm o mas) y un horizonte
AC con abundante pederegosidad. La mayor cantidad de materia orgéanica, actividad biologica
y raices finas aparecen en el horizonte A. Este suelo carece de un horizonte B o de diagnostico,
debido a su escaso desarrollo y estructura que no han permitido su formacion, misma situacion
por la que no es posible diferenciar la transicion entre horizontes.

El color del suelo varia poco entre sitios y se ubicaron entre amarillo-rojizo (7.5YR 6/6)
y el café-amarillento (10 YR 5/4). Estos presentan una densidad aparente que oscila entre 1.07
y 1.28 g cm’ y tiene una clase textural dominante que corresponde a migajon-arenoso (arenoso-
arcillo-limoso). El tamafio promedio de las particulas de suelo corresponde a 62% arena, 20%
arcilla y 18% limo. La variacion en el tamafio de estas particulas entre crestas y laderas fue
minima: cresta (56 + 4.2 arena, 25.5 + 3.8 arcilla, 18.5 £+ 1.6 limo) vs. ladera (64.5 + 4.0 arena,
18.0 + 3.6 arcilla, 17.5 + 2.2 limo).
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Abstract  Seasonal variation of dissolved organic C
(DOC) and its effects on microbial activity and N
dynamics were studied during two consecutive yearsin
soils with different organic C concentrations (hilltop
and hillslope) in atropical deciduous forest of Mexico.
We found that DOC concentrations were higher at the
hilltop than at the hillslope soils, and in both soils
generally decreased from the dry to the mainy season
during the two study years. Microbial biomass and
potential C mineralization rates, as well as dissolved
organic N (DON) snd NH} concentrations and net N
immobilization were higher in soils with higher DOC
than in soils with lower DOC, In contrast, net N
immobilization and NH concentration were depleted
in the soil with lowest DOC, whereas NOZ concentra
tions and net nitrification increased. Negative correla
tions between net nitrification and DOC concentration
suggested that WH] was transformed to NOj; by
nitrifiers when the C availability was depleted. Taken
together, our results suggest that available C appears to
control soil microbial activity and N dynamics, and
that microbial N immobilization is facilitated by active
heterotrophic microorganisms stimulated by high C
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availability. Soil autotrophic nitrification is magnified
by decreases in C availability for heterotrophic micro
bial activity. This study provides an experimental data
set that supports the conceptual model to show and
highlight that microbial dynamics and N transforma
tions could be functiomally coupled with DOC avail
ability in the tropical deciduous forest soils.

Keywords C and N availability - Dissolved organic
C - Microbial biomass - Mexico - Nitrification -
Tropical dry forests

Abbreviations
DOC  Dissolved organic carbon
DON  Dissolved organic nitrogen

Introduction

The activity and growth of heterotrophic microorgan

isms in most soils are limited by C availability when
water 15 not constrained. Dissolved organic C (DOC)
represents the main source of energy-rich C subsirates
for these microorganisms (Wardle 1992; Neff and
Acner 2001). Studies show that microbial biomass and
activity decrease with the reduction of available C,
affecting soil nutrient transformations (Chen and
Stark 2000; Schimel and Weintraub 2003; Garcia

Oliva et al. 2003). Soil N dynamics are regulated by

@ Springer

116



NM Montario

Anexos

266

Plam Soil (2007) 295:265-277

microorganisms that often rely on available C
supplies. For example, C availability promotes micro
bial N immobilization mainly by heterotrophic
microbes and in so doing should be related to N
demand (Jansson 1958, Hart et al. 1994 ; Barrett and
Burke 2006); Chapin et al. 2002). In contrast, the
activity of nitrifying microbes increases when hetero
trophic microbes are constrained by available C,
because they obtain energy from ammonium oxida
tion and not from organic C (Verhagen and Laanbroek
1991}, Studies in aguatic systems and agricultural and
temperate forest soils have documented that C avail
ability favors N immobilization and decreases nitri
fication (Hart et al. 1994; Strauss and Lambera 2002 ;
Bernhardt and Likens 2002; Booth et al. 20035). In
turn, nitrification may be confined to C depleted sites
(Chen and Stark 2000). The relationship between
available C and N dynamics has not been studied in
tropical deciduous forest soils.

Owr comprehension of DOC and dissolved organic
N (DON) dynamics in tropical deciduous forests is
poor compared to temperate forests, where most
studies have been focused (MNeff and Asner 2001;
Chantigny 2003). To have a complete understanding
of N mineralization in tropical forests it is necessary
to consider both DOC and DON dynamics because
they represent the main stocks of released monomers
available for microorganisms (Neff and Asner 2001;
Schimel and Bennett 2004). Considerable efforts
have been made to understand soil inorgamic N
dynamics in tropical deciduous forests (Singh et al.
1989; Garcia-Méndez et al. 1991; Raghubanshi 1992;
Jha et al. 1996; Saynes et al. 2005; Singh and
Kashyap 2006). These studies have suggested that
s0il moisture is the limiting factor for N-mineraliza
tiom and nitrification in these wopical forests. How
ever, there is evidence of a possible relationship
between N transformations and soil organic C:
nitrification rates increase in the rainy season, when
soil organic matter and microbial activity decrease
(Garcia-Méndez et al. 1991; Roy and Singh 1995; Tha
et al. 1996; Garefa-Oliva et al. 2003; Singh and
Kashyap 2006). This inverse relationship suggests
that N transformations could be controlled by C
availability when water is not limiting. The greater
nitrous oxide fluxes in tropical deciduous forest than
in temperate forests as a result of high soil nitrifica

& Springer

tion (Vitousek et al. 1989; Davidson and Kingerlee
1997) makes the understanding of N transformations
relevant.

The objectives of this study in a tropical deciduous
forest in western Mexico were (1) to guantfy soil
DOC and to establish its relationship with microbial
biomass and activity, and (2) to assess the relation
ship between N mineralization and nitrification with
soil DOC. We studied the seasonal dynamics of these
variables in two soils with different organic C
concentrations which thus provide natural experi
mental treatments of C levels. We expected: (A)
Higher microbial biomass and activity and net N
mineralization in soils with higher organic C and (B)
Higher net nitrification in soils with lower organic C.
This approach does not alter soil properties as could
occur with short-term experimental additons of C or
litter removals.

Materials and methods
Study site

We conducted this study in the tropical deciduous
forest of the Chamela-Cuixmala Biosphere Reserve,
located near the Pacific Coast of Mexico (19 "29° N
and 1035 "01" W), Mean annual temperature is 24.6°C
and mean anmual rainfall 15 746 mm (1983-2002;
Garcia-Oliva et al. 2002). Rainfall is strongly
seasonal with seven dry momths per year and with
B80% of annual rainfall falling from June to October
(Garcia-Oliva et al. 1991). The vegetation is a highly
diverse tropical deciduous forest (Lott 1993), Its total
net primary productivity amounts to 12 Mg ha™' }'r_l
(Martinez-Yrizar et al. 1996). Because of rainfall
seasonality, most of the tree species drop their leaves
at the end of the rainy season, which represents a new
input of organic matter o the soil (Martimez- Yrizar
19935). Soils are sandy-clay-loams, poorly developed,
classified as Eutric Regosols in the FAD system
(Caotler et al. 2002). The common soil parent material
is Tertiary rhyolite and kaolinite is the dominant clay
(Campo et al. 2001) Soil organic matter (SOM)
content is <5%, mainly concentrated in the top 5 cm
(Garcia-Oliva and Maass 1998).
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Field experimental design and soil sampling

The study was conducted in an undisturbed forest
within three small watersheds of a long-term ecosys
tem project (Maass et al. 2002). These watersheds
have the same parent material, geologic age, vege
tadon type, and have different topographic units
(Lopez-Blanco et al. 1999). To test the effect of soil
organic C on microbial activity and N transforma
tions, we established ten replicate plots in each of two
topographic positions: hilltop (slope =1.2° £ (.7} and
south-facing hillslope (slope = 26" £ 3), distributed in
the three watersheds. These topographic positions
have different soil C concentrations (37 and
24 mg C g ' in hilltop and hillslope soils, respec
tively). Both topographic positbons have similar
annual solar radiation index (SRI: 4356 and
4475 MJ m ™~ yr ' for hilltop and hillslope, respec
tively; Galicia et al. 1999), soil texture (Solis 1993),
soil water content (Galicia et al. 1999), and they
support similar vegetation (Balvanera et al. 2002).

Each replicate plot was 150 m® (10 = 15 m) and
was at least 300 m away from the nearest plot. Soil
samples were collected in each plot at three sampling
dates: dry (April), early-rainy (June), and mainy
(September) seasons, during two consecutive years
(2002 and 2003). Annual precipitation was 649 mm
in 2002 and 794 mm in 2003. At cach sampling date
and in each plot, 15 topsoil sub-samples (0-5 cm
depth) of approximately 50 g were randomly col
lected and mixed by hand to form a composite soil
sample for each plot. Large pieces of plant remains
were removed by hand prior to sampling. The soil
samples were stored in black plastic bags, refriger
ated at 10°C, mnd processed in the laboratory within
three days after sampling.

Laboratory analyses
Soil moisture, pH, and nutrients

The composite soil samples were passed through a 2
mm sieve. A sub-sample was oven-dried at 75°C to
constant weight for soil moisture determination by
the gravimetric method. Soil pH was measured in
deionized water (soiloluton ratio, 1:2 wiv) with a
PH meter equipped with a glass electrode (Corning).
All C forms were determined with a Total Carbon
Analyzer (UIC Mod. CM30132), while N forms were

determined colorimetrically using a Bran-Luebbe
Auto Analyeer [T (Norderstedt, Germany). Each
dry sample was ground with a mortar and pestle prior
to total soil mutrient analyses. Total C was determined
by combustion and coulometric detection (UIC
1995). A correction for inorganic C was unnecessary
because its average concentration in these soils
(0.024%) was considered negligible. Total N was
determined after acid digestion by a macro-Kjeldahl
method and determined colorimetrically (Technicon
1977). Inorganic N (NH) and NO3) was extracted
from fresh sub-samples with 2 M KCl, followed by
filration through a Whatman No. 1 paper filter
(Robertson et al. 1999), and determined colorimetri
cally by the phenol-hypochlorite method (Technicon
1977). Total dissolved nitrogen (TDN) was extracted
with deionized water after shaking for 1| h and
filtering through a Millipore 0.42 pm filter (Jones and
Willett 2006); the filtrate was digested with a macro
Kjeldahl procedure and determined as total N
Dissolved organic N (DON) was calculated as the
difference between TDN and inorganic N (DIN).
Previous to acid digestion one aliquot of the filtrate
was used to determine dissolved inorganic N (NHj
plus NO3) in deionized water extracts,

Microbial biomass and carbon availability

Microbial C and N concentrations were determined in
field-moist samples by the chloroform fumigation
extraction method (Vance et al. 1987). Fumigated
and non-fumigated samples were incubated during
24 hoat 25°C and constant moisture. Microbial C was
extracted from both fumigated mnd non-fumigated
samples with 0.5 M K,50,, filtered through What
man Mo, 42 filters (Brookes et al. 1985). C concen
tration was measured in the C analyzer (see above).
Microbial C was calculated by subtracting the
extracted C in non-fumigated samples from that of
fumigated samples and dividing it by a Kgc- value of
0.45 (Joergensen 1996). Microbial N was extracted
with the same procedure wsed for microbial C, but
was filtered through a Whatman No. | paper. The
filtrate was acid digested and determined as total N
by a macro-Kjeldahl method (Brookes et al. 1985).
Microbial N was calculated similar to microbial C,
but divided by a Kgy value of 0.54 (Joergensen and
Mueller 1996,
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Water-extracted C represents DOC in the soil
solution (Jones and Willett 2006) and constitutes a
readily-available C source for microbes (MNeff and
Asner 2001). Dissolved organic carbon (DOC) was
extracted from soil samples with deionized water
(1:5 wiv) after shaking for | h, filtered through a
0.42-pm Millipore (cellulose-acetate filter) and deter
mined in the C analyzer (UIC 1995). We used DOC
in the soil solution as an index of C availability to
microbes because this DOC fraction is presumed to
be available to them in the short term compared to
DOC in the exchange phase. For example, the free
monomers in the soil solution (e.g., amino acids)
have an extremely fast turnover rate due to rapid
microbial use (Jones et al. 2005).

Potential C mineralizaton and N transformations

Potential C mineralization, net N mineralization
immobilization, nitrification and DOC and DON
changes were measured in 16-day laboratory aero
bic incubations. Soil sub-samples were placed in
PVC (polyvinyl-chloride) tube cores with a
0.17 mm mesh at the bottom. Following Robertson
et al. (1999), each sample was wetted to field water
holding capacity with deionized water and incu
bated in 1 1 jars at 26°C. The jars were regularly
acrated and so0il moisture was adjusted to field
capacity every two days. Potential C mineralization
was estimated as evolved CO.-C collected in 1 M
MaOH traps. Carbonates were precipitated by
adding 1.5 M BaCl, and then titrated with 1 M
HCl. The COu-C values were corrected for soil dry
weight. MNet microbial N immohilization during
each incubation period was estimated as the
difference between initial and final microbial N
concentrations. Thus, positive values represent
immobilization and negative wvalues represent N
release from microbial biomass. Also, before and
after the incubation, ammomum (NH4-MN), nitrate
(MNO3-M), DOC and DON were determined with the
previously described methods. Differences between
post- and pre-incubation values of inorganic N
(NH, N plus NOy-N), NO5-N, DOC and DON were
used to calculate net N mineralization, net nitrifi
cation, ADOC, and ADON; respectively.
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Data analyses

All statistical analyses were performed with Statistica
6 software (StatSoft 2000). All data were expressed
on a dry-weight basis unless otherwise stated. Data
were subjected to a repeated measures analysis of
variance (RMANOVA) with one between-subject
factor (site: hilltop and hillslope) and two within
factors (year and sampling date), where year and date
were treated as repeated measures. A Greenhouse
Geisser correction for time factors was used when the
data did not meet the circularity assumption of the
repeated-measures analysis. When the RMANOVA
indicated significant factor effects, mean comparisons
were performed with Tukey’s HSD multple com
parison test (von Ende 1993). Data were log-trans
formed to meet ANOVA assumptions when reguired
(Sokal and Rohlf 1995), but are reported in their
original scale of measurement. Pearson correlations
were used to explore relationships among soil
parameters. Stepwise multiple-regression analysis
was performed to examine control wvariables on
microbial activity and N dynamics measured in
laboratory incubations. In all cases, P < 0.05 was
taken to be significant.

Results
Soil pH, moisture and total C and N

Soil pH was slightly acidic (6.3-6.7) and did not vary
between sites, years or sampling dates (Tables | and
3). In contrast, samples collected at hilltop soils had
higher soil moisture than those collected at hillslope
soils, but these differences were lees than 3%, and
moisture was lowest in samples collected in the dry
season in both topographic positions in the two study
years (Tables | and 3). Hilltop soils had higher C
(328 +2mgg Hand N (2.5 +0.4 mg g ') concen
traions than hillslope soils (C = 231 £ 3 and
M=19+02mg g '; Tables | and 3). Rainy-season
soil showed the lowest C and N concentrations in the
two topographic posiions during both study years
(Table 1). The C:N matio in hilltop soils increased
during the rainy season in both years (Tables 1 and 3).
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Table 1 Seasonal means (= standard error) of pH, moisture, tota ] nutrient concentrtions, and C:N ratios at hi lltop and hillslope soils

during two consecutive vears in a tropical deciduows forest st Chamela, Mexico

Year 2002 Year 2003

Hilltap Hillslope Hilltop Hillslope
pH (sail water 1:2)
Diry season 6.7 {(0.07) 6.6 (007 6.5 (10.09) 6.7 10.03)
Earlv-rainy season 65 (020 6.5 (0.1 6.3 (0.18) 6.6 0,07
Fainy season 6.6 (0,09 63 (0200 6.4 (0.10) 6.3 0.13)
Moisture (%)
Diry season 20 (0.1 1.7 (0.2 21 0.3 1.9 (.58
Early-rainy season 55 (0.1 47 (018 B4 0.5 6.7 (0.7
Rainy season 203 .5 19.1 {0.7*8 6.1 (08 2.7 (1078
Tonal soil Cimg C g Iy
Diry season 365 (3. 27.5 (1.5*F 6.5 (2914 2.1 (10)*"
Early-rainy seasan 330 (1.0 276 2.1 B (240 24.0 (128
Rainy season 209 (2.2 LT 2.5 2R.7 (14 19.8 (228
Total soil N (mg N g "
Diry season 34 (02 23 (0™ 29 0.2 24 {0.1*8
Early-rainy season 29 (kA 1.9 (0178 23 0.1 20 .18
Rainy season 1.9 {02 1.6 (0.1 L4 0.1 1.2 .18
Total soil C:MN
Diry season 11.2 (1.3 121 (Lo 13.2 (1.5 12.1 (1.9
Early-rainy seasan 11.7 (0.8 14.3 (1.4 15.6 (1.8 11.5 (0.8
Rainy season 17.1 (2.9)** 135 2.5 4.8 (4.8 16.4 (3™

Walues followed horzontally by a differsnt uppercase letter (A and B) indicate that means are signi ficantly different (£ < 0.05)
between sites (hilltop and hillslope) within sampling date in the same vear; whereas different lowercase letters (o, b, ¢) vertically
indicate that means are significantly different (P = (.05 among sampling dates within a site

Dissolved, available, and microbial forms

Dissolved organic C (DOC) was higher at the hilltop
than at the hillslope soils (Tables 2 and 3) for all
sampling dates, and generally decreased from the dry
season towards the early-rainy and rainy seasons in
both study years. DOC represented between 0.5 and
0.9% of the total soil organic C concentrations. In
contrast, dissolved organic N (DON) concentrations
only differed between topographic positions ( Table 3),
with an almost two-fold higher concentration in the
hilltop that in hillslope soils both years (Tahle 2).
Ammonium concentrations were higher in 2002 than
in 2003 (9.7 £ 007 and 7.4 = 0.1 pg g_l, respec
tively) and higher at the hilltop soils
(103 = 1.8 pug g ") than at the hillslope soils
(6.8 + 0.9 pg g~ ") Also, ammonium concentrations
were nearly twice as high in the dry season than in the

early-rainy and rainy seasons (Tables 2 and 3)in both
study years. In contrast, nitrate concentrations were
higher at the hillslope (32,1 £+ 2.9 pg 5_1} than at the
hilltop soils (159 = 4.1 pg g "), and increased
consistently during the miny season only at the
hillslope soils in the two study years (Tables 2 and 3).

Microbial C was generally higher at the hilltop
than at the hillslope soils and it decreased from the
dry to the rainy season (Tables 2 and 3). In contrast,
microbial N did not differ between topographic
positions, except in the early-rainy season when the
hilltop soils had higher concentration than the
hillslope soils (Tables 2 and 3). Except for the hilltop
soil during 2003, microbial N concentrations were
lowest in rainy season samples (Table 2). Microbial
C:N ratios were higher at the hilltop than at the
hillslope socils, but did not show clear seasonal
variation (Tables 2 and 3).
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Table 2 Seasonal means (= standard error) of dissolved, available, and microbial forms of C and N at hilltop and hillslope soils

during two consecutive vears in a tropical deciduous forest at Chamela, Mexico

Year 2002 Year 2003

Hilltop Hill slope Hilltop Hillslape:
Ammanium {pg NHY g 5
Diry season 17.5 (1.6 12.3 (1.0)*® 147 (1.2)* 10.1 {1.1)™®
Early-rainy season 1.9 (1P 59 (1.1p® 5.5 (08" 3.2 (0.7
Rainy seasan A ) 56 (120" 73 (08" 3.9 (1.
Mitrate {pg NOsg !
Diry season 1.8 (1.1*® 18.2 (0.5 20.1 (1.5 30.6 (5.2
Early-rainy season 14.2 (1.5*8 200 (4.9 156 (1498 34.4 (542
Ruiny seasm 16.3 (1.1*® 34.1 (34 17.7 (081" 46.4 (21
DO (g g Iy
Dy season 217.3 (11224 1604 (R.6)1" 2449 (5.1 181.2 (9.97"
Early-rainy season 115.9 (1.8 61.4 (6.3 163.8 (16.1)"" 67.7 (6.1
Rainy seasan 177.6 (1.5 496 (9.9 1022 (7.8 33.2(11.5®
DON" (ug g1
Dy season TIO( 41.3 (62" 954 (117 30.9 (8.8
Early-rainy season TRO (15 0.0 (108 842 (13 35.7 (28
Rainy seasan 807 (14 34.1 (4.4 635 (BB 422 (78"
Microbial C (ng C g !
Dy season TRO (471 71 437" 889 (107 400 (61"
Early-rainy season 626 (37 381 (37P T34 (75 307 (618
Rainy seasan 539 (A" 280 (518 465 (61" 349 (29
Microbial N {pg N g !
Diry season g2 (42 a4 (T 87 (T 100 (10
Early-rainy season B0 (51 52 (78 a4 (137 75 (11p®
Rainy seasan al (o T4 B2 (5™ a7 (3
Microbial C:N
Diry season 7.2 W50 54 0.678 1.1 (L&) 6.0 (1.4)*8
Early-rainy season 7.8 A 66 (1078 8.8 (08 5.4 (1.3
Rainy seasan 7.7 (.25 39 .80 54 (0.7 55(0.7

* Dissolved organic carbon; "Dissolved organic mitrogen

Walues followed honzontally by a differem uppercase letter (A and B) indicate that means are sigm ficantly different (P = (L05)
between sites (hillop and hillslope) within sampling date in the same vear; whereas different lowercase letters (a, b, ¢) vertically
indicate that means are significantly different (£ = 0,05 among sampling dates within a site

Correlation analysis showed that soil moisture was
negatively correlated with DOC, microbial C and
ammonium, but positively with nitrate (Table 4).
DOC was positively correlated with DON, ammo
nium and microbial C and N. Likewise, ammonium
was positively correlated with microbial C and N. In
contrast, nitrate was negatively correlated with DOC,
ammonium and microbial C (Table 4).
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Laboratory soil incubations

Soil incubations resulted in a reduction of DOC
concentrations. The hilltop and hillslope soils showed
contrasting seasonal variation in ADOC both years.
The incubated hilltop soils showed lower reduction of
DOC in samples collected in the dry than for samples
collected during the early-rainy and mainy scasons,
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Table 3 Fratios and significant levels of the repested measures ANOVA for vanables of hilllop and hillslope soils (sites) in a
tropical deciduous forest at Chamela, Mexico

Parameters Soure of variation

Betwesn subject Within subjects

Site (8] Year (Y) ¥Yx8§ Date (D) DxSs YxD Y=xD=x§
pH 003 = 1.3 3 1.4 ™ 1.7 = 0.26 ™= 0.05 =
Soil moisture 1L.8™ 549 25 134,17 32 14.8™ .55 ™
Total carbon 5327 0.63 = 0,79 18.5™ 0.61™ 0,004 ™= .54 =
Total nitrogen 24.5™ 43 29™ 4.2 1.9 056 09 =
N 40 ™ 1.4 ™ 2.5 51" 3.8 0,53 023 =
DOC g9 001 = 021 gre 2E= g2 7=
DON® 321" 002 = 041 0.3% 1.42%= 0.55% 0.08 =
Ammemium 2717 11.4" 0001 5137 1.3™ 023 .06 ™
Mitrate 669" 149 32 85" 6.4" 1.4 ™ 0.56 =
Microbial C 499" 0,02 = 1.5 15.97 2.3™ 0.24 = ad”
Microbial N 049 = 7.4 .58 = 61" 4.8 096 = 1.9 =
Microbial C:N 112" 0.61™ 0.4 = 023" 0.9 = 32 6.5
A DOC B4 6.4 054 ™ 37 3197 1.1 087 ™
A DON 635" 001 00 = n4™ 537 1.23= 062 =
COg-C? 1 Y 0.3 = 015 = 149,27 0.53 = 2.1 a9
Met M-immaobili zation 51" 002 = 000 = 14.1™ 002 = 1.1 0.20 =
Met M-minemlization a7 3= 006 = 2.1 .60 = 0,77 = 007
Met nitrification 326 4.3 1.2 10.3™ 0495 = 046 = 34"

& Dissolved organic carbon; "Dissolved omganic nitrogen; Delta (A) = changes in concentration; “Potential C mineralization rate
Note: ns = not significant. * £ < 0005 ** £ < 001; === P < (L0010

whereas the opposite trend occurred at the hillslope in the incubated hillslope soils (Table 3: Fig. 1b)

soil: the greater reductions of DOC were measured in whereas in the incubated hilltop soils DON increased
the incubated samples collected during the dry season in samples collected during dry season and decreased
(Table 3; Fig. 1a). On the other hand, DON increased in those collected during the early-rainy and rainy
after incubation with no significant seasonal variation seasons in both study yvears (Fig. 1b).

Table 4 Pearson comelation cosfficients for available © and N and microbial biomass in soils of a wropical deciduows forest at
Chamela, Mexico

DOC "DON “MHZ NS Microhial C Microhial M
pH 016 ={.10 0.1 =006 0.0 0.15
Soil mal sture ={.50* ={.16 —{L.40= 0.22* =031* =0.17
D 1 (L.28* 0.47% —=.53= 0.37* 0.19%
DOMN 1 0.19* =029* 0.36* =003
MHZ 1 =031* 0.24% 0.36*
NO; i _03se —004

* Dissolved organic carbon; "Dissolved onganic nitrogen; "NHY = ammonium; "NO5 = nitnute
Note: n = 120; coefficients followed by an * are significant st £ < 0,05
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Fig. 1 Seasonal varigtion in changes (A) of (a) dissolved
organic carbon (DO and (b)) dissolved organic nitrogen
(DON) afterlf day incubations of hillop and hillslope soils
from atropical deciduous forest st Chamela, Mexico. Bars with
different uppercase letters (A and B) indicate that means are
significantly different (# < (.05 between sites (hilltop vs
hillslape) within a sampling date. Different lowercase letters
(a, b ¢} indicate that means are significantly different
(P = 0,05) among sampling dates within a site

Potential C mineralization in the incubated hilltop
samples was nearly double that of the hillslope soils
and was generally higher in samples collected in the
dry than in the early-rainy and rainy seasons in both
study years (Tables 3; Fig. 2). Potential C mineral
ization was positively and significantly explained by
both DOC and microbial C (Table 5). Net W
immobilization was higher in the incubated hilltop
samples than in the hillslope soils (more negative
values, which represent N release from microbial
biomass) in both study years (Tables 3; Fig. 3a).
Seasonally, it was higher and positive in the samples
collected during the dry season and generally lowest
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Fig. 2 Seasonal variation of potential C minemlization mte
(C0-C) after 16-day incubations of hilltop and hillslope soils
from a wrapical deciduous forest st Chamela, Mexico. Bars with
different uppercase letters (A and B) indicate that means are
sigmificantly different (¢ < 0.05) between sites (hilllop vs
hillslope) within a sampling dme. Different lowercase letters
(a, b, ¢) indicate that means are significantly different
(P = 0.05) among sampling dates within a site

and negative in samples collected in the early-rainy
and rainy seasons (Fig. 3a). N immaobilization showed
a positive relation to ammonium concentration and a
negative relation to microbial N concentration
(Table 5). Met M mineralization and net nitrification
were lower in the incubated hilltop samples than in
the hillslope soils. Net mineralization was higher in
samples collected during the wet season (i.e., early
and rainy) than in those collected in the dry season at
both sites. Net nitrification was also generally higher
in saumples collected during the wet season (Table 3;
Figs. 3band c) and inversely related to both DOC and
microbial C {Table 5).

Discussion

Our results showed that the soil at the two topo
graphic positions had different soluble organic C
availahility. The higher DOC concentration in the
hilltop soil agreed with a higher organic material
accumulation, while the lower DOC concentration
occurred in the hillslope soil, where organic material
is removed by erosion as guickly as it accumulates
(Galicia et al. 1995; Garcta-Oliva et al. 1995; Garcia
Oliva and Maass 1998). DOC accumulation during
the dry season in both hilltop and hillslope soils may
be attributed to the input of organic matter through
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Table 5 Stepwise multiple-regression analyses of soil C and N microbial processes measured in laboratory incubations, Soil was

collected in the wropical deciduous forest st Chamela, Mexico

Dependent vanahle All factors included

Significant factors in the model

Coeflficient R*

Potential DOC* DOC
C mineralization DON® Crmic

Crmic® and Nmic?
“NHZ and "NO;
Mineral N5

MNet N-immaohilization DO NH2
DO MNrmic

Crmic and Nmic
NHZE amd NO;
Mineral N

MNet nitrification DO DOC
WH Cmic

DO
Crmic and Nmic
Mineral N

N49===

0.28 1.53%%%
—0.44

-0.29 023**
=026

* Dissolved organic cabon; "Dissolved omganic nitrogen; “Microbial C; “Microbial N; “Ammonium; ‘Mitmte; # Ammonium-plus-

nitrate

Naote: no= 120); significant: * F < 0,05, #=F < 0.01, **=F < 0.001

litterfall and root death (Kummerow et al. 1990
Martinez-Yrizar 1995; Garcia-Oliva et al. 2003). In
contrast, DOC concentrations decreased during the
rainy season, which was likely due to leaching,
microbial use, and a lower microbial producton of
DOC during this period (Neff and Asner 2001).
Another study conducted in this tropical forest
reported higher concentrations of soluble carbohy
drates and proteins in dry-season than in rainy-season
soil (Garcia-Oliva et al. 2003). This suggests a lower
C availability during the growing season, when soil
moisture stimulates microbial activity and increases
DOC consumpton, because it represents the main C
source for heterotrophic microorganisms (Wardle
1992; Neff and Asner 2001). Therefore, the decrease
in soluble available C may constrain microbial
growth and activity during the growing season when
water availability is not limiting.

Soil microbial C and N concentrations showed the
expected seasonal pattern in tropical deciduous
forests: accumulation during the dry period and
reduction during the rainy season (Singh et al.
1989; Srivastava 1992; Lodge et al. 1994; Jaramillo
and Sanford 1995; Saynes et al. 2005). The reduction

in microbial biomass during the wet period has been
explained by microbivorous grazing and by microbial
cell lysis due to soil wetting (Singh et al. 1989;
Srivastava 1992). Additionally, the positive relation
ship among microbial biomass, potential C mineral
ization and DOC, suggest that the decreases in
microbial biomass and activity during the rainy
season could also be explained by the concurrent
decreases in soil available C heavily consumed by
heterotrophic microbes in the early-rainy season. This
was suggested by Gareia-Oliva et al. (2003) in a
previous study conducted in the Chamela forest soils.
Mevertheless, further work is required to test this
hypothesis because correlative results cannot resolve
if DOC was a substrate or a product of microbial
activity and makes difficult establishment of causa
tion (Neff and Asner 2001).

Soluble C availahility stimulated heterotrophic
microbial activity and thus N mineralizaton, which
would explain the higher ammonium concentration in
the soil with higher DOC (ie., hilltop soil). This
supports the hypothesis of a higher N mineralization
favored by soluble C awvailability. Heterotrophic
microorganisms use energy to mineralize DON and
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Fig. 3 Seasonal variation of {a) net N immobilization, {b) net
M mineralization, and {(c) net nitrification after a 16-day
incubation of hilllop and hillslope sails from a2 tropical
deciduows forest at Chamela, Mexico, Bar with differem
uppercase letters (A and B) indicate that means are signifi-
cantly different (F = (L05) between sites thilltop va hillslope)
within a sampling date. Differem lowemase letters (o, b, ¢)
indicate that means are signifcantly differsnt (F = (L05)
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to immobilize ammonium and some DON forms
when demand for N increases (Hadas et al. 1992;
Asmar et al. 1994; Chapin et al. 2002). Our data
showed that C availability also stimulated N immo
bilization, because a higher active heterotrophic
biomass required greater N concentrations to supply

@ Springer

their metabolic maintenance needs (Hart et al, 1994,
Barrett and Burke 2000; Bernhardt and Likens 2002;
Schimel and Weintraub 2003). For example, the soil
with both higher DOC and potential C mineralization
rate showed greater microbial C and higher net N
immobilization. Likewise, the reduction in DON
concentration at the end of incubation period in the
soil with higher available C suggests an increase in
the immobilization of DON; whereas the increase in
DOMN concentration in the soil with lower available C
indicates a decline in net DON immobilization. These
differences between hilltop and hillslope soils are not
due to differences in geochemical adsorption since
both soils have similar texture and clay minerals
(Solis 1993; Galicia et al. 1995; Campo et al. 2001},
Thus microbial N immohilization prevailed in the
hilltop soils. In turn, we propose that higher soluble C
availahility promotes ammonium formation, but also
increases microbial demand for DON and ammonium
favoring a higher microbial N recycling. This is
consistent with findings in a variety of ecosystems,
which show that higher soil C availability favors N
retention (Luizao et al, 1992; Hart et al. 1994; Barrett
and Burke 2000; Booth et al. 2005).

Although, we expected higher net N mineraliza
tion in soils with higher DOC, this was not the case.
This may be explained in two ways: (1) a rapid
nitrification occwred during the incubation period
representing approximately 96% of net N minerali
zatiom, similar to reports in other tropical forest soils
(Vitousek and Matson 1988), and (2) net N miner
alization likely did not reflect a relationship with C
availahility due to the limitation of net measure
ments. We could speculate that gross N mineraliza
tion may have been higher in soils with higher DOC.
However, the higher nitrate concentration and net
nitrification in the scil with lower DOC and the
negative correlations between nitrate and ammonium
concentrations, as well as between mitrate and DOC
concentrations, support the hypothesis that low DOC
concentration for heterotrophic microorganisms pro
motes autotrophic nitrification, because the reduction
of C availability decreases N immobilization by
heterotrophic microbes and favors that soil ammo
nium can be used by nitrifying bacteria as an energy
source (Verhagen and Laanbroek 1991; Hart et al
1994; Chen and Stark 200¥); Bernhardt and Likens
2002 ; Strauss and Lamberti 2002; Booth et al, 2005).
The higher net N mineralization and net nitrification
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Fig. 4 Concepual model summanzing the links between
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relative differences in nulnent concentrations, while amow
width shows the relative importance of processes, DOC = dis-
solved organic carbon; DON = dissolved organic nitrogen;
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during the rainy season is consistent with the seasonal
pattern of nitrification reported in other studies in
tropical deciduous forests (Singh et al. 1989; Garcia
Méndez et al. 1991; Raghubanshi 1992; Roy and
Singh 1995; Jha et al. 1996; Saynes et al. 2005; Singh
and Kashyap 2006). Furthermore, our study showed
that net nitrification increased during the rainy season
when soil DOC concentration was lowest and N
immobilization was negative. This highlights that soil
C availahility can exert strong control on autotrophic
nitrification in tropical deciduous forests when water
is not limiting.

Finally, this study is the first in tropical deciduous
forest soils that provides an experimental data set that
supports a conceptual model that has been developed
over the last decade, which predicts that C availabil
ity may control microbial dynamics and N transfor
mations (Hart et al. 1994; Chen and Stark 2000;
Bernhardt and Likens 2002; Strauss and Lambert

2002; Schimel and Bennett 2004; Booth et al 2005;
Fig. 4). Based on our results we hypothesized that the
prediction of conceptual model may also ocour in
soils of the Chamela tropical deciduous forest. The
model suggests that DOC stimulates the actvity of
heterotrophic microorganisms, which increases
microbial demand for N and thus promotes N
immobilization allowing N protection in microbial
biomass (Fig. 4a). In contrast, lower soil DOC
concentration reduces microbial N immobilizaton,
because the growth and activity of the heterotrophic
microorganisms are constrained by soluble C avail
ability (Fig. 4b). Under this situation, nitrifiers are
more efficient competitors for ammonium than het
erotrophic microorganisms and as a consequence
autotrophic  nitrification increases. This could in
crease N loss by nitrate leaching as well as by
emissions of N oxides (Paul and Clark 1989;
Davidson and Kingerlee 1997). N losses through
nitrification could be magnified when soil C levels
decrease due to forest conversion (Garcia-Oliva et al.
2006)., Our results highlight the need to consider
functionally coupled C and N dynamics in tropical
deciduous forest soils.
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