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En esta tesis se analizaron: la dinámica del e y Nen macro- y micro

agregados del suelo, el papel de la estructura de las comunidades microbianas 

en los procesos funcionales del suelo, en las dos fracciones de agregados, y la 

distribución espacial de las comunidades microbianas del mismo, a una escala 

local. 

Los resultados indican que la dinámica del e y N en macro- y micro-,-
agregados es diferente, encontrándose un tipo de e menos procesado y en 

menor concentración. en los macro-agregados. Asimismo, el nitrógeno presenta 

una redistribución diferencial entre los dos tamaños de partículas, siendo 

mucho más estable en los macroagregados. 

En relación a las comunidades microbianas, éstas son de naturaleza 

diferente en los dos tamaños de agregados, así como los procesos de 

transformación de nutrientes que realizan dentro de cada fracción. Los micro

agregados poseen una mayor proporción de . organismos heterótrofos que 

estimulan la inmovilízación del nitrógeno; protegiéndolo de su pérdida por 

lixiviación en la época más húmeda. En contraste, en los macro-agregados 

dominan las bacterias nitrificantes. 

Con respecto a la distribución espacial encontramos que a una escala 

los organismos estudiados presentan rangos de distribución reducidos 

con un alto porcentaje de "endémicos"; valores de diversidad .f5 entre 1~78 -1.9, 

los cuales sonmayóres a los que originalmente se asumían para estos 

organismos; una curva "especie-área"; en la que el número de "especies~ se . 

. Íncretnenta con el áreatnuestreada y comunidades estructuradas localmente. 
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ABSTRACT 

In this work we conducted an investigation about Cand N dynamics in 

soil. macro- and micro-aggregates; the role of soilmicrobial community 

structure in these dynamics; and the spatial distribution of soil microbial 

.coinmunitíes at a local scale. 

We found that soil C & N dynamics and transformation are different 

within soi1 rnacro- andmicro-aggregates. Macro-a,ggregates posses Iower 

concentrations orc than micro-aggregates and of less processed nature. There . ,.. ... 
is also a differential N redistribution between the two soil fractions,being the N 

withinmacro-aggregates, more stable than in micro-aggregates. 

Microbial cornmunities present in the two soil fractions are of different 

nature andperform different nutrient transformation processes. Micro

aggrega.tes present a greater proportion of heterotrophic organisms which 

estimulate N imrnobilization, avoiding its lost through lixiviation during the 

wettest peripd of the year. In contrast, within macro-aggregates nitrifying 

bacteria are dominant. 

In thecase of microbial communities, we found highly structured species 

assemblages, which showed high levelsof beta diversity and a non-random 

nested pattemofdiversity. Wede.monstrate a non-ubiquitous dispersal for soil 

prokaryotes, which suggest a complex biogeographysirnilar to that found for 

terrestria1 vertebrates. 
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CAPÍTULO 1 

INTRODUCCIÓN GENERAL 
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LAS BACTERIAS y LOS ECOSISTEMAS 

Las bacteria~ juegan Unpapel relevante en laregulaciórtde la circulación 

.de nutrientes, el flujo de energía y la productividadprhnaria en los 

ecosistemas, tanto terrestres como acuaticos (Paul& Clark, 1989; Buckley& 

Schmidt, 2001; Hill et al., 2000; Wardle et al. 2004). Debido a su diversidad 

metabólicaestas pueden sobrevivir en prácticamente todos los ambientes 

existentes, induyendo los extremos (Fulthorpe, etaL 1998;,Wardet al. 1998; 

Nusslein &Tiedje 1999;Staley.& Gosink, 1999; Newman & Banfield 2002; 

Papke ét al 2003). Asimismo, ,constituyen el grupo viviente con mayor 

'diversidad tanto fisiológica como genética (Woese, 198'7l 

Actualmentee~iste la controversia sobre la existenCia de patrones de 

distri bucióny diversidad en las comunidades bacterianas, similares a los que 

presentan los organismos macroscópicos (Finla)"', 2002). Debido a su carácter 

unicelular, tamaño reducido y extraordinaria abundancia, ha persistido la idea 

de que las, bacterias carecen de restricciones para su dispersión y por ta11to de 

barreras geográficas o patrones de distribución, ya que se piensa, que por 

tazones ,puramente' e;stadisticas .presentan altas tasas. de migración y bajas 

tasasdeespeciaci6n yextinción (Finley et al 1999; Fihley2002). Sin embargo, ' 

estas aseveraciones están basadas en· la extrapolación de'datos referentes 

unicamenteaprotdzoarios ciliados" 

La aparición dé nuevas técnicas moleculares ha permitido empezara 

explorar y tratar de encontrar respuestas sobre la historia evolutiva de Íos 

microorganisrt1os, el ensamblaje de sus comunidades, su diversidad, actividad 

y abundancia (Hugenenholtz et al. 1998; Tiedjeet a11999; Ranjard etal. 20QO; 

Curtiset·al. 2002).' Más aun las técnicas moleculares nos han dado las 

herramient~s para empezar a discernir el papeldeJadiyersidad de especies en 

los ecosistemas (Schimd& Gulledge 1998; CavigeUi& Robertson 2000, 

Prosser, 2002; Jessupet al. 2004). 

Conocer la,distribución espacial de las bacterias y las mecanismos que la 

regulan nos darán las herramientas necesarias para entender la redundancia 

,funcional, las limitaciones en su dispersión y nos aportará datos potenciales' 
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sobre el intercambio de rasgos ecológicamente relevantes. Como mencionan 

Curtis &Sloan(2004), si discutimos queladiversidad importa, entonces el 

estudio de los patrones de diversidad global arrojará información substancial a 

las investigaciones que buscan relacionar la función yla estructura en las 

comunidades. 

Los SUELOS y EL BOSQUE TROPICAL ESTACIONAL 

La. fuente principal de nutrientes disponibles en los suelos dél bosque 

tropical estacional (BTE) se obtiene a partir de la mineralización de la materia 

orgánica (Singh et al. 1989; Raghubanshi et al. 1990; Srivastava 1992; Ptasad 

et al. 1994; Campo et .al. 1998; Giardina et al. 2000). Laacumülación de 

formas disponibles de nutrientes en el suelo del BTE sucede durante el periodo 

de secas (Roy y Singh 1995; Singh y Singh 1991-; Jaramillo y Sanford; 1995 

Zarco Arista 2001 ) cuando la mayoría de los árboles catecen de hojas y la 

absorción de nutrientes por parte de las plantas, se encUentra abatida (Roy y 

Singh 1995; Campo et al 1998). Durante el periodo de Uuviasse presenta un 

mayor movimiento de nutrientes entre los diferentes compartimentos del 

ecosistema, encontrándose en el suelo los valores más bajos de formas 

inorgánicas y microbianas (Zarco Arista 200 1). 

El contenido de agua en el suelo y su consecuente efecto sobre las 

poblaciones microbianas y procesos de mineralizacion, también se ve afectado 

por la variación en las características de las geoformas, definidas a través de su 

elevación, orientación, pendiente y material parental {Ka.chanoski 1988; 

SVlanson et al. 1988; Raghubanshi, 1992; Silver et al. 1994; Tiessen et aL 

1994). La variación en la disponibilidad de agua en el suelo en relación con los 

gradientes topográficos produce valores diferenciales en el almacén de 

nutrientes y la materia orgánica del suelo, especialmente en la dinámica del e, 
N y P (Silver et áL 1994; Burke et al. 1995; Morris & Boerner 1998). 

La heterogeneidad topográfica a lo largo de la costa mexicana del Pacifico 

determina que en la región existan innumerables cuencas, en el caso particular 

de la estación de Biología Charnela, Jalisco, las cuencas hidrográficas 
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existentes se pueden caracterizarp~;'~t~tip6,é'ci~se, rasgos y procesos de 

relieve (López-Blancoet aL 1999). Al interior de estas cuencas,existenladeras 

con diferentes características morfológicas: intervalos de pendiente, longitud, 

forma y orientación, que le dan a los suelos un patrón espacial diferencial en el 

contenido de nutrientes, contenido de humedad eincidencia de radiación solar 

(Martínez,. Yrízar& Sarukhán 1990, 1993, Martínez~ Yrizar et al. 1996; Galicia. 

etal. 1995; López Blanco et al. 1999; Zarco-Arista, 2001). 

EIl el;casodelossuelos del BTE de Chamelalacubierta vegetal y la 

dinámica de nutrientes en el ecosistema son esenciales para la conservación de 

la calidad del suelo. La proporción de macroagregados, en los suelos de este 

bosque, constituye aproximadamente el 80% de su masa total y juega un papel 

huportante enelahnacenamiento de carbono a corto y largo plazo (Garcia-Oliva 
, . 

et al., 1999; Garcia-Oliva & Tapia, 2001). Garcia-Oliva et al. (1999) observaron 

que después' del primer ciclo del cultivo, siguiente a la transformación del 

bosque por elmétodo de "roza-tumba-quema" , se presentaba Una drástica 

reducción en la proporción macro-agregados / micro-agregados, ,al igual que 

una disminucipnen los almacenes de e asociados con: los macro-agregados. La 

información acerqa del papel funcional de lo macro ... y micro-ágregadosen este 

tipo d~ bosque esprácticam"ente inexistente al igual que la dinámica delCy N 

en ambos tamaños de partícula y los microorganismos asociados a éstas, 

OBJETIVOS: 

l. Establecer ,el papel funcional de macro:- y micro-agregados del suelo en la 

din$.mica del e y N en tres condiciones diferentes de humedad y 
contenido ~emateria orgánica. 

2; Analizar el patrón de distribución de las comunidades bacterianas en las 

dos fracciones de agregados del suelo y en diferentes condiciones de 

humedad y relacionar dicho patrón con' la dinámica del C y N .. 

3. Determinar el. patrón de distribución espacial, a escala local, de las 

comunidades bacterianas del suelo a través" del escalamiento de su 
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diversidad y el análisis de sus patrones biogeográficos en comparación 

con otros grupos. 

HIPÓTESIS GENERALES 

1. La dinámica del C y N será diferente entre los dos tamaños de agregados 

y asu vez estará afectada por las condiciones edáficas en cada una de 

las posiciones del relieve. 

2. La riqueza y estructura de las comunidades bacterianas del suelo serán 

diferente entre los tamaños de agregados, independientemente de la 

posición del suelo en el relieve. 

3. Se espera que la distribución espacial de las comunidades bacterianas 

tenga una estructura no aleatoria y que los valores de diversidad 15 sean 

altos. 

ZONA .DE' ESTUDIO 

El trabajo se realizó en la Estación de Biología Chamela, dentro deI 

marco del proyecto a largo plazo "Estructura y funcionamiento de un 

ecosistema tropical estacional en Chamela, Jalisco" México, localizada entre los 

19°29' - 19.°34' latitud norte y los 104°58' -105°04' longitud oeste. El clima es 

AWOi, cálido sub-húmedo, con lluvias en verano (Garcia-Oliva ef al. 2003) . 

. Presenta un régimen isotermal, con una temperatura media anual de 24°C. El 

80% de la precipitación se concentra en los meses de julio a octubre (Bullock 

1986) con una precipitación media anual acumulada de 788mm (promedio de 

1977 a 2000; Garcia:-Oliva et aL 2003). La vegetacióndominantees la Selva 

Baja Caducifolia (Rzedowski 1978) o bosque tropical estacional (BTE), el cual 

se caracteriza por un patrón estacional de lluvias, en donde la disponibilidad 

de agua es el factor determinante de la estructura vegetal y del flujo de 

nutrientes en el ecosistema (Lugo y Murphy 1986; Mooney et al. 1995; 

Holbrook et al. 1995). La vegetación responde a los cambios en la 

disponibilidad de recursos en forma estructural, fisiológica y fenológica, siendo 

tal vez esta última la más evidente de todas (Holbrook et al., 1995). 
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Generalmente, estos bosques prese:htan una composición más simple y una 

estructura menor que los bosques más húmedos que se encuentran en la 

región tropical, siendo sin embargo muy diversos (Murphy y Lugo, 1995). 

• Problemas de deforestación 

El sistema agricola tradicional de roza-tumba-quema, el desarrollo de 

agricultura mecanizada y el establecimiento de praderas para agostadero, se 

encuentran entre la,.sprincipales causas de desaparición del BTE,quehasta 

hace unos años ocupaba más de lamitág de los trópicos del mundo 

(Challenger 1998; Janzen, 1988). En México el BTE constituía el 60% de la 

vegetación tropical del país, porcentaje que se ha ido reduciendo 

drásticamente. Challenger en 1998 reportaba que de la cobertura original del 

. BTE en México únicamente se .mantenía entre el 31 % Y el 45%¡ Sin embargo~ 

un estudio másredentey detallado elaborado por Dirza y Trejoj2000) sugiere 

. que ya para el. inicia de la década de los noventa úniCamente se conservaba el 

27% del BTE, principalmente en maI1chones aislados en la partes bajas de la 

Sierra Madre Occidental, en Sonora y Sinaloa, Jalisco, Tehl.lacán-Cuicatlán, 

sur de Tamaulipas y Querétaro. 

Las tasas de deforestación, 2.2 % año·! (Masera et al. 1997), y la 

constante presión económica y social del país amenazan continuamente la 

integridad de este bosque (Challenger 1998). La desaparición de la cubierta 

vegetal genera entre otros problemas: la pérdida de la biodiversidad y del pool 

genetico, la perturbación del régimen hidrológico, la pérqida de los mecanismos 

encargados de la conservación de nutrientes en el ecosistema, y la pérdida de 

la calidad del suelo (Soulé & Kohtn 1989; Wilson 1988; Maass 1995). 
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Abstract 

Soila,ggregates. play and important role in soíl structure dynamics and C 
. seqúestration in ecosystems like the tropical dry forest (TDF) in the western 
90ast ofMe}{Íco, this, ful1.ction is particularIyimportant because the high 
proportion that aggregatttsrepresent of the total soil mass (80%). After forest 

, transformation, t<;> pastlllre or agriculture, a11 themeohanismssustaining 
aggregate formationandmaintenance are de stroyed. Theextent at which 
aggregates ofciim~rentsizescdntribute tothe prese:nration of soíl structure and 
the biogeochemica,l dynamics of C. and N is a question' that has not be en 
áriswered for the' tropical soils. Our purposewas to .assess the [u9ctional' role 
ofmicro-aggregates and macro-aggregates in Cand,N dynamicsin.soils with 
thrbedifferentconditions9f humidity and soilorgarticmatter in a.TDF ín the 
stateof Jalisco, Mexico. Micro:-aggregates ha.d significantly higher nutrient , 
concentratioris. thart. macro-aggregates, and theratiqat which C wa:~ processed, 
Wás faster in micro-aggrega,tes than in macro,-aggregates. 

, 

Key wora.s: e mineralization,macro-aggregates,' micro-aggregates, microbial 

. act~vity~ Mexico, nitrification: 
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1. Introduction 

Soil organic matter (SOM) distribution and turnoverrates are highly 

related to soil aggregate dynamics (Elliot 1986; Six et al. 2004). In turn, the 

role that soilaggr~gates play insoil structure stability, soil organiccarbon 

(Soq protection, nutrient availability, andmicrobial actívity is critical for soB 

integritymaintenance (Beare et al. 1994b; Six et al. 2000, 2002a; Denefet al. 

200 la; García-Oliva et al. 2004). The sequential formation of primaryparticles 

into micro-aggregates «250 ¡lm) that in turn form macro-aggregates (>250 ¡lm) 

ínvolves organicbinding agents of different nature and stability (Tisdall and 

Oades 1982). Macro-aggregates are bound by temporary, as well as transient 

agents, while micro-aggregates by persistent e1ements(Tisdall andOades 1982, 

Oades 1993}. Macro-aggregate forrnation starts with the entanglíng of fine 

particles via fine roots and hyphae, coupled with the action of cementing 

ag~nts fortned as by ... productsof the fresh organic matterdecompósitíonand by 

exudates from the same roots and hyphae (Ashman et al. 2003; Garcia..:Ohva & 

Tapia 2001;Six et al. 2002b, 2004). The intraparticulate organicmatter 

(iPOM) held within the macro'-aggregates is decomposed into finer POM which 

is thencombinedwith metals, giving origin to micro-aggregates within the 

macro-aggregates (Jastrow 1996; Six et al. 1998, 2002b}. Therefore, micro

aggregates are protected within the stable macro,-aggregates (Elliott 1986; 

Beare et al. 1994a; Gupta and Germida 1988) and when the latter breakthe 

former.ar~ re1eased along with a liberation oí labíle SOM, enhancing microbia.l 

activity, which in turn depletesSOM storage a1tering the structural stability of 

the soil(Elliott et al. 1986). 

Although aggregate formation and disruptíon is a natural process, it 1S 

well documented that upon forest conversíon, for cultivation or pasture, fue 

aggregate cyc1e ís interrupted followedby a rapid lost of soil structure .and 

fertility (García-Oliva et al. 1999; Spaccini et al. 2001). Kushwaha et al. (2001) 

found, for a tropical dryland agro-ecosystem, that in soils transformed by 

traditional tillagecultivation, the labíle and the inter- micro~aggregate organic 

matter are 10st, reducing the long term fertility of the soi1. Incontrast, when 
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these soilsused forcultivation with moderateorzerotiUage, an ímportant 

incrementin aggregate stabilityand e and N concentrations were observed for 

the m~cro: qndmícro-aggregates fractions ofthe soíL 

.. Inthe tropical de.ciduous forest (TDF) of thewestern coast of Mexíco the 

proportion ofmacro-aggregates foundin the forest soilsconstitutesabout 80% 

ofthe total soilmass playing an important role in the short and longtime e 
storage(Garcia-Oliva etal., 1999; Gqrda-Oliva& Tapia, 200 l}.A significanl 

cutbackin. thesoil e poolsassocíatedwith macro-aggregates, aswellas a 

drastic redu~tion in· macro-l micro~aggf(;gates ratio occur in. this' forest, 

following its ·transformatlon by the traditional"slash and burn" practice 

(Garcia-Oliva etal.} 1999). Considering the importance as a C.storage pooland 
. . -

. therateofconversiono[this forest (HoughtonetaL 1991; TrejoandDírzo 

12000), the maill purposeof our work was to assess the functional roleof 

macro.;.aggregatesandmícro-aggregates in the C and N dynamÍCsinsoils 
. . 

withintpreedifferent landscapes positions(top-hi11; south-facing rnid.;.slope 

and; north-facing mid-slope), which present different conditionsof soH 

llumidity, soil,organic .rnattercoritents andproductivity; and duringthree 

different periodsduring theyear(dryseason,onset oftherainyseason, and 

rainy season), 

2.' Materials and Methods 

2 .LBtudy Bite' 

The studywas.performed inthe Charnela-CuixrnalaBiosphere Reserve, . 

on the Pacific coast ofMexico (199 30'N and 1059 01'Wl~ within asrnaU 

watershed system thar has been extensiveJy studied aS part of atesearch 

programon ecosystern functioning(Sarukhán & Maa.ss 1990; Maasset aL 

2002). Predominantlandscape forrnsare low hilis with steep ::dopes «20°). 

Rhyolites fromtheTeriiaryperiodare the rnainsoil parentrnaterial and 

kaoJinité is the dominant c1ay mineral (CarnplOet al. 2001). Soilsare sandy clay 

loaros, poorIy developedwithapHof6.9 (García-Oliva & Maass 1998),and 

accordingto the USDA systern theyareTypic Ustortttents (Cottler et al. 2002). 
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Soil organic carbon (SOC) and soil organic nitrogen (SON) mean concentrations 

are32 mge g-l and 2.2 mgN g-l} respectively (García-Oliva etal. 2003L 

Around 30%of soil organic matter (SOM) is concentratedinthe 0-5 cm depth 

(García-Oliva & Maass 199B) and about 76% of thefine root ptoductivity in the 

forest soils occursin the first 5 cm (Castellanos et al. 2001). The mean annual 

temperature is 24.6 °Cand the mean annualprecipitation is (Garcia-Oliva et al. 

2002). Approximate1y50 % ofthe· annual precipitation is 78B mm (Garcia

Oliva et aL 2003), usuallyfetched in byless thansix highly erosive tropical 

rainstorms (García-Oliva et at 1995). Rains lastgenerallyfromJune to 

October, being September the wettest month (García-Oliva et a1.2002r The 

dominant vegetationis tropicaldeciduous forest(TDF), where most of the 

specíes are leafless seven months during the year (Bullock and Solís'""" 

Magallanes 1990). Total net primary productivityaverages J2 Mg drymatter 

ha-1 yr-1.(Martínez-Yrízar et al. 1996). 

2.2 Field sampling 

We used. a nested designed with three factors:three landscape pos~tions 

(south-facing mid-slopes, north-facing mid-slopesand top-'hills);two soil 

aggregate size fractions (micro-aggregates < 250 ¡.lm and macro-aggregates :> 

250 11m) and; three sampling dates: dry season(DS; May), onset of rainy 
, "'. '. 

sea son (ORS; June) and rainy season (RS; Septemher) (Figure 1). This desigr: 

was used in order to be able to test if the functional role of macro-aggregates 

and micro-aggregates was independent of the different contents of soil organic 

matter and soil humidity present in the three landsca,pe positions chosen; 

sampling siteswith different slope aspect within the watershed have different 

solar radiation indexes (SRI; north aspect: 3651 MJ m-2 yr-l; southaspect 4475 

MJ m-2 yr- 1; top-hi11: 4273 MJm-2 yrl; Galicía etaL. 1999)and differentsoil 

nutrient and water contents (Galicia et a,11999). Within the experimental 

watershed system hill'-slopes and top-hills units were identified according to 

their longitude, aspect, as well as edaphic and morphological similarities 

(López-Blanco et al. 1999), In November 2001 seven plots, 150 m2 in area, 
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were establishedJór each of the three landscape positions (south-facingmid

slopes, north-facing mid-slopes and top-hills).Ineachplotand in eaeh 

samplingdate,comp()site samples, of 15undisturbed topsoil (O-5cmLwer~ 

ra,ndomly ta,ken'~'rhese samples were sto red in black plastiebags and kept in, 

,tefrigera.tiona,t 4° e, until their usein the la.boratory. Sampling wasconducted 

intheyear 2002 atthreedifferentdatesduring theyear: thedry season (DS), 

the onset of the~ainy se.asorl (ORS)and, the rainy seasori (RS). 

2.3 Sdil a.nalyses 

Prior t9 the biogeochemical analyses, soil samples were dry-sieved,in 

orderío avoicilabile carbon and inorganic nitrogen 10st; dry separated in two 

aggregate sizefractions, mkro,-aggregates f< 250 /.lm) andmacro-aggregates.{> 

250 /.lm),smal1pehble~,andsand material wereexcluded'manually. 'Befóre the 

totalnutrientforms analyses,samples weregroundwith a mortar ánd pestle. 

TotalC (et) was determined by usingan automated C02ana1yzer (lJIC, modo 

CM5012,ILUSA).Total N (Nt) wasanalyzed'by amacro-Kjeldahl methocl' 

(Techniconlndutrial Systern 1977) andcolorimetric readings were done usíng 

an auto-analyzer (Bran+Luebbe 3 Auto Analyzer, Germany). 

In field,;-moist samples, microbial C (Cm) and N (Nrn) were determined 

according to theCHCb Jumigation-extraction method (Vance et al. 19.87). 

Fumigated and non~fumigated samples were incubated during 24 h at 25 oc at 

constantmoisture contento Samples were fumigatedfor 24 h with ethanol~ftee 

chlorofotm at24"C indarkconditions. Subsequently,chloroform was removed 

b,yevétcuation. 'Cmwa,sextracted from, both fumigatedand non-fumigated 

sampleswithO.qM K2S04, filtered using the Whatman No. 42 paper and Cm 

,measuredusinganautornated C02ana1yzer (UlC, mod.CM50 12}: The arnoun t 

of Cm wascalc141ated>as the difference between non~fumigated andlumiga,ted ' 

samplesdivided bytheefficiencyvalueKc of0.45(Jbergensen 1996). Nm WélS 

extracted ina similar way as Cm; it was firstfilteredthrough aWha,tman No. 1 

papeif , and thenthe, collectedsolutionwas aciddigested and determinedas 

total N by amacro-Kjeldahl rnethod(Brooks etal. 1985). Nm wascalcuLated 
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similarIy to microbial C, butdivided bya Kn value of 0.54 (Brookes et al. 1985). 

The values of microbial C and N were then divided by their corresponding 

weight of dry soil, The amountof K2S04-extractable Cobtained from non

fumigated soíl was usedas a measurement of soíllabile C (Clabile). Using fresh 

samples, inorganicN,NH4+and N03", was extracted from 5 g soilsub-samples· 

by shaking for 30 minutes with 50 mLof 2 MKCl. The extractswere filtered 

and nitrate and ammonium were determined colorimetrical1yusing a 

Braun+Luebbe 3 autoanalyzer. 

To estímate potential C mineralization aerobic incubations wete 

performed inthe labdratory: 100 g of fresh soíl samples wereplaced in a PVC 

(polyvinyl-chloride) core (3.5 cm diameter) with a 0.17 mm mesh atthe bottom. 

Samples were incubated in 1 Ljars for 15 days at 25 oC and af field capacity. 

The evolved C02-C was collectedin traps containing 10mL of 1 M NaOH 

solution; C02-C concentration in the traps was determined byadding 5mL 1.5 

M BaCb, and titrated with 0.5 M HC! (Coleman et al. 1978) .The jars were 

regularly aer¡;tted, the C02-C traps changed, and the soíl moisture was 

periodically adjusted to reflect fieldcapacity by adding deionized water. The 

C02-C values were divided by their corresponding weight of dry soiL 

2.5 Statistical analyses. 

BiogeOCl1emical parameters. The effect of the three factors considered (position, 

aggregate size and time) on nutrient concentration was analyzed byarepeated

measures MANOVA, in those cases where the results were expressed as rates 

or ratias we performed logarithmic transformations. When the esphericity test 

was significant (p<O;05) we used the Greenhouse-Geisser analysis in order to 

adjust the F value. We had a nested design, where time was nested in 

aggregate .size which in turn was nested landscape position. We had three 

levels for landscape position (top-hills, south-facing mid'-slopes and north

facing mid.,slopes), with seven replicates foreach position; two levels for 

aggregate size (>250 ¡.un and <250 !lm) andthree levels for the time factor (DS, 

ORSand, RS}. When the results obtained were significantly different we used 
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orthogonal contrasts tofindout which factors Were different, these tests were 

performed using JMP program (SAS lnstitute, lne. 1995). We also performed 

Pearson correlation analyses, separately for each aggregate size, in order io find 

any linear relationship among the variables measured for each soil fraction 

(n=21). \Ve ran stepwise regressions, for each soil fraction, to find any possible 

relationship between the potential C mineralization rate (C-C02) with the 

followingvariables:labileC, microbial C, microbial·N, NH4+, N03- andtotal C/N 

ratio contents .. These analyses were done by using Statistix 7 package 

(Analytical Software, 2000). 

3. Results 

3.1 Total fo17115 

Total Carbono None of .the interactions were significant (P>0.05); however, C 
. . 

values were significantly different (P<O.05) for the three factors considered 

(TabIé 1), " North.,facing míd-slopes presented the highest total e contents, 

independentIyof the date and the aggregate size. In general, micro-aggregates 

presented higher C concentrations than macro-aggregates within the three 

. samplingdates andthe three positions considered (Fig. 2a). \Vith the exception. 

of macro-aggregates inthe North-slope, the dry seasonshowed the highest 

concentration of total C. 

Total Nitrogen. Total N concentrations were significantly higher in the north

facingmid-.slopethan in the other two positions (P<0.05; Table l).The 

interaction time*sizewas significant(P<0.05; TabIe 1). N values were higher 

within micro aggregates ihan within macro-aggregates; however, Ntendencies 

within the three dates considered weredifferent between the two size fractions, 

N dynamic within micro-aggregates was affected by seasonality (cumulative 

rainfa'!l), within micro-aggregates N decreased with time, whereas within 

. macro-aggregates concentrations sbowed no changes(Fig. 2b). 

Carbon/Nitrogen. There wasno posítion effecton the C/N ratio (P>O.05; Table 

l).The interaction time*size was significant (P<0.05; TabIe 1). Therewas a 

significant difference in C/N ratiowith time (P<O.05), values tend to decrease 
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slightly inmacro-aggregates and to increase in micro-aggregates, in the DS 

and at the ORS macro-aggregates presented higher valuesthan micro

aggregates (Fig. 2c). 

3.2 Available.and Microbial Fonns 

Labile Carbon(Clabile). There was not a significant effect ofposition in Clabile (P> 

0.05; Table 1), butlhere was a significant interaction between tim.'e*size 

(P<0.05; Table l),Clabile concentrations were higher in the DSand.at theORS 

forboth size fractions; however, in micro-aggregates there was a reduction 

trend in ClabileConcentration with time; whereas in macro-aggregateshad 

similar concentrations in the DS and at the ORS (Fig. 3a). 

Ammonium (NH4+). Differences in NH4+ concentration due to position were not 

significant (P > 0.05; Table 1). There was a signiflcant interaction between 

time*size (P<O,OS). There was a tendency, in NH4+ concentration,to increase 

with time in all but micro:-aggregates in the north position (Fig. 3b) . There was 

also a higher NH4+ concentration inmicro-aggregates than in· macro

aggregates. 

Nitrates (N03·). There was no effect of position in N03' concentration (P > 0.05: 

TabIel). There was a significant interaction time*position (P<0.05~ and also 

time*size (P<0.05; Table 1). During the DS and the ORS N03- concentrations 

were verysimilar; however, there was an important increment in N03-

concentration with time, for the three positions and both sizes of aggregates 

(Fig. 3c).ln the RS N03' increased more than three times the concentration of 

the previous sampIing dates,and in the case of the north-slope theincrements. 

were higher. Micro-aggregates in the RS had higher N03'concentration than 

macro~aggregates. 

Microbial Carbono There was a significant effect of position (P<0.05; TabIe 1), 

microbial C concentrations, in the south-facing mid-slope,. were lower than for 

the other two positions, with exception of micro-aggregates in May(Fig. 4a). 

The interaction time*size was significant (P<0.05; TabIe 1), samplesfrom the 
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DS presented the highestvalues, in both size fractions, but concentration· 

within micro-aggregateswas higher than in macro-aggregates (Fig. 4a). 

Microbial Nitrogen.Although.therewas nosignificant difference amongthe 

threepositions (P>O; 05; Table 1), the interaction time*position wassignificant 

(P=D,05; TabIe 1) .. Microbial N concentrationswere higher for the DS than Jor 

theORS andRS, inwhichcqncentrations were very similar forboth fraction 

si~~s;howeyer, coricentrªtionsfor micro-aggregates.were higher than ínrnacro

. aggregates, especiaUy in theORS where the concentration was almost four 

timeshigher than in macro:-aggregates (Fig. 4b). 

Microbial C:N ratio. There was not significant effect ofany of the three factors 

considered (time, positionand aggregate size; P>D . .DS;Table 1). 

3.5 Potential·Mineralization 

C02-"C. Therewasno position effett on the C02"'C evolved during the 

incubations (P>D.05: TabIe 1). However, the interaction time-A:size was 

significant{P<O.05).Soils from theDS had a gteater C02-C production, for 

both size par;ticles,·this C02-C production decreased drasticalIy in thesamples 

frQm the rainymonths (June and September; Fig. 5). In the case oL micro

aggfegates G02-C production. was higherthan in macro-"aggregates Jor the ORS 

and theRSin the three positions considered, andalso inthe DS in the north-
" -- . -- . .,' ... ~ 

slope (Fig. 5). 

3.6 Pearsoncorrelation& Stepwise· regression 

Pearson correlati()n. This analysis showed, formacro-aggregates, positive and ' 

significant relationships íP< 0.005) for Clabile and Cmicrúbíal, Ctotal, Nmicrobíal, Ntotal; 

Cmíc;robíal and Ctotal,Nmicrobial; Ctotal and NH4+, Nmícrobíal, Ntotal;NH4+ and N03";. N03" 

and Ntota! (Tabla 2)., There were alsonegative significantre1ations (P< O.005)for 

Clabíleand N03'; Cmícrobialand NH4+; andalso for Ct/NtandN03-andNtotaJ (Table 

2). 

22 

, j 



In the case oí micro-aggregates the positive andsignificant relationships (P< 

0.005) were among Clabile and Cmícrobial, Ctotal, Nmicrobial, Ntotal; Cmicrobialand Ctotal, 

Nmicrobial; Ntotal; Ct/Nt and Ctotal, N03-; Ctotáland Ntota1;Nmicrobialand Ntota1(Tabla2}. 

Stepwise regression. We íound the C02-C production, in the case of macro- . 

aggregates, was related positively with Cmicrobial and negatively with the NO;3-, 

NH4+ and Clabile found inthe samples previous to the incubatión.[C02C =53.96 

-0.0888Clabile +0.44 Cmicrobtal -1.59 NH4+ - 0.384 N03"jr2 ==0.77; P < 0.001). 

In the case of micro-aggregates C02-C production was related positively with 

Cmkropial and negatively with N03- (C02C =59.1 +0.019 Cmiorobial -044. NOs'"; r2 

=0.53; P< 0.001). 

4. Discussion 

Our results indicate that the influence or the position within the 

landscape is only reflected in the concentration ofthe total forms ofC and N. 

This can be the expression oí the differential net primaryproductivity foundát 

the three locations (Martínez-Y rízar & Sarukhan 1990, 1993, Martí.nez-Y rizar et 

al. 1996), which in turn responds to the soil humidity gradientproducedby the 

differential solar radiation received in these areas (Galicia etal. 1999). North

slope sites had higher aboye and below.:.ground productivity and lower water 

demand than the other two landscapepositions (Martínez-Yrizar et aL 1996; 

Galicia et al. 1999). However, the diíferences between the two soi1 aggregates 

síze-fractions were not affected by landscape position, therefore, the nutrient 

dynamics within aggregates size fractions are independent oLlandscape . 

posítion. 

We found, in general, significantly higher nutrient concentrations in 

micro-aggregates than in macro-aggregates, as observed in other studies where 

dry aggrega te separation was employed (Ashman et al., 2002; Beare et al. 

1994a). Micro-:-aggregates presented more labíle and microbial C per unitof 

total e than macro-aggregates. There was also adiíferentiallabile C losi rate, 

being greater in micro-aggregates than in macro-aggregates. The reduction in 

total e with time was the result of the reduction in both labíle C and microbial 
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C,whichexplainmore than 60% of tota.l C~ At the onset of the 

rainy seasonsomeofthe labileCis lost by lixiviatlonand lts transformatíon 

withinrnicro:"'aggregatesoccursvery rapidly (Campoet al. 1998; García-Oliva et 

al. 2003), even though the microbial biomass contentisvery similar atthis 

stag~ forbothaggregatesize fractions, and althoughlabileCconcentration is 
. . . 

muchgreater in micro-aggregates than in macro-aggregates. This indicate that 

the organicmatter present in macro-aggregates was less processed than th~t 

found in micro;-aggteg:;ltes; giving as a result on the onehanda rnuch faster 

cqr'l&u.J,ning.rate in mícro-aggregates than in macro-aggregates; and onthe 

othera lower C andN long. terro Storage capacity inmicro-aggregates. 

Thet9ta1 e/total N ratio indicates that C dynamic was differentand 

more stable in rnáCrO,.aggregates thaninmicro-aggregates,independently from 

the positionstudied. ItisJikely thatthe energy-sources in micro-aggn~gates 

arecqnstitutedof microbial and soluble compounds, perhapsexo .. 

polysaccharides, whicharemoreeasily degradable (Ashmán et al. 2003). These 

results are consistent with the model proposed by several authors in which 

they state that thedecomposition characteristics oí t1;leorganicmatfer 

associatedwithmacro- andmicro-aggregates are different; the organic matter 

assodated with rnacro-aggregates is less processed than thatassbciated with 

micro-aggregates (Elliott 1986;. Guptaand Gerrnida 1988; Beare et~L 1994b; 

García..,Olivaet al. 2003). In addition, the labileC present inmacro~aggregates 

is not completely ayailable because it 1S located withinthe micro-aggregates . 

that integratethe macro-aggregates (Oades 1984; Elliott and Coleman 1988; 

OadesandWaters 1991)~ Therefore, the biogeochemicalprocesseswithin each 

aggregatesize-fractíon are carried out at different rates. Our resultssuggest. 

that micro-aggregates have. higher rates than in macro-aggregates, 

Mícrobial carbon reductionwith time, from the dry to the rainyseason, 

was a150 theresult of the reduction in labile carbon, the main enetgy sourceof 

the heterotrophic microorganisms, as it is shown by the positive and significant 

correlation.between microbial and labile carbono This positivecorrelationalso 

indicates that during the dry season there was enough energy for 
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mícroorganismsto carry out e mineralization processes. However, atthe onset 

of the rainy season (June) micro-aggregates metabolize more ra.pidly the 

available c~ at this time, redistribution and transformation ofnitrogen started, 

being stronger during the rainy season. 

Once more, nitrogen redistribution and lost betweenthe two sizes of 

aggregates were very different; while the total nitrogen contents withinmacro

aggregates was very stable with time, the lost within mic:ro-aggregates was very 

fast, and by the rainy seasontheamount of total N in this fraction was almost 

half thatamount found duringthe dry season. With the reduction of the labile 

e sources,energywas obtained throughout the transformation of ammonium, 

dominating thepitrificatíonanddenitrification process~s (Vitousek et aL. 1982; 

Hart et al. 1994). NitrifiGatíon was dominantover ammonification in the rainy 

season; nitrate concentration was at least three -times higher than that ofNH+4. 

Similarly, a previous work performed in the same forest indicates that N20 

fluxes were higher inthe rainy season than in the dry season(García-Méndez 

et al. 1991). 

Aggregate formation·and. disruption along ayear cyde in this forest soils 

is very dynamiG (Garcia-Oliva & Tapia, 2001), but it is maintained bythe 

organic mattercoming from the .. standing and surface litter, the soíl biota and 

theír exhudates production,and the proportion ofsoil partides (Garcia-Olivaet 

aL 2003). It is important to take into account the differential e & N 

transformabon between maCro- and mkro-aggregates in this forest soils 

because the change in theproportion of these soil size fractions that occur 

after this forest transformatíon, could eventually lead to the reduction in e 
sequestration and. themechanismsthat are strongly linked with thecarbon 

pool protection(García-Oliva et al. 1999; Garcia-Olíva et al. 2003; Garcia-Oliva 

et al. 2004; Sixet aL 1998;Six et aL 2000). Forest transformatíon leads not 

just to soíl degradatíon, but to the drasbc 10st ínthe macro-aggregate size 

fractionand a11 the mechanisms that enable its formation. Micro-aggregates 

within macro-aggregates maintainthe carbon renovabon and storage, while 



micrQ:-sggrega,tesoutside .macro:~~~~g~t¿~~f~~(ft:C;erihjá.ncecarbon 10st and ' 

subsequent1y· soil degradation . 
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Table 1. Probabilitiesand F values resulting of therepeatedmeasures MANOVA. 

Position Size(Position) Time Time*Position Time*Size{position) 
F p F P F P F P F P 

C-:total 8.37 0.00" 14.30 0.00* 4.57 0.01* 1.96 0.12 0.95 0.46 
N-total 8.83 0.00* 44.04 0.00* 36.35 0.00* 0.78 0.53 15.25 0.00* 
Ct/Nt 0.23 0.74 5.17 0.00* 5.88 0.00* 0.57 0.67 7.02 0.00* 
C-labile 2.19 0.12 10.69 0.00* 78.05 0.00* 1.58 0.19 8.11 0.00* 
C.:mic. 5.74 0.00* 19,37 0.00* . 414.03 0.00* 4.47. 0.01* 4.34 0.00* 
N-mic. 1.29 0.28 13.09 0.00" 85.59 0.00* 3.02 0.05 10.32 ( 0.00* 
e/N 2.13 0.13 0.69 .0,56 1.08 0.34 0.39 0.80 0.54 0·77 (microbial) 
N03' 1.17 0.32 0.70 0.55 18.44 0.00" 6.06 0.00* 3.93 0.00* . 
NH4+ 1.16 0.32 1.30 0.28 30.91 0.00* 0.762 0.51 7.53 0.00* 
C02-C. 5.74 . 0.00* 19.37 0.00* 333.24 0 . .00* 2.23 0.07 6.91 0.00* 
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Tabla 2, Pearson correlations arii(JIigfff~difr~fgrit párartieters measured, for 
rtiac:::ro-aggregates and micro-aggregates, separately. 
Mlicro-aggregates {n=211 . 

Clabile Cmic. Clatal C/NI N~ N . nuc, N03 

Cmíc, 0.3401 

p 0.0079* 

Ctolal 0.3794 0.3211 

p 0.0028* 0.0124* 

CtlNt 0.0397 0.0681 0.5323 

p 0.7630 0.6051 0.0000* 

NI{¡ -0.2521 ~0.2590 -0.1066 -0.1347 

p 0.0520 0.0457* 0.4175 0.3047 

Nm1c 0~3558 0.8892 0.2875 0.0323 -0.1144 

p 0.0053* 0.0000* 0.0259* 0.8064 0.3840 

N03 .0.4477 cO.2407 0.0875 -0.2726 0.2552 ~O.1519 

p 0.0003* 0.0639 05060 0.0351 * 0.0491* 0.2466 

Ntotal 0.3394 0.2376 0.6257 -0.3030 ":0,0282 0.2347 0.4108 
0.0080* 0.0676 0.0000* 0.0186* 0.8306 0.0711 0.0011* 

Micro-aggregates (n=211 • 
Ctabíle Cmic. CI/Nt Clotal Nf4 NmlC. N03 

Cmic. 0.5750 
p 0.0000* 

C/NI -0.4997 ~0.3489 

P 0.0000* 0.0059* 

Clotal 0.3478 0.3730 3048 

P 0.0060* 0.0031* 0.0169* 

NH. -0.1807 -0.]294 0.1157 -0.1062 

P 0.1634 0.3202 0.3744 0.4153 

Nm1c 0.4732 0.8972 -0.3428 0.1664 -0.1377 

P 0.0001* 0.0000* 0.Q068* 0.2001 0.2901 

N03 -0.6992 -0.2816 0.5777 0;0260 0.1972 -0.2486 

P 0.0000* 0.0279* 0.0000* 0.8426 0.1276 0.0533 . t 

NtOlal 0.7159 0.7184 -0.6657 0.3968 -0.1272 0.5586 ":0.5228 

P 0.0000* 0.0000* 0.0000* 0.0015* 0.3286 0.0000* 0.0000* 
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Figure. L Precipitation and soil moisture fromJune to December 2002; irtthe 
figure we can observe the changes in soil moisture in rela.tion to the amount.of 
precipita tion. 
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Figure 2. Meanvalues .of (a) tdfáicárhoii[tbl tótá.l nífrogenand{c) totalCjN 
ratio concentrations in soil macro-aggregates(Ma) and micro.:.aggregates (Mi), 
at three different landscape positions, and in three differentperiods of theyear 
(dry season-DS; onset ofthe rainy season-ORS; and rainy season'-RS) 
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Figure 3. Mean values of (a) labileC; (b) NH4; and (e) N03 concentrations in 
soil macro-aggregates (Ma) and micro-aggregates (Mi), at three different 
laridscape positions,and in three differentperiods of the year (dry season'-DS; 
onset of the rainy season-ORS;and rainy season-RS) . 
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Figure 4. Mean values of(a) trl~i~f6Ef~ic; (b) "friitt-obia} N; and (e) mierobial 
, e / N ratio in soU maero-aggregates (Ma) and micro-q.ggregates (Mi), at three 
d~fferent landseape positions, artd in threedifferent periodsof the year(dry 
season"DS; onset of therainy season-O~S; and rainy seasém-RS} 
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Figure 5. Mean values of C02~C production in son macro~aggregates(Mal and 
niicro~aggregates (Mi);at three different landscape po sitions , and .in three 
different periods of the year (dry season~DS; onset oí the rainy season~ORS; 
and rainy season-R.S) 
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Abstract 

We .measured microbialcommunitystructure and C and N dynamics within 

SRi! macro-andmicro-aggregates, in· a tropical deciduous Jorest of the western 

coast of Mexic.o.We found thatthe biogeochemicalprocesses thal take place 
. . 

withín the two,saiIa,ggregate sizes are of different nature. and are also carried 

out by different microbial comrnunities. Moreover, the less abundant 

organismsare thóse that perform the different processes within eachsoil 

fraction. 
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1. Introduction 

The role played by microbial comrnunities is crucial in the regulationof 

nutrient cyc1ing, energy flow and primaryproductivity in terrestrial ecosystems 

(pauland Clark 1989; Buck1ey and Schmidt 2001). Evidence has been found 

recently about the non-random distribution of bacteria in soils that affectthe 

differentprocesses theycarry out{Norriset al, 2002; Nunanet al. 2003; 

Grundmand, 2004). Thedifferent aggregate fractionsfound in the soil 

environment set an intrinsic heterogeneity that affects microorganisms 

distribution (Mendes and Bottomley 1998, Mendes et al. 1999; Ettema and 

Wardle 2002) .. Grundman and Dubouzie (2000) suggest that aggregates and· 

fine roots influence Nitrrobacter aggregationand distribution in soils .. There i8 

also evídence that micro bial biomass varies among differentsizes of aggregates 

because of their differential physical andchemiooJ characteristics, which 

favours the differential colonisation of microorganisrns in soi1s (Van Ge·ste1 et 

al. 1996; Mendes et al. 1999; Schutter and Dick 2002,}. Ranjard and 

Richaume (2001) discovered that Azospirillum irakenseinhabitedon1y micro

aggregates; moreover, they a1so found that this soil fraction was a more 

suitable environment for bacteria in various soi1s. 

Soilaggregates ina topica1 deciduous forest of western Mexico constitute 

around 80 % of the total mass ofthese soils andthey playa major role in the 
- o', 

maintenance of C storage and dynamics (Garcia-Oliva et al. 2003). Since 

aggregatesare a key element in this forest, the purpose ofthis study wasto 

analyse the bacterial community patternsamong three landscape positíons and 

two soil aggregate size fractions, and to relate these pattems \víth soi1 e and N 

dynamics in thistropical forest in western Mexico. We chose Terminal 

RestrictionFragment Length Polymorphism analysis (TRFLP) to characterize 

microbial communities since it overcomes most of the problems presented by 

other "fingerprint" approximations; Le. resolution power, replicability, 

differential electrophoretic mobility, trans1ation into taxonomic informatíon and 

1ack of capacity to quantify diversity (Tiedje et al. 1999; Osborn etal. 2000). 
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2. MaterialandMethods 

2 .. 1 Study Area 

Thestudywascarriedout in the Chamela-Cuixmala Biosphere Reserve 

on the Pacific coastofMexico (191) 30' N and 1050 01' W), aspart of a research 

programonecosysténn functioning (Sarukhán & Maass 1990). Landscape 

forms.arept~domihál1t1y low hilIs with steep slopes« 20°). The main soíl 

parent material lS rhyolite from the Tertiary period with kaoliniteas the 

·dominant c1aY1l1Íneral (Campo et aL 2001). Soils accordihg to the USDA 

sy~tern are Typic Ustorthents(Cottleret al. 2002); about 30% ()fsoil organic 

matter(SOM) (Garcfa-'Oliva & Maass 1998)and 76%of the fine root 

.. productivity(Kurnmerow etal.1990) are concentratedin thefirstfive 

centim.eters~ The mean annual temperature and anryual precipítation are 24.6 

oC and. 741mmrespectively (1983-2002; García-Oliva etal.2002). Tropical 

dedduousforest (TOE) is the dominant vegetation where most oí the species 

are ·leafless . sevenmonths. during· the year (November tóMay; Bullock and 

Solis~Magal1anes1990) . 

2.2 FieldsampUng 

Sampling wasconducted in September 2002 (the rainiest month), at 

three landscape positions (south-facing and north:-facing mid-slopes, as well as 

top~hil1s);we .chosethese positions because it has been found that inthese 

watersheds spath3.1 and temporal variation in theSolar Radiation Index (SRI}is 

affected by localtopographiccharacteristics: which in turn has a direct 

consequence oh the evaporative demand and soil rtütrient contents (López

Blancoet al 1999; Galicia et al. 1999; Zarco-Arista 2001. Ineach topographic 

po,sition we selected seven sites according to their longitude, aspect, as~vell as 
. . 

. edaphic andgeo-marphologicalsimilarities (López-Blanco etal. 1999}.Ineach 

site weestablishedplots of 150m2 in whichwe randornly took composite 

samples of 15 undisturbed topsoil cares, from thetop five éentimeters, and we 

. rnixed them to obtainone composite sample per plot. 

2.3 DNA.extraction andTRFLPs 
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Soilsamples were dry sieved into micro-aggregates « 250 ¡.Uh) and 

macro-aggregates (> 250 ¡lm). We extracted the genomic DNA the samedayof 

sampling, for bothaggregate fractions, using the Ultra Clean Soíl DNA Kit (Mo 

BioLab" Inc.), and .storedthe products at -20° C .. We amplified, by PCR, 

the 168 rRNA genes, in each sample, using fluorescently labeled domain

specificprimers (F'orward 515 VIC 5'GCGGATCCTCTAGACTGCAGTGCCAGCAG 

CCGCG GTAA-3';.Reverse 1492 6FAM 5'

GGCTCGAGCGGCCGCCCGGGTTACCTTG TTACGA.CTT-3', Applied 

Biosystems). Three independentPCR were performed for each sample, with 

each PCR reaction containing IX PCRBuffer, L65mM MgC12, 0.2 mM dNTP 

míxture, 0.6¡lM ofeach primer, 1 unit Taq polymerase (ABI) and 5% BSA. All 

reactions were carried out in aMJ research thermocyc1er with the fóllowing 

program: 94°C x 4 min; 35 cyc1es92°C :x 1.5 miFl, 50°C 1.5 min, 72°C x 2 min; 

72°C x 10 mino PCRproducts were combined and purified froma2% agarose 

gel (Gel extraction kit Qíagen, Ine.) .The amplicons were restricted usingAluI 

and Rsa, in a 20 111 reaetion during 3 hours, one reactionfor eachenz~yme 

(Promega). Each reaction contained 10 units ofAlul (or RsalI)enzyrne and 50 

ngof the PCR product, digestionswere run in a MJ research thermocyc1er with 

the following prograrn, 37 oC x 3 hours and 65°C x 30 mino Size and 

. ¡ abundance offluorescentlylabeled termitlal restrictionfragments(~-RFs) were 

'determined using an AB! 3100PRISM DNA ana:Iyzer.Each t-RF was 

considered an operationaLtaxonomic unit (OTU) and only thoseOTUs with 

'heights .;:;: 50 fluorescent units were used for the analyses. 

2.4 Bacterial communities. 

Inorder to compare different parametersamong microbial communities ¡ 

we builtpresence and abundance matrices using OTUswith values ;:;:50 FU. 

1I'hese data were usedtoperform a11 the analyses described thereafter but Coe.. 

ocurrenceand UPGMA. 

Richness. The total number of species or speciesrichness is one of the 

simplest approaches to know the diversity and to some extent the functional 

activity within a community(Morin, 1999); moreover, it is an attribute that 
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aU9W us to. make basic comparisofis/amoñ~ralrferenecommunities. In order to 

compare OTUs richnessebetween aggregates'and among sites we constructed 

rarefa,ctibn curvesandínterpo.lated to the smaller sample (EcoSim 6.0; Gotelli 

& Entsminger 2001). 'We also calculated the total nt.tmbet of OTUs and their 

dístribution betweenmacro and micró-aggregatesand among the three 

sampled land~cEl.pes positions; we estimated the absolute and relative 

.. abu.ndance oí the OTU s exclusive to macro-aggregates, micro-aggregates and 

thosesharedby the two soilfractions.) and wea1so tested fór OTUs' co

occurrence between the two soi1 aggregate fractions, . fór this analysis we used 

presencej abserlce matrices (Gotelli& Entsminger, 2001) 

Diversity. As it is important to know how many different speciesthere 

arewithin a community, their abundance willgive us infotmation about the 

rarity, cbmmonnessordominanceof the species interacting. in agiven 

cQmrnul1ity.:Wemeasuted.Shannon diversity (H1 andequitability (J') indexes 

(Magurran,.1988) with the purpose of makingrelative comparisonsamong the 

microbial communitiesassociated tQ landscape position a.nd.associated to 

micro- and 1Ilacro,.aggregates. 

UPGMA, We performed an UPGMA analysis, usingpresence absence 

matrices ,to·· $earch forOTU s distributionbetween. the so.i1 aggregates fractions 

(PAUP). 

2,5 Soil Parameters Analyses 

We used the res1.llts obtained from a previousstudy (Chapter JI, this 

thesis) to 100.k for arelationship between microbial communitiesand so.il 

biogeochemical parameters within the two sizesofaggregates. Inorder to. 

accomplish this pointwe run the follo.wing tests. 

"t" test. Because there were no. significant differences in the 

bio.geochemical parameters forthe landscape position{Chapter II, thisthesis), 

werurt a"t" test to find any significantdifference between the bigeochemical 

values obtained for micro- and macro-aggregates. 
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Pearson Correlatíon. We conducted a Pearson cbrrelation test for each 

soi:l aggregate fractíon in order to find out any given cortelation among the 

. biogeochemic¡:¡l parameters measured (total C, total N,r:nicrobíal C,mícrobial 

N, labileC, NO'3, NH+4 and C02:-0) within eachaggregate frachon. 

Stepwise regression.We carríed out a stepwise regression for each soU 

aggregate fractíon to find any rehltionship between the numberof OTUs found 

and the biogeochemical variables: labíle C, 111icrobial C, microbial N,NH4 and 

N03. 

3. Results 

3.1 Bacterial Communities 

We found a total of 149 differen( OTUs, with the highest value (55 OTUs) 

for the top-hill andthelowest (10 OTUs) forthe 'South-facing mid-slopes, 

Accordíng to the rarefaction curves, micro-aggregates were aS rich in OTUs as 

r:nacfo-aggregates within each tbpographic positíon. However, both size .. 

ftactions werericher in the top-hills than their counterparts ínthe sbuth and 

north-facing mid-slopes (Fig. 1). From the 149 OTUs, 25% were only present 

in macro-aggregates, 25 % only in micro-aggregates, and the 50 % left was 

shared by the twosize fractions. Those.OTUs that were shared by the two 

aggregate sizes were also themost abundant; Ín contrast, those OTUs 

restricted to either macro or micro-aggregates were the leastabundant. 

Additionally, the number of OTUs that co-occur in the two size particles within 

each positionwaslower thanthe expected by chance (P<Q.05), that is, anon

randompattern ofOTUs distribution existbetwe.en the two aggregate size

fractions: This pattern is confirmed by the UPGMA analysis in which the 

cluster indicates a very clear separationof OTUs between the two sizes of 

aggregates, independently fmm theposWon (Fig. 2).We found two big 

branches,one for thoseOTUs inhabiting macro-aggregates (green circled) and 

the other for thoseOTUs presentin micm-a.ggregates (blue circled), withsome· 

outliers in both cases. We alsofound two small branches in which there is al so 

differentiation between the two aggregate sizes. 
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H' values ,variationalongthedifferent1andscape posítions wasalmost 

non-existent. Thevalu~s obtained ranged from 2.96 t02.99 forrrtacro.;. 

aggregates andfrom 2.6(5 to 2.86 for micro-aggregates. The same pattern was 

fo'und for th~equitability index(J') which oscillated fromO.8S-0. 90 and 0.78-·· 

0,89,formacro- and .rnicro-aggregates respectively(Fig.3). 

3.2 SoilJ?arameters 

According to the "t" test theaverage valuesof aH biogeochemical 

parameters measured, but total andmicrobial nitrogen; werehigher for mitro

ªggregates than formacro-aggr~gates (P < 0.05; Table1). 

Pe¡;trson correlation results showed in thecase óf micro-aggregates 

significantcorrelations (TabIe 2; P<O.05) between microbial e andmicrobial N 

. (O;63);~icrobial Cand NOa (0.61); NH4 andNOa (-0.60); andthe numberof 

OTUs angmicrobialN (0.52). For macro-aggregates the corre1ations were 

positive.and significant (TabIe 2; P< O.OS}betweenlabileCand microbial e 
{O.75}; labile Cand NOa(0.78);micróbial e andNOa(O.66); aS well as NH4 and 

the number of OTUs(0.49). 

Thestepwise regression·indicated that for micro-aggregates the 

correlationwas significant (P < O.OS) betweenthe numberof OTUsand . 

micrQbialN (1'2 = 0.20); while in thecase of macro-aggregates the significant 

correlation(P < O.05)was found between the num.ber of OTUs and NH4+(r2 
=' 

,i; '. -, ", ., 

0.24}. 

4. Discussion 

Richness ancidiversity cangive usimportant insights for the 

identification of microbial patterns of distribution and microbial functional 

activity in soils(0vreas and Torsvik, 1988). We found that the top-hill was the 

riche.st topographic position,this could be explained by the specific 

circumstancesof the watershed were the study was developed (Garcia-Oliva & 

. Maass, 1998). Accordingtothese authors.there is a differentialnutrient. 

dynamicsamong landscapepositions: 
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a) Nutdenttontrol in the top-hiU is more telated to biological condítions 

becausesoilstability is greater than in theslopes, and at the same time e and 

N inputsand accumulahon of their availabl~ forms are higher in top.:.hillsthan 

in the slopes (Zarco, 2001). Theseconditions favor aggregate formationas well 

as nutrient enrichment, giving more oppottunities to the creation of new and 

different niches for microorganisrns. Supportingthis hypothesis,0vreas and 

Torsvik (1988). rest¡lts indicate that soil diversity is affected by soil . 

biogeochemical properties, and thatorganic soilspossess morediverse 

microbial comrnunitiesthandiffetent sandy soils as a result of the broad rémge 

of organicsubstrates presentin the former; 

b) Nptrient coptrol inthe slopes is determined by the landscape 

dynarnics dueto a continuous soi1 rnovement, which increases during the rainy 

season; specially with cydones (García-Oliva, et al. 1995). Thistreates a micro

environment that. ischanging continuously, producing the 10st oforganic 

matterandnutrientsas they areineorporated (Garcia-Oliva & Maass 1998; 

Zarco-Arista 2001). 

Equitabilíty indexes(Jl were very similar among the communities 

studied and the values found were veryc10se toone, indicating that no 

partict¡lar OUTpredominated withín thedifferent communities. Zhou et al. 

(2002) proposed different mechanisms that can turn out Ínto a nón-competitive 

pattern within a community: "super abundant resources, resource 

he terogene ity , spatia1 isolation and, non-equilibrium conditions". In this 

particular case we can attribute the high diversity and equitability to two of the 

mechanisms mentioned: super-abundant resources and resource 

heterogeneíty: 

al Super-abundant resources. TDF is characterized by a period· during 

the yearwith a high availability of resources(i.e. water and nutrients) at the 

onset and during the rainy season. The soil 1S enriched, at the onset of the 

rainy season, with the nutrients leached from the litter surface,statting with . 

the minera1ization process that will sustain vegetabon as well as 

microórganisms in the soi1 (Singh et al. 1989; Campo et al. 1998; García-Oliva 
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et aL2003}. Even though duringthe rainy seasonCand Navailability is lower 

thanin the previous seasons (dry and beginning of raíns), 'concentrations of 

these nutrients arehigher than in temperate, desert or agricultural systems, 

allowing high diverseannon-competitive cornmunities and; . 

b) Resource heterogeneity. A variety of data, inc1uding our results, 

demonstrate the existenee ofdifferential nutrient eharaeteristÍGs within maero

and micro-aggregates, giving mícroorganisms the possibilityto utilize diverse 

"food" resources (Ranjard andRichaume 2001). 

Diversity(H')and equitabiIity(Jjvalues were very similar for both sizes 

of aggregates and the differentlandscape positions, possibly beea:use themost 

commou OTUswere alsothe most abundant. Nevertheless, it is important to 

emphásize theexistence oí a non-random pattern of distribution between 

. miero-él.ndmaero:"aggregates. The faet that only-50% of the total numberof 

OTUs isshared by both· fractionsand that there 1S a group oí OTU s that are 

. only present either in mieroor macro-aggregates, with lowprobabilityof co'

oeurrence,. give us sorne insights about the distinet functiohal· roles that these 

specifieandexc1usiveOTUs mayplay in each fraetíon. Thíspoint wasmore 

obvious when weanalyzed the effect of aggregate size-fraetion on 

biogeochémical processes . 

. WeJound that miero.,-aggregates presented higher valu.es for al1 the 

para.rneters measured,with exeeption of total andmierobial N, the valuesper 

se indieate a differentialstorage capacity and resburce usebetween the tWQ 

aggregate s.izes. By September (rainy season) these had a considerable lost of 

nutrients, mainly total N whích is lost more rapidlythan total O. TheO/N 

ratias confirm that a distinct C dynamics exist, and that processes· are 

apparently more stable in macro- than in micro-aggregates(Chapter II, this 

thesis); Similarly, the availability of O is also reduced(Garda-OIíva et al 2003; 

Ohapter II, this thesis), constraining the activityof heterotróphic populations 

andenhaIlcing nitrification (Vitousek et áL 1982; Hart et aL 1994). 

It is interesting to mentionthat the number of OTUs for miero-and 

maero.:.aggregatesare related to different N forms {rnierobial N and NH4+, 
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respectively), suggesting that the amount ofOTUs are directly related to N 

transforma,tions. In addition, the dear OTUs differentiation between the two 

aggregate size fractions indicates that those microorganisms that areexc!usive, 

either of macro-aggregates or micro-aggregates, are accomplishing distinct 

biogeochemical processes related to nitrogen dynamics, even though their 

abundances are much lower than. that of the microorganisms shared between 

the two a.ggregate fractions. 

Moreover, the number of OTUs in micro-aggregatesisexplained (Pearson 

corr.el~tion and Stepwise regression) by microbialnitrogen, which indicates 

thatín. thissoil size-fraction there is greater heterotrophic microbial species 

than in macro-aggregates, enhancing N immobilizatión. The positive 

correlation betW'een microbialC and microbial N and the negative correlation 

between NH4+ and NOs- also suggest an importanfactivity of theheterotrophic 

populations and a greaterC mineralization within micro-aggregates. 

Apparently, bacteria ar.e more protectedwithin the micro--aggregate fraction of. 

the soíl, as mentionedinother studies (Hattori 1998; FosterandDormaar 

.1991)~ gíving as a result a redistribution of the microbial N formsin a time of 

the year where N 10stand N plant absorptionaredominant {Singh el al. 1989; 

Roy and Singh 1995). 

In contrast, within macro-aggregates the number of OTUs correlated with 

. NH4+, which co111d be an indicationthat microorganismsrely on NH4+ 

availability forN immobilization ( in the case of heterotrophs) ornitrificátion. It 

also seems. that nitrification ishigher in macro-aggregates than in micro

aggregatesas suggested by theNH4+ ¡N03- ratio (0.16 and 0.22 respectively), 

indicatingprotection of the heterotrophic popuhation bymicro~aggregates 

during the rainiest months. 

Our results indicate that the microbialcommunities found in the twosoil 

aggregate size-fractions have different composition and that those orgahísms 

inhabiting either macro- or micro-aggregates are more closely related. 

Furthermore; we canassume that theleastabundant microorganism are not 

. necessarily the least important; on the contrary, our data show that the least. 
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'abundantmicroorganisms'iire tlfe'\~rr@'~~~láyifl~fÚ1~' different biogeochemical 

,ptocesses withín each size fraction, and also that they are carrying out these 

processes at different rates. 
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Fig. 1 Rarefactíon curves formacro"' (Mal and micro-aggregates (Mi) in the three 
different landscapepositions (TH=top,.hill; SS=south-slope; NS=north~slope). 
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Figure 3. Shannon díversity (H) and equitability (E) indexes for the two 
aggregate fractions in the three different positions studied, Ma (macro
aggregates), Mí (micro-aggregates). 
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Table L.Mean values atid"t-test" probabilitiesfor total, availableand 
microbial nutrients in macro-and mipro-aggregates for the rainyseason 
period (Septem ber). 

Nutrients 

Totals (mgg-l) 
Carbon· 
Nitrogen 
e/N ratio 

Available (/lgg-l) 
Ctabile 
N03 
NH4+ 

Microbial (mgg-1) 

Carbon 
Nitrogen 

Mineralization 
(p,gg"ld' l ) 

C02-C 

Macro-aggregates 

27(3,6)b 
2.8(OA)a 
10(0.7}b 

99~ 7(25)b 
89(10}b 
13.5(2.3)b 

617(95)b 
12.2(1.9)a 

12(1.4)b 

Micro-aggregates 

40(5.1)a 
3.3(0~3}a 
13(2.3)13, 

160(23}a 
112(14)a 
24.7(4.7)a 

820(125)a • 
13.9(4.6}a 
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(P) 

0.000" 
0.076ns 
0.038* 

0.015* 
0.000* 
0.000* 

0.000* 
0.385ns 

0.001* 



Table 2. Pearson correlations among bíogeochemical parameters for (a) 
macro-aggregates and (b) micro~aggregates. 

(al 
Macro- Clabile Cmicrobüu ·C02 NH4 Nmicrobial N03-

aggregates 12roduction 
Cmicrobial 0.751 
P-value 0.000* 
C 02(production) -0.276 -0.151 

0.252 0.536 
NH4 -0.425 -0.275 0.115 

0.0695 0.252 0.638 
NmicrobüU 0.208 Q.3.84 -0.307 -0.398 

0.391 0.109 0.200 0.091 
N03 0.797 0.663 -0.189 -0.331 0.083 

0.000* 0.001* 0.436 0.165 0.734 
OTUs 0.0398 0.132 0.037 0.0485 -0.376 -0;0201 

0.871 0.589 0.879 0.035' 0.111 0.407 

(bl 
Micro- Cla:bile Cmicrobial C02 NH4 Nmicrobial N03-

aggregates 12roduction 
Cmicrobial -0.277 
P-value 0.281 
C02(production) -0.144 0,400 

0.580· 0.11 
NH4 0.026 -0.239 -0.180 

0.921 0.355 0,488 
Nmicrobíal 0.035 0.634 0.077 -0.302 

0.893 0.006· 0.766 0.238 
N03 -0.329 0.617 0.198 -0.598 0.278 

0.196 0.008' 0,445 0.011* 0.279 
OTUs -0.129 .0.138 0.135 0.121 0.514 -0.174 

0.620 0.597 0.603 0.642 0.034~ 0.503 -

S4 
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biogeographkat barrie~s (Finlar, 2002) than mkrobial 
eukaryotes. Scant empirkal evirlence suggests that this 
generalization ITlightbe true foroceanic bacteria,but no! for 
soil or sedimentprokaryotic assemblages (Finlay & Cl~rk, 1999; 
Finlay et al., 1999; Torsviketal., 2002;l\'ee, 2003; Grundmann, 
2004). Hówever, no study has performed asamplingprocedure 
designed specif.caIly to . address this issue, and the question of 

. whether bacteria show biogeography or not remains Uhahswered 
. (CúrtfS et aL, 2002; Nunan et al., lOÓ2; Fenchel, 2003 ¡. 

We define asyndrome>of ublquityfor species'withno bio
geography' to indude the following trait~ (1) a high local to 
global species ratio, me~ng that a single site can containa high 
percentage ofthe fullgHilial speéies set,which is comparatively 
smw, (2)avery highdispersal rate,coupled with a very high 
abundance of individual s, providing a huge'seedbank' of species; 
(3) e~remely .large. ¡:jistributionalranges, with very few or no 
species with restrícted dístribution; (4) a very lowrate of species 
turnover (beta ¡:jjversity), SO samples tendtocontaill the same 
species r~gan:lless ofthe physkal 4istance between them; (5) a 
fla! species-areacurve; and (6) unsttudured local communíties, 
whíchal"e randon1'subsampiesofthe global specíespooL 

Availáble inforrnatioG seems to show that no! all prokaIyotes 
ate cosmopolitan,and that.at leastsome spedesd.o not show 

traitslapd 2 ofthe s!,ndrolTleof ubiquitY(Massana el al., 
2000;Curtis etaL, 2002; Nunan et al., 2002; lorsvik et al., 2002; 

FenroeI,2003; Whitakerettll., 2003 ).Studiesonthe distributlon 
ofguild rnernbers,phylogenetically related populations (eho & 

Tiedje, 2000) .mdparti¿ular species(vVhitaker et al., 20(3) are 
consiste~t with th~, conclusion that proKaryótic species can be 
restricted . to given locations, and' theír distribution probably 
:;efleets adaptiveevolution tolocal conditions. In contrast, 
pathogenic.bacterial species<ind Bacill~ spore formeis are 
reported tohave globalpanmi<;tic distribution~ (Massana et al., 
2000). Similarly, studies on other free-living prokaryotes have 
found. apparently identical mieroorganisms in equivalent, but 
~eogtaphicwy· separatedertvironménts, such as polar oceans 
(Hollibaugh et al., 2002), ice (Staley & Gosink, 1999) and 
marine sediments (Bowman&; lv1eCuaig, 2003); :Unfortunately, 
assertioGsconeerning the biogeography of prokaryotes are 
large1y baserl on fragmentary information, and the pattern of 
beta dlversity, ór how similar in species composition are Ihe 
samples taken from differ;ent places, has not been exarnined 
(Nee, 2003 ).Also ul1explored is thepattern in which thecount of 
prokaryotespeciesllaries wÍth the samplíng scale (Grurtdrnann, 
2004). Kriowingthe patt.eI'nofbeta' divetsityat different.scales, 
researcherscan •. make. iFlferences rega.rding the distribl,ltional 
rangesof species, the species'-area reli!tionship, and the degree of 
randomness of.loeal cornm~nitjes fGodfray & Láwton, 2001; 
Whittakeret al., ;20Q1; Arita & Rodrígllez, 2002; Ríooefs, 2004). 
Here, we use suchrelationShlps tú test me hypomesismat prokaryote 
assemblages show traits3t~ 6 ofIhesyndrome of ubiquity. 

MA TERIAlS AN[) MI;THODS 

We examined the coriiposition ofprokaryoticsoil assemblages at 
four spatíal scales bysystematically sainpling sites within a ful1y 

Figure 1 Fllllynested system oE quadral;s designed to analyse Ihe 
scaling Qf spedes diversity. An 8 x 8 m quadrat of area Aa =: 64 m' is 
dividedinto f~urquadrats ofarea A, =16 m", 16 quadrats ofarea 
A2 ::; 4m2,and64quadrats of areaA, = 1 m". For darity, only cme 
quadrat of eacnsize is markJd. A seU sample was taken imide 32 of 
the smaJlest quadrats, following a checkerooard pattern. Operational 
taxonomic unit (On;)diversity was measured at the four scales: 
Se is the total diversity found in the large quadrat; S" average 
cumulative divei:sity in the fouÍ' quadrats ofarea Al (each induding 
eight seU sarrip1es);Sl is Ihe average eumulative diversity in Ihe 
16 qu<k!rats of area Al (each including ¡wo seil.samples); and 53 is 
the averagediversity in the 32 sampiing unÍls. 

nested system óf quadrats (Pig. 1, Arita & Rodrfguez, 2002). This 
sampling design allowed us to measure distdbi.ltion; taxonomk 
diversíty (see definition of our' operational taxonornic llnits 
below) and beta diversity ar.four spatial scales (A" A¡, A" A,), 
Starting with a quadrat of side Lo-= 8 m (and area ~ 64 m!), 
containing So taxa, we divided· the sampling arca· into four 
smaUerquadratsofsideL, Lo/2 4m,areaA¡ A,,/4 16m', 
and containing an average of SI taxa. By iterating the sub¡:livision, 
we completed a series of increasingly smwer quadrats of si de 

2 m andL) = 1m, and area .4.,= 4m2 and A.J = 1m", con
taining 52 andS,taxa, respectively. \Ve used a checkerboard 
5ampling design, indudíng 32 ofthe ti4 possible quadratsofsize 
Al' to optímizeavailable tesources without comprornísing che 
analyticalpower (Fig. 1). Using such design, we hadat lea.sttWo 
replicates foraU samples at allscaJ.es, artd this assured. usagainst· 
possible technical. faUures or sample l05ses. In faet, twoof our 
samples yielded no· nNA, but the robustness ofthe design 
allowed us tOperforriÍ Ihe comparisonswithout any 1055 of 
analytical power. 

Thís samplingscheme ,"as deployed at two locations of the 
Chamela-Cuixmála Biosphe~eReserve, on the western coast of 
Mexico (19°.30' l\', !05°0S' W). One locationwas a fIat hiUtop, 
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INTROOUCTION 

Microbial macroecology: highly structure,d 
prokaryotic soilassemblages in a tropical 
deciduous forest 
Ana M. Nogud, Héctor T. Arita2*, Ana E.Escalante2

, Larry J. Forney\ 

Felípe Garda-Oliva l and Valeria Souzi 

ABSTRAeT 

Aím' To assess the hypothesis that free-Iíving prokaryotes shqwa patternof 'no 

biógeography' by examining thescalingof soil prokaryotic diversityand by comparing 
it wíth other groups' biogeographical patterns. 

Location Two sites in the tropical dedduous forest ofChamela, Jalisco, on the western 

coast of Mexico. 

Methods Weexamined the diversity and distributíon of soíl prokaryotes in t\:V0 
8 x8 ro quadrats divided in such mannenhat we cquId samplc:: at four spatial scal~s. 
Restriction fragment length polymorphisms of ,16SrRlvA genes were us~d tú define 

operational taxonomíc units (OTUs) that we used inlieuof species to assess diversity. 

Resufts We found highly structured species asserriblages thatallowed us to reject 

rnultiple predictions of the hypothesis that soil bacteria show'nobiogeography'.The 

trequency distribution of range size (measured asthe occupancyof qU<ldrats)of 

oros followed a hollow curve similar to that ofyertebrates on continents. Assemblag<;s 

showedhigh levels ofbeta diversity and a non-random nestedpattern of diversity. 

OTU d~versityscaled with area followed a power function with slopes z = 0..42 
and 0.47. 

Main co~c1usions We demonstrate a non-ubiquitous dispersal for soil prokaryo~ 
tes. which suggests a complex biogeographysimílar te that found for terrestrial 
vertebrates. 

Keywords 
Bacterial diversity, beta diversity, biogeography, ~tribution) scales, ,soil prokaryotes, 

TRFLP. 

Prokaryotic >pedes are essential components of the biosphere 
because theycatalyse processes that are critical to sustaining life 
on Earth. In rece)1t years, methodsbased on th;;phylogenetic 
analyses of the sm,all subunit ribosdmal RNA gene sequences 
haye expanded dramatically our understanding of prokaryotíc 
diversity{Hugenho!tz et al., 1998;Curtis et al .• 2002). Ne.ver
theIess.only 26 of the more ¡han 50 major lineages (Phyla) ofthe 
domaín Bacteria are repre,ented in cu!tlvated strains (Rappé 8< 
Gioy¡¡nnoni.Z003), and there .are oníy abollt4500 speciesthat 
h:1Ye been chara~terizéd. Consídering that more thanhalf a 
milIíon bacteríal species couldoccurin.30 g ofsoil, a(cardíng to 
sorne estimates (Dukhuizen, 1998), it is¡;lear tha! most of the 
diveTsityof prokaryotes remains unexplored. 

A dircet consequence otthe insufficient knowledge on the 
díversity of prokaryotes i5 an almost total lack or infor:nation 
regarding theír dístribution and biogeQgraphy. A cummt debate 
is on whether microbial communíties show patterns ofdistribu
tion .and . diversity similar lo those of macr05copic organisms 
(Godfray 8< Lawton. 2001; Finlay, 2002; Nee, 2003; Horner-Devine 
et al., 2004). Recent researth shows thalfree-living mlCrobial 
eukaryotes (e.g, protozoa aIld microalgae) are cosmoppljtan, so lhe. 
same species are found in &it.es in any part of lhe \Vorld, ímply:ng 
a very low rate of species turnoyer (beta diversity)and a low. global 
species diversity (Finlay 8<Clark. 1999; Finlay el a1" 1 99q; bur 
see Foissner, 1999). This pattern of'nobiogeography', meanlng.l 
global homogeneousdistributíon, hasbeen assunled 10 hoid 
aIso for prokaryotes, arguingthat their smaUer size and hlgher 
abundance make them eyen le~s prone to be bound ... d hv 
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. and the second a south-facing mid-slope(27"} ofa 

watershedthat has been extensively studied for a long-term 

projectQnecosystem function.Distancebetí.veen th.e NO loca

tionswas 300.m. MéatÍ ann~ temperature is 24.9 oC and !he 

meanannual precipitatioJ.1. is763 mm, with the rainfallconcen-

' .. t.rated in a clearly m~rked wet· season that lasts. from Tune to 

October, showing a peak iIl September( GarcíacOlivaet al.., 
1991), The domirtanfvegetation is tropical deciduous forest, 

where most tree speciesare leafless during the dry season. Soils 
· ar~ sandy dayloams (Orthents ln the'United States Department 
()fAgriculture [USDA] classification), poorly de'l'eloped, with an 

organicIllatter content 9f < 5%; mainly concentrated in the top 
5 cm~and witha pH of6.9(GardacOliva etaL, 2003) .. 

0:11 June 2002, followingthe checkerboardsampÚng design 
· (Fíg.l),wécollected 5-cm3 core soilsamples fr:om 320f the. 64 

quadrats ofsize A) in ~ach location, sieved thero to re!llOve gravel 
andother large. (> 2 mm) material,and extracted genomic D)¡A 

from a l-g aIiquot ofeachsample. We assessed. the diversityof 

prokaryote~ b~sed onrestriction fragment length polymorphisms 

· (RFLP)~f 165 rRNA~enes vúi(were used to define <lperational 

, ta.xonomic. units' (QTUs). Genornk DNA' extraction was per~ 
f()rmed on the sameday oC sampli!1g frorn análiquot of tgof 
sieved soil, using the Ultra c;lean Soil DNA kit (Mo Bio Labora-

· tory, lns:.) and the ptoducts werestoted at '-20 9(:. The 165 rRNA 
genes in each sample werePCR(polymerase chainreaction)

amplified using flqorescently Iábdled domaincspedficprimers 

({orward 515 VIG 5'GCGGAJ'CCTCTAGACTCCAGTGCCAG
, CAG CCGCGGTAJ\:"3'; ::,everst!' 1492 óFk\15'-GGCTCGAGGG

GCCGtC:CGGGrrACCTTG . TTACGACTT -3', ,Applied 
Biosystems; Angert e,t aL, 1998): Theseare unive.rsal prirhers that 

target. prokaryotic genes, so ourresults canbegeneralized to qll 
groups otboth An;ha.eá andEubacteria. 

Three independent PCR.swereperformed .each sample, 

with e~chPCR contqinínglX pe;R buffer, 1:65 mM MgCl" 0.2 mM 

. dNTP rnixt~re, 0.6¡.tM of eachprimer, 1 unit Tj:¡~ polymerase (MI) 

and BSA, Al! reactions wttreéar~ied out in a.n MJ research 

thermocycler. with the followingprogr¡u;n: 94 . 4 min; 35 
· cydes at 92 oC X 1.5 min,5ü oC 1.5 mm, 7+ oC x 2 min; and 

72 °Cx 10n:;iÍn, . minimizePCR biasesbecauseofpreferential 

amp1ifícatió~ ilnd reannealing. we standardizedand set tbe 
optimUlnPCRconditiofiS for ourenvironmental samples as 

suggested byOsborn et al. (2900). We used the.same DNA cO\1-
centration and chose the. number oL cydes ami the, annealing 
temperaturein order to obtain the best product,. without com
p:romising PCR quality. We also performed tests with d¡fferent 

'fat¡ polymerases uJ.1Wfinding the mos! appropriate, for our case. 
Tillmannarid FrIédrich (2003) found thaúhereareno ~ignificant 
differe~ces .in terminal.restríct.íon . fragment-l~ngth. pólymor
phism (TRFLP)obtained beNeen 28 an,d 45 PCR cycles and that 

temperátureannealing ?houl<:i be set forthe particular primer: 
PCR proquetswe.re combinedand purifiedfroma 2%agamse 

. gd(Gel í;xtractionkit Q,iagen, Ine.), The ~mplicons were.r.estricted 
usíngAlulen;¡;yme (Promega)in a 20p.L reaction during 3 h. 
Each reactioncontained 10units ofA1.urenzym~ and50 ngofthe 
PCR prodm;t"digestions were run in an MJre~earchthermocY
der\vith the fQllowí:ngprogram:3 7 OC x 3 h and 65 oC x 30 mino 

. Prokaryotic macroec:ology 

size and ab urídance of fluorescently labelled terminal restrü;tioR 

fragments (t-RFs)were determined using an AB13100 PRlSM 

DNA analyser. 

Each t-RF was considered an OTU and onlythose with heignts 

of:::: 50 fluorescent units (FU) were used fonhe ana:ysis. :rhresh

olds are chosen byassessing the noise in a region known tohave 

no fragments, básed on theparticular b¡¡.ckground nQise pro

duced for eách machine and on the appearanceof peaks iri sám-' 

pies run only with a control. Studiesnave shown that by cutting 

peaks at 100 FC" orgreater, there.is an increase in the numberof 
errors found (Blackwoode:t al., 2003). 

Characterizatlon.of microbialcommuníties has beeri hind~red 
in the past by traditiónal culture methods, becáuseonly a very 
small fractÍQnof microorganisms found in environmentál sam
pies could be recO\;ered; Recently, sevetal molecular techn:tques 

have been developed to studyphylogenetic relationshíps and 

diversity iri microorganisms (L¡u et !ll., 1997~ Tiedje et al., 1999; 

Ranjard et al., 2000; Norris et al., 2002; Hill et al., 2Q03), Among 

these, TRFLPs overcome.most pfthe problems plaguing other 
fingerprinting approaches in terms of low re5Ql)ltion power, lack. 

of replicibility,dífferential electrophoreticmobility, and lack of 

capacityto quantify díver~ity. In particular, TRFLPs are very use
fuI in comparil,lgdifferent communities beca use of their high 
leve! of seqsitivity arid replicability (Blackwood et al., 2003), 

Por each location, we .con~tructed presence-absence matrices 

describing the dist¡;ibution of 01'Us among 30 quadrats of síze A, 
in thehilltopand32 quacirats in theslope(we were unabieto 

extraet usabl~ DNA from two ofthe hilftop samples). The pur e 

pose of the, sampling,pt0cedure was. not . to measure ¡he· total 
OTU diversityof sires, a goal that isnotfeasíble fox prokaryotes 
with exi5tingmet,hods. Instead, ¡he objectiye was' to assess the 
spatia) patterns of dive¡;sity, bycónducting a. stahdardiud . sam
plingprocedure that allowed us to carry out valid comparisons 
amongquadrats. Thus,we asses§ed the adeq1Jacy of the samplíng 
by itsstatistical representatíveness (Gílbert, 1987}and 1).ot by a 

criterion of completeness, as ,in irivehtorycorientated studí~s 

(Gotellí & Colwell. 2001). 
In environmental studies, a parameter is ctmsidered ade

quatelysamp1ed ir theprobability ora 20% variatíon around ¡he 
mean value is < 0.1 (G~bert, 1987). TheprobabHity can be esti

matedwith the formula' ~nd)TJ, where cdsthe proba

bility, Z¡."" 2 i5 the value..for the standardized normal distributkm. 
ti i5 the number of samples, d, is tne ,hosen acceptable relative 

error (d, == Ix ¡.t Vil; where x is the l1;1easured average and !l b 

the true, unknown populatíon mean), and TJ cr Ip. (wherecr i" 
the true population, standard devíatión). l1sing thisformula., We 

assessed the adequacy of our measureroent of diversity al :,cale 
A3' estimating O' :withthe obse¡;ved standard deviatíon (5} and 1J 

wíth the observed samplingmean (x). 

Raretactioncurves werebuilt for, the two sites by plotting the 

cumulative number ofOTUs as afunction of increasíng n 1.1mbe n. 

of samples. Weu~ed EstimateS versian 7.0 (Colwell, 2004 )to caku: 
late the poirits of o ur rarefaction curves, using the procedu ró. ,,1 
Colwell et al. (2004)thatailow the exactcakula1ion of exp<:,(!"J 
diversity valuesarid associated varían,ces for any l1umber of s.¡mpk, 

(see alila Ugland et aJ., 2003). 
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Figure 2 Rarefaction curves of OTU diversity for 30soil samples in 
a hilltop (Ílllea markers) and 32 samples in a sIope (empty markersl 
in a tropical dry forest ofwesternMexico. Broken linesshowthe950/0 
confidenceintervals, foc!he rneans. Thecurves werebuiltusíng the 
exact solution of ColweUetal. (in I'ress) as impIemented in 
EstimateS versiori 7.,0, 

We assessed, ~ diversity at !hree scales using vllhittake.r's (1972) 

formulatlort~, 5\_/5\, where Si i5 the average species diversityin 
quadratsof.area A¡ (Arita & Rodríguez, 2002). To determine !he 

shape of the OTU-area relationshíp (equiválent to thespedes-area 
relationship(SAR)], weperformednon-linear regressíons of 
average OTU diversÍty agaim;t area for thetwo sampling sites. iNe 

exammed !he structure in the assemblages bymeasuring their 
degree of nestedness. In a perfectiy nested assemblage,OTUs 

found in poorsites oeeur alsoin morediverse sites. Nestedness is 

a correlate ofeírdet orstrUl.:ture within comrnunitíes,and.can be. 
rneasured wi!h a ternperature value (Atmar & Patterson, 1993). 

Lowtemperatures are characteristic of highIy ne¡¡ted assemblages 
showing low degrees ofdisorder. Thesigníficánce of the nested, 

ness measure was assessed by assembling 1000 random sets of 

species using the temperature cakulator of Atrnarand Patterson 
(1995). 

RESULTS ANO OISCUsSION 

OTU diversity 

We documented the presence of 198 OTUs ínthe /.V.'o siles. Of 

these, 155 occurred in the 30 samples fram the hilltop and 133 in 
the 32 ~amples fromthe slope, with 56.(36.1%) and 34 (25,60/0) 

taxa exclusively faund inthe hilltop and the slope, rcspectively. 
Thus, overall, only 108 of the 198 identífied O¡Us (54.5%) 

occurred in bothsites. The hilltopwas ríeher in OTUs than the 

slope. even'after takíng intoa.ccountthediffering sample sizes, as 
shown by rarefaction curves (Fig. 2), 

Full inventories oE prokaryotic taXa are not feasibie wíth 
currently avai.cable techniques. To analyse patterns of diversity for 
this group, as for other highly diverse o.rganisms, such as beetles, 
tropical butterflies or aquatic invertebrates, researchers rely on 
sampiing to generate diversity estimates at different spatíal or 
temporal scales (Gotelli & Colwell, 2001). Those estimates are 

comparable only ífstandardizedfield techniques are employed 
aild if provisions are taken t'o consider the effectof differing sam

pling effort. The purposeof our studr wasnot to measure the 

total prakaryotic diversity of sites, but to analyse "patial patterns 

in the distríbution of diversity by comparing quadrats in which . 

standard sampling and analytical procedures wére performed. 

Because of the nature ol our molecular techniques, we ¡;on

centrated on the numeriCally dominant organisms, those with . 

higher probabilities of bemg detected by our DNA analysis. Our 

molecular threshold (50 FU) established the 'veil.líne' (Preston, 

1962a,b) t'lat separated the detectable fram the non-detectable 

taxa. inthe same manner that samplíng effort marks the veil Une . 

in diversity studies for other groups, such as moths and beetles. 
In those cases, valid comparisons can be maQe if stand¡¡,rd fidd, 

laboratory,and statistical procedures arefollowed for allsamples. 

In assessing the representativeness orthe samplingprocec 

. dure, we found that the probabílitiesof sustaining a relative error. 
of 20% or larger (d, ;:: 0.2) in meaSuring 5, ",ith ti =:50samples 

forthe hilltop and tI= 32samples fór ¡he slope were P = 0.064 

and P=0:OOO2, respectívely (in both caSeS, P<O.I).Thus, the 
amount ofvariance (and thus, of potentíaibias) of olÍr measures 

of 5, OTU diversity at the two sites is low enough tomake valíd 

eomparisons. Because of the fullynested design, estimations oE 
S0' S" and 5, divers/ties, which are bascd un cOlnbinatlons of .5, 
diversities put on a spátially explicitdesign, are also adequately 
sampled. 

Oc:c:upancy 

Within sites, the frequencydistribution of occupancy of otUs, 

(occupancy defined as thenurrlberofquadrats in wnich a given 
OTU is presertt) followed a unimodal, right-skewed ('hollow') 

curve, which isthe.most comrnon shape for ava.riety of 
organisrns, from foramínifers to trees and vertebra tes (McGeoch 

& Gaston,. 2002). The curve 15 also verv similarto ¡hat of the 

frequency distribution ofrange size for v~rtebratesin continental 
masses (Brown et al" 1996; Gaston, 2003). However,the frequ

eney distributíon for occupancy differed from' a log"norma! 

distribution (test fm normalíty using log-.transfotmeddata, 
P < 0.001), showing an overrepresentation· OTQs thát 

, occurred in very few quadrats.Sixty~eightl44%) of the 155 

OTlJs recordedin the hilltop and 56 (420/0)of the 133.0TCs in 

the slope were detected in onIy one A3 sample; In contrasto onlv 
tIVO OTUs in the hilltop and ,even in the slope \'Iere detectedí n . 

more than 25samples in each Iocalion (Hg. There wa, d 

significan! correlation between the occupancy inthe two,;t,,$., 

that is, OTUs that werewidespread in the hilltop were ai'so wiJe

spread in the ,10 pe = 0,875. calcuÍ3ted as ti = 198 OCCUpJ':Ky 

paírs, P < 0.001 j. 
In any study of specíes distribption, dIcre is' t!:te·· pbletltÍal 

problem of bogus patterns emerging [rom incomplele sa:npllng. 
lt is possíble ¡hat theocc.urrenceof some OJUs m someqU.lJf.lt" 
might have gone undetected because. of our chosen mo[eculJf 

threshold. Howevei:', thi: effect of this potentiál probl~m, h 

common toall studies based on sarnpling, is like1y to beof ;-¡ün\>f 
importance, lf we couId lower the threshold toan imagíÍla:-v lé\d 

that allowedus to havea complete invelltory ofOTlJs .. ¡t l, 
that some of the OTUs would be detected in mOre quadr;lb ¡han 

presently reported (that ís, sorne OTlJs would. havé ~ L¡rtn 

occupancy), However, by lowering the threshold, we would .1;", 
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Figure 3 Diversitypatternsof soil prokaryotesín twolocauons of a 
tropic;:aldryforestin western Mexico. Black marks indícate hiUtop 
saInples.and whfte mid-slopesamples:{a) Frequency distríbution ~f . 
o\!éupancy (nurnber of occupied sampling quadrats) forprokaryotic 
OTUs inthetwo 64-m'squares. {b)OTUdiversity:scaleplots for fue 
two M·m' squares,showing OIU diversityasa Function ofscale ~ 
e",plaíned in Figure 1. (e) Species-"rea CllrVe;data for OTUs frorn !he 
two 64-m'sguares werepóoleclto ealcuJatethe n~gression;the right~ 
most poin! is the totarcu!l1ul¡¡tivé diversüy ín pe two squares. 

be able to detect many more of the rarest OTUs, those occurríng 

at extremely lo\~ densities and,most likely, in' fewer quadrats. We 

contend that byloweringthe threshold, or by performing a more 

intense sar¡:lpling, w~wóuld sí l11pl y move Preston' s ( 1962a,b) veil 

line, but ..that the .shape of.the histograms shown in Fig. 3{a) 

would no!· thange slgnificantlY. 

Thus, by documenting the ptesence ofOTUs with extremely 

restricted dístribution andbv demonstra!Íng tha! a ¡arge 

. . peicentage oí ÓTUs are fourÍd in on1y one of twp locations¡ 

. . we rejected prediction 3 of the syndrome of spedes with no 

biogeography. 

Scalingand OTU-area relationship 

Assemblages of pro,karyotictaxa foUowed similar scaling trends 

in both locationS,~shown bythe 6ru scale plots (Eg, 3bUn 

Prokaryotic macroecology 

these plóts;log species diversity or log oro diversity are 

functions of spatial scale, in this case, scales O, 1, 2 and 3 

corresp0n'ding, to. areas Ao=64 m2
, Al =- 16=4 m', ~nd j 

A3 =- lm~,resp~ctively, Jhe slope of the regression line is equal 

to -Iog ~, where~ is Whittaker's (19'12) beta divérsity (Arita & 
Rodríguez,200.2l. When, ~ is small, there .15 very 'HUle spedes 

turnover and samplesco.ntainaboutthe same OTUs regardless of 

!heir size; whereas large i3 values mean a high turnover rate that 

implies marked dif!erences in the composition ofOTUs among 

samples. Regression analysis. for bóthof our locatiortS· lit a 

straíght li!le with slopes -0.281 (~ = 1.91,rI = 0;99) for the 

hilltop arld -0.251 (~= L78? r2 = 0.99) for theslope. Note tha! 

only the average values fo! eath scale were used to performthe 

regressíons to avoíd pseudoreplication and reduce the effectof 

spatial autocorrelation. These results indicate that an increment 

. in quadrat area by a factor offour represents an increase iti the 

diversity oí arvs by a Jactor or~ =- 1.91 in tbe hilltopand by 

~= 1.78 in the slope. Arita and Rodríguez (2002)used the same 

sampling procedure as ours but wíth Ao quadrats of 180,000 km' 
and fouhd that ~ diversity for non-volant Mexican. mammals 

rangedfrom 1.19 in a homogeneotis(the Yucatán Peninsula) lO 

2.52.ina highlyheterogeneous area (central México). Figures 

for ~ diversity of prokaryotes in our 64-m2 lócations correspond 

to high-end vaiues formarnmals in quadrats that areapproxF 

mately 2.8 x 109 times larger inarea. Hence, prediction 4 of t.he 

syndrome ofubíquity, a low rate of species turnover, can be l1n

equivocally rejected for prokaryotes in our locations. 

Linear OTU scale plots imply OTV-'area relationships·of the 

form S cA', where .cand z are constants (Rosen:zweig, 1995; . 

Harte et al., 1999; Arila & Rodríguez, 20(2); Performing non

linear regressions, we estimated z= 0047 for the hilltop and 

z 0.42 for the slope (r2 = 0.98 for both cases; Fig. 3c). These z 
values are higher than reported values for vertebrates in llested 

sarnpling unÍts incontinents(Rósenzweig, 1995), and are much 

higher than for invertebrates in the sea (z= a.l61, Azovski, 200;2) 

and·for ciliated protists (z = 0.043, Finlay, 2002). Prokaryotes in 

our locations cléarly do no! show a flatspecieSc-area cUrve; there· 

fore predictíon 5 oE the syn.drome of ubiquíty can be safely 

rejected. 

Our sampling desi:gn (quadratsarrayedín a contíguous grid) 

yielded type UOTU-area curves .in the classi fication of Scheiner 

for species-area relátionships (2003, 2004). A related sampling 

procedure uses strictly nested quadrats (type [ in Scheiner, 2003), 

in which only onequad~at is sampled ate.ach scale and smaUer 

qu<:tdrats are nested withín .larger ones. The theoretical implica

tions of such design has beenexplored by Harte et al. (1999), and 

similarsampling desigllS has beerr used for the analysis of the 

continental distrlbution of species diversíty (e.g. Lyons & WUlíg, 

2002). The design suffers,inour view,from thelaek ofrepEcates . 

and from the. fact that smaller scales tover onlylimíted parts.()f 

the whole region, goingto the extreme, where the smaUest ,cale 
is represemed by a.single paint (atthe centre orat one extreme 

of the regíon). Thesam~)liÍlgdes¡gnused herein, in contrast, 

systematically arrays quadrats of every sca1e covering.the whole 

region, providing true replicates and abetter depiction ofthe 

,patial vllriation of díversity(Arita & Rodriguez, 2002). 
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Figure 4 Highly nested pattern of distribution of soil prokaryotic 
diversityin two 64-m2 10cations in lhe tropical dry forest oí westerri 
Merico, hilltop(left), slope (dght). OTUsranked according lo their 
occupancy (widespread taxa close to the top, restricted taxa close to 
the bottom). Samples afe ranked by their OTU diversi ty (rieher sites 
c10se to lhe right extreme, less diverse sites close to the left extreme). 

, Each point repn:sents the p;resence of a given OTU in a given sample. 
In a perfeetly nested pattern. points would arrange in a triangular 
pattern in such a way that the lower l<;ft part of the figure would 
,contain :no points, 

Nestedness 

Both of our sampling sites showed a high degree of nestedness 

~s measured usíng Atmar and Patterson's (1995) temperature cal
culator (Fig. 4), The hilltoplocation had a temperature value of 

12.55° [PíT< 12.55)'" L09 x lo~"l and ternperature at the 
rnid-siope measured al T= 25,05 [P (T< 25,05) 7.56 x lO-SS]. 

P values are theprobabilities of. temperaturesequal orlower 

than the one observed, based on the distributíon of T values for 
randomlygeneratedassemblages (Aimar & Patterson, 1995), In 
both locátions. thenestedness values show tha! our prokaryotic 
assemblages are highly structured, clearly departing fromNalues 
corresponding to random ,communitiés, In ourlocations. 
sampies containing OTUs' that, occur in oniy one or very few 
samples are álso ,the mas! díverse, thus generatíng the highly 
nested patterns. This resal! is consistent with .the suggestíon that 
m:crobial communities reflectadaptation to local environmental 

heterogeneity and are assemblages of generalist and specialist 
laxa (Balset el al .. 2002). Additionally, our results .suggest that 
function5 of mkrobial taxa are rarely interehangeable and are 

direct responses to environmental heterogeneity, as reported for 

macro-Qrganisms. Moreover, these results demonstrate a non' 

random structure for prokaryotic assemblages, thus rejecting 
prediction 6 of thesyndrome of species with no bíogeography. 

CONCLUSIONS 

Our analyses of the prokaryotic communities of two locations 

have allowed us to rejeet multiple criteria exhibíted by organisms 
with no biogeography. Still, it could beargued that our flndingof 
highly structured assemblages is mere!y a,1oea1 pattern, no! nee

essarily rejectíng the ubiquity hypothesis in a biogeographical 
seaíe. That Is, the possibility éould remaln that soil bacteria had a 
global dispersal but occurred locally omy in suitable mieroenvi

ron.ments, thus showing struCtured local communíties bUI no 
biogeography. Thís possibility is unlikely in our sites, however, as 

45.5% of taxa were exclusive to one site or the other, sU'ggesting a 
non-random arrangement at the between-sites scale:,Because 

we only sampled two sites. a direct test of prediction 1 of the Wn
drome of ubiquíty is notreasonable.However, our results clearly 

contrast with those used to docament the llbiquity of microbíal . 

eukaryote species thathave relied onsímilarly smaU sample sizes 
(Finlay & Clar,k, 1999; Finlay, 2002; Fenche!, 2003). 

We contend that it is inappropriate t<l think of bacteria as 
organisms that have an exceptionalecology orbíogeography. 

Prokaryotic species assemblages, both b laboratory and natural 
conditions, have proved to be adequate roodel systems for testing 
ecological questiúns (Bohannan et al., 2Q02; Jessup el a1., 2004; 

Srivastava et al., 2004). We argué thatthe same can bestated for 
biogeographical matters. Ourdata ,,,hew ¡hal rules that detér, 

mine the dístributiúnof vertebrates at a continéntal.scale can be 
apptied to prokaryotes in a 64-m"quadrat.Thus, wecontendthat 
a biogeography for prokaryótes i5 possible atsueh srnall sea "'s, 
and that we cantalk about OTUranges ofonly a few metresin 
size. As it is the case with vertebrates atthe continentalsdaie, the 
ecological and evolutionary processes that deter:nine the 
documented here are not yet ctearly establishea. \%al. í5 
that sol; prokaryotes do not belong to the set of organisms ",ilh 
no bíogeography. as suggested by previous sludíes (Finlay. 2002], 
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CONCLUSIO:NES .. GENERALES 

El análisis realizado en esta tesis incluyó diferentes aspectos, desde la 

exploraci6n sobre la distribución espacial de las comunidades bacterianas, a 

una escala Jocal; hasta"el sondeo del papel de laestructuta de dichas 
. . 

comuni<;ladesen los procesos funcionalesdelsueló, específicamente en la 

dinámica del C y N. 

Dinámica del e y N asociada a dos tamaños de agregados 

.Los resultaqosmás importantes nos indican que: (al los macro

agtega,dos, en generalpresentanimenores conceIltraciones de nutrientes que 

10l; rnicro-agregados;(b)el tipo deC encontrado en las dosJraccionese$ de 

natlJrale?adiferente, los macro-agregados poseen Cjnenos procesado y por lo 

tanto miLsestable; (c) la tasa de pérdida de carbvnolábilesmenoren' los 

macró":agregados que en micro~agregados; (d) elnitrógen<;> también presenta 

una redistribución y pérdida diferencial entre macro-y micro-agregados, 

siendo Plucho más estableen los primeros; y {e} durante la época de lluvias la 

energía para las poblaciones microbianas es obtenida preferentemente a través 

de la transformación del amonio, principalmente en los macroc.agtegados. 

Agregados del suelo y. comunidades bacterianas 

Los res'Ultados más importantes de este .capítulo nosindican,que, las. 

comunidades bacterianas presentes en los dos tam.años de partículas del suelo 

son de naturaleza diferente, así como los procesos de transformación de 

nutrientesqí.J.e rea.lizan dentro de cada fracción .. Los resultados sugieren que 

. los' micro-agregados poseen una mayor proporción" deorganisrnosheterótrofos 

que estimula.n la inmovilización del nitrógeno, protegiendo a este elemento de 

su pérdida por lixiviación en la época más húmeda; en contraste, en los macro

agregados dominan las bacterias nitrificantes. 

Otro de los aspectos interesantes es el hecho de que aunque e150%de 

los OTUs encontrados se localizan en ambos tarnaños de agregados, existen 

OTUs exclusivos para macro-y micro-agregados (25%, respectivamente) y 

aunque estos son los menos abundantes son los que muy probablemente estén 
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marcando la diferencia en cuanto a la dinámica del e y N. Podemos 

aventurarnos a señalar que aunque en algunos casos las redundancias 

metabólicas existen, también existen organismos cuyos papeles enla dinámica 

de nutrientes están claramente definidos, sin importar cuáhabundantes sean. 

El concepto de que las bacterias se encuen tran en todas partes y de que sus 

funciones son intercambiables comienza a ser más obsoleto cada vez, como lo 

indican nuestros resultados. 

Distribución Espacial 

En relación al tercer capitulo sobre la distribución espacial encontram.os 

que auna escala local los organismos estudiados presentan: 

(a) rangos de distribución reducidos con un alto porcentaje de "endémicos"; (b) 

valores dediversídad iSmuy por encima de los que originalmente sesupohia 

para estos organismos; (c) una curva "especie-área", .en la cual el número de 

"especies" (OTUs)se incrementa con el área muestreada; y(d) comunidades no 

distribuidas al azar, es decir, estructuradas localmente. Esimportante 

enfatizar que nuestros resultados demuestran que las mismas reglaS que· 

determinan la distribución de vertebrados a una escala continental se pueden 

aplicar aprocariontes en un cuadrante de 64 m2 . Lo cual sugiere queexisteri 

patrones de distribución espacial comunes a la mayoría de los seres vivos y que 

su principal diferencia radica en la.escala a la que sé expresan de acuerdo con 

su forma de vida. 

Perspectivas 

Elestudio de los patrones de distribución y diversidad bacterianas es un 

área que se ha empezado a explorar muy recientemente; sin embargo, las 

posibilidades teóricas que esta aproximación nosiplantea van desde la 

unificación de los estudios de ecología microbiana (incluyendo procesos de 

dispersión, especiación y extinción) hasta la búsqueda de patrones de 

diversidad y los procesos que determinan dichos patrones. 

Nuestro trabajo indica que la aproximación .macroecológica y 

biogeoquí:rpicaen el estudio de las comunidades microbianas en el suelo nos va 

abriendo puertas enla resolución de los pa.peles funcionales y de distribución 
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de estos organismos. Aunque en este caso comenzamos a obtener ciertas 

respuestas, son aun más las preguntas que quedan en el aire. No hay que 

perder de vista que con nuestros resultados podemos plantearnos preguntas· 

más concretas: ¿cuáles son los organismos espeCíficos que están llevando a 

cabo la·trartsformación del e yen especial del N?, ¿son los mismos en los 

. macro--agregados que en los micro-agregados? o ¿cual es el papel de las meta

comunidades el la estructuración de comunidades a nivel local? o más aun ¿la 

relación especie área se mantiene a escalas mayores? Es indudable que el 

conciliar diferentes disciplinas. realmente nos nevará a abrir la caja negra de la 

diversidad bacteriana y sus papeles funcionales. 
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